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age (Fig. 5C, 170% of age-matched male mice). However, no
statistical difference was detected between genders at 16 and
23 months of age: 197% vs 219% and 209% vs 236% in male vs
female mice, respectively. sAPPbeta levels were significantly
increased with aging compared to mice at 9 months of age:
100%—197%—209% in male mice, 170%—219%—236% in
female mice at 9, 16 and 23 months of age, respectively.

A-B. anti-sAPPbeta Swedish antibody characterization
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Neprilysin levels were not different between genders at9 and
16 months of age; 100% vs 87%, 68% vs 58% in male and femnale
mice at 9 and 16 months of age, respectively (Fig. SD). At
23 months of age, neprilysin levels were significantly reduced in
female mice compared to age-matched male mice (47% vs 12%,
respectively). Compared to gender-matched 9 month old mice,
female mice showed greater reduction with aging than males;
100%—68%—47% in male mice, 87%—58%—12% in female
mice at 9, 16 and 23 months of age, respectively.

2.6.  Tau pathology was not influenced by gender

To determine whether gender difference affected tau phos-
phorylation as it did Abeta, we examined levels of phosphory-
lated tau in male and female mice at 9, 16 and 23 months of
age. Levels of phosphorylated tau were markedly increased
with aging (Matsuoka et al., unpublished observation). Levels
of phosphorylated tau in female mice at a given age were
compared with age-matched male mice. No statistically
significant gender difference was detected at any of these
ages (Fig. 6).

3. Discussion

Epidemiological studies indicate that women have a higher
risk of AD even after adjustment for age (Brookmeyer et al.,
1998), the most important risk factor for AD (Hy and Keller,
2000). Transgenic mice expressing pathogenic genes of AD
develop Abeta and/or tau pathology (McGowan et al., 2006);
however, previous studies of AD transgenic mouse models
have not necessarily reflected a consistent gender difference.
In Tg2576 mice, the Abeta 1-40 level has been reported to be
higher in females than males (~115% in soluble Abeta 1-40 and
~180% in total Abeta 1-40 in females compared to males), but

Fig. 5 - Female mice have higher beta-secretase activity and
lower neprilysin levels. Antibodies specific to APP
N-terminus and Swedish-type sAPPbeta, clones 10D1 and
6A1, were characterized (A and B, respectively). Levels of
sAPPbeta (C) and neprilysin (D) were compared and
densitometrically quantified between genders at 9, 16 and
23 months of age. A-B: COS1 cells transfected with
wild-type- (Wt) or Swedish mutant (Sw) type-full-length APP
or sAPPbeta were run on a gel and probed with antibodies
against APP N-terminus and Swedish sAPPbeta, clones 10D1
and 6A1, respectively. C: sAPPbeta level was significanty
higher in female compared to male 3xTg-AD mice at

9 months of age. However, there is no significant difference
between genders at older ages, 16 and 23 months of age.
sAPPbeta levels were significantly elevated at 16 and

23 months of age compared to gender-matched mice at

9 months of age. D: Neprilysin levels decrease with
advancing age in both male and female 3xTg-AD mice, with
the magnitude of the decrease being greater in female mice.
YP=0.062, *P<0.05, **P<0.01 compared with age-matched
male mice using t-test. *P<0.05, ¥P<0.01 compared with
gender-matched mice at 9 months of age using ANOVA.



BRAIN RESEARCH 1216 (2008) 92-103 99

A.ser202 (ATS) B.Thr181 (AT270) C.Thr231 (AT180)
9 months 16 months 23 months 9 months 16 months 23 months 9 months 16 months 23 months
M F M F M F

M F M F M F

M-F

s |ep| |ww

Bl g - z2

2
2 8 00wt ]
29
25 § s [
2 g > 400% -
g 2 300%f r -
5B E 200%} L |
oo :
e ch oo o OO e i (o 1 ol ool Y ol (T
§ 0% . .
M_F M _F _M_F M _F M _F M_F M_F M _F M _F
9months 16 months 23 months 9months 16 months 23 months 9months 16 months 23 months

Fig. 6 — Gender difference had no effect on tau phosphorylation status. Levels of phosphorylated tau in unfractionated total tau
were compared between age-matched female and male mice at 9, 16 and 23 months of age; i.e. 100% at each age point
represents the level of phosphorylated tau in male mice at a given age. Since levels of phosphorylated tau were drastically
increased with aging, the immunoblots from 9 and 23 months of age were outside the linear dynamic range in a single gel of
immunoblotting. We therefore compared male and female mice brain homogenate side-by-side at a given age to examine
gender differences. No statistically significant difference was detected.

levels of Abeta 1-42 were not different at 15 months of age
(Abeta levels were not determined by ELISA at other ages)
(Callahan et al., 2001). In our study, we compared Abeta levels
at pre- and post-plaque pathological stages, and found that
the gender difference in Abeta level became significant only
after Abeta plaques were formed. Interestingly, the magnitude
of the gender difference was much more significant in 3xTg-
AD mice (161-648% depending on Abeta species and ages of
mice) compared to Tg2576 mice. We also found that Abeta
production and metabolism also affected by gender difference
in 3xTg-AD mice. These findings suggest that 3xTg-AD mice
may be useful as tools to investigate causes of gender differ-
ences in AD.

This study suggests possible causes of the higher risk of AD
in women. The Abeta degrading enzyme neprilysin (Iwata
et al., 2005) was significantly reduced with aging as previously
reported in wild-type (non-transgenic) mice (Iwata et al., 2002)
and AD mouse models (Caccamo et al., 2005; Lazarov et al,,
2005). The decrease of neprilysin level found in 3xTg-AD mice
was more exacerbated than that found in wild-type mice
(Iwata et al., 2002), and notably, the reduction of neprilysin
level was more prominent in female mice. Ovariectomy signifi-
cantly reduces brain neprilysin activity and estrogen replace-
ment restored the reduced neprilysin activity to the level in
sham-operated mice (Huang et al., 2004), suggesting that
expression or activity of neprilysin is in part regulated by
estrogen in females, and supporting out finding. We found that
Abeta level was not different between genders when mice were
free from plaque pathology, though the sAPPbeta level, which
reflects beta-secretase activity, was significantly higher in
female mice. With aging, beta-secretase activity was increased
as found in AD postmortem cases (Fukumoto et al,, 2002;
Holsinger et al., 2002; Yang et al., 2003; Zhao et al., 2007). These
findings suggest that both up-regulation of Abeta production
and down-regulation of Abeta degradation may contribute to
the higher risk of AD in women.

Loss of ovarian steroids, particularly estrogens, at meno-
pause may increase the susceptibility of the aging brain to AD
neurodegeneration (Gandy and Duff, 2000), and estrogen is
central to the current hypothesis on the gender difference in
risk of AD. However, the effects of estrogen reduction through
ovariectomy and hormone replacement therapy in transgenic
models of AD are not completely consistent; ovariectomy in-
creases the amount of Abeta and estrogen replacement therapy
reduces Abeta in Tg2576 and PS/APP mice (Zheng et al., 2002),
but not in PDAPP mice (Green et al., 2005). Although the majority
of retrospective and prospective epidemiological studies sug-
gest abeneficial effect of estrogen (Tangetal., 1996; Kawas et al.,
1997; Waring et al,, 1999, Zandi et al, 2002), clinical trials
have shown conflicting results. In humans, three double-blind
placebo-controlled clinical trials failed to detect beneficial
effects of estrogen replacement therapy (Henderson et al.,
2000; Mulnard et al., 2000; Wang et al., 2000). Estrogen has a
variety of roles in addition to classic sex hormone function,
including effects on neurotransmission (Mukai et al., 2006),
which may complicate the overall outcomes in animal studies.
Further studies investigating CNS estrogen-related signaling are
required to elucidate the role of estrogen in AD pathology.

In the amyloid hypothesis, tau abnormalities are consid-
ered to be downstream of Abeta pathology (Hardy and Selkoe,
2002), and evidence supports this hypothesis. Abeta advances
tau phosphorylation and neurofibrillary tangle formation in
vivo (Lewis et al., 2001; Gotz et al., 2001), and reduction of
endogenous tau ameliorates Abeta-induced effects in vivo
(Roberson et al., 2007). However, it is not completely clear
whether Abeta pathology is the major determinant of tau
pathology and synaptic dysfunction. Abeta reduction amelio-
rated tau pathology at earlier, but not at later, pathological
stages in 3xTg-AD mice (Oddo et al., 2004). Treatment with
lithium chloride, a glycogen synthase kinase 3 inhibitor,
reduced tau phosphorylation, but did not reduce Abeta load
or improve cognitive performance in 3xTg-AD mice (Caccamo
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et al, 2007). A neuronal tubulin-interacting peptide, NAPV-
SIPQ, reduced tau phosphorylation and insoluble tau, and also
improved cognitive impairment without reducing Abeta load
in 3xTg-AD mice (Matsuoka et al, 2008). Taken together,
although evidence supports the Abeta hypothesis overall, the
relationship between Abeta and tau pathologies is not straight-
forward. While there are some reports suggesting that estro-
gen-related signaling may be also involved in tau phosphor-
ylation in cultured cells in vitro (varez-de-la-Rosa et al., 2005),
our in vivo study revealed that female mice show more
aggressive Abeta pathology, although levels of phosphorylated
tau were similar between genders. This suggests that the Abeta
pathway, rather than the tau pathway, is dominantly involved
in the higher risk of AD in women. Further studies are neces-
sary to address the role of tau pathology in the higherrisk of AD
in women.

This transgenic mouse line was originally created by a group
at the University of California, Irvine (Oddo et al.,, 2003). In the
process of investigating gender differences, we also examined
the progression of Abeta pathology at additional age points
using strictly-defined groups with small age variance, specific
gender and larger sample size. Although there are some dis-
crepancies in the finding of intraneuronal Abeta, other key
pathological features, such as Abeta plaques, hyperphosphory-
lated tau-bearing neurons, and thioflavin T-positive mature
neurofibrillary tangles were found in 3xTg-AD mice housed at
Georgetown University as originally reported (Oddo et al., 2003).
However, the progression of pathology in our colony is slower
than that reported in the original report (Oddo et al., 2003), and
other investigators found similar slow progression of pathology
at their institute (Drs. Donna M. Barten and Margi Goldstein at
Bristol-Myers Squibb, and Dr. Mary Ann Ottinger at University of
Maryland, personal communication). We suspect that some
genetic and/or environmental factors altered this line after dis-
tribution by the University of California, Irvine. These findings
provide guidance for the use of 3xTg-AD mice in therapeutic
research.

Overall, this study demonstrated that 3xTg-AD mice show
gender differences that may be relevant to human AD. Our
findings suggest that both an increase in Abeta production
and a decrease in Abeta degradation may contribute to the
higher risk of AD in women.

4, Experimental procedures
4.1. Animals and sampling

We used 3xTg-AD mice (Oddo et al.,, 2003) generated by co-
microinjection of mutant APP (K670M/N671L) and tau (P301L)
transgenes under the control of Thy 1.2 promoter into mutant
PS-1 (M146V) knock-in mice (Guo et al., 1999). 3xTg-AD mice
were created by a group at the University California, Irvine, in
collaboration with a group at the National Institute on Aging.
The colony was established at Georgetown University using
breeding pairs provided by the National Institute on Aging
after homozygosity was confirmed by crossing with non-
transgenic mice. All 3xTg-AD mice used in this study were
bred and housed at the Georgetown University animal facility.
Two other transgenic mouse lines were used for comparison

purposes: Tg2576 APP transgenic mice (Taconic, Hudson, NY),
the most widely used APP single transgenic mouse model,
which expresses mutant APP (K670M/N671L) under the control
of prion promoter (Hsiao et al., 1996), and PS/APP double
transgenic mice (Holcomb et al., 1998) obtained by crossing
Tg2576 with PS-1 transgenic mice (Duff et al., 1996). PS/APP
mice were housed and the brains were collected at the Nathan
Kline Institute for Psychiatric Research (Orangeburg, NY). This
study has been reviewed and approved by the Georgetown
University Animal Care and Use Committee.

For quantitative biochemical studies, we used male 3xTg-
AD mice at 3 (3.3£0.0), 6 (6.0+0.2), 9 (8.7+0.1), 12 (12.2:0.1),
16 (16.1£0.1), 20 (20.2+0.3) and 23 (23+0.0) months of age (n=6
ateach age), and female 3xTg-AD mice at 9 (9.10.4), 16 (16.1+
0.1) and 23 (23.0+0.0) months of age (n=6 each). These mice
were selected from at least two litters from different parents to
avoid possible litter effects. Tg2576 APP transgenic male and
female mice (n=5 each) were used at 4 (3.7 +0.1) months of age.
For histochemical analysis, we used additional mice: 3xTg-AD
mice at 9 (9.1+0.2), 12 (11.7+0.1), 14 (14+0.2), 23 (22.7+0.3) and
28(28+0.5) months of age (n=5 each), and PS/APP miceat2 (2.5 +
0.0), 8 (7.6+0.0) and 13 (12.9+0.0) months of age (n=3, 2 and 2,
respectively).

Mice were sacrificed by cervical dislocation to eliminate
anesthesia-mediated tau phosphorylation (Planel et al., 2007),
and the brains were quickly isolated. After the olfactory bulb
and cerebellum were discarded, the hemi brain was snap-
frozenin dry ice or immersion fixed in 4% paraformaldehyde in
0.1 M phosphate buffer, pH 7.4, for biochemical and histo-
chemical analyses, respectively.

4.2.  Biochemical analysis of Abeta pathology

Brains were homogenized in 10 volumes of 50 mM Tris-HCl
buffer, pH 7.6, containing 250 mM sucrose and protease inhibitor
cocktail (Sigma, St. Louis, MO). Soluble and total Abeta were
extracted in 0.4% DEA and 70% FA, respectively, as previously
described (Nishitomi et al., 2006; Takata et al., 2007; Sakaguchi
et al,, in press). Levels of full-length Abeta 140 and 142 were
quantified using ELISAs developed by our group as previously
described (Horikoshi et al., 2004; Matsuoka et al., 2008).
Statistical significance was tested using t-tests or ANOVA fol-
lowed by Bonferroni post-hoc tests (SPSS, Chicago, IL).

The DEA fraction and unfractionated crude brain homoge-
nates were used to determine the levels of sAPPbeta and
neprilysin, respectively. Samples were mixed with Laemmli
buffer, run on a 4-15% gradient SDS-PAGE gel (BioRad, Hercules,
CA) and the proteins were transferred to PVDF membrane
(Millipore, Bedford, MA). The membrane was probed with
mouse monoclonal antibodies against Swedish mutant sAPPbeta
(clone 6A1, see below, 0.2 pg IgG/ml) or mouse neprilysin (0.2 pg
IgG/ml, R&D Systems, Minneapolis, MN). The sAPPbeta Swedish
antibody does not react with uncleaved APP or wild-type
sAPPbeta (see below for sAPPbeta antibody characterization).
The primary antibodies were detected by HRP-coupled anti-
mouse IgG antibody (Jackson Immuno Research, West Grove, PA),
and visualized with a chemiluminescence kit (Pierce). The pro-
tein bands were densitometrically analyzed (Quantity One,
BioRad). Statistical significance was tested using t-tests or
ANOVA (SPSS).
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4.3. Biochemical analysis of tau pathology

Crude tau fraction was prepared as previously described
(Matsuoka et al., 2008). Samples were run on a 4-15% gradient
SDS-PAGE gel and the proteins were transferred to a PVDF
membrane. The membrane was probed with a primary
antibody: phosphorylated tau at Ser202 (clone ATS8) (Biernat
etal,, 1992), Thr181 (clone AT270) (Greenberg and Davies, 1990)
and Thr231 (clone AT180) (Greenberg and Davies, 1990) (all
phosphorylated tau antibodies were used at 1 pg IgG/ml, Pierce
Biotechnology, Rockford, IL). The primary antibodies were
detected and quantified as described above.

4.4.  Histochemical analysis of Abeta pathology

Brains were immersion fixed and sections were prepared as
previously described (Matsuoka et al,, 2001b). Sections were
incubated with the primary antibodies in 100 mM phosphate
buffered saline consisting of 0.3% Triton X-100 overnight. Sec-
tions were incubated with primary antibodies against Abeta
(clone 82E1 (Horikoshi et al., 2004), Immuno-Biological Labora-
tories), APP/Abeta (clone 6E10 (Kosik et al, 1988), Signet
Laboratories/Covance, Berkley, CA), and oligomeric Abeta
(ADDL) (clone NU-1 (Lambert et al., 2007)). We used all primary
antibodies at 1 pg IgG/ml. Primary antibodies were detected by a
biotinylated secondary antibody (Vector Laboratories, Burlin-
game, CA) and then visualized using the ABC method (Vectas-
tain, Vector Laboratories).

4.5.  Development and characterization of an antibody
against Swedish-type sAPPbeta

Mice (Balb/c, Charles River, Japan) were immunized with
thyroglobulin-conjugated synthetic peptide corresponding to
the C-terminus of Swedish mutant sAPPbeta (ISEVNL) or
recombinant human APP N-terminal portion. After a series
of immunizations, the spleen was isolated and spleen cells
were fused with X63-Ag8 myeloma cells. We determined
selectivity and sensitivity of these antibodies by microplate
assay using the antigen and other recombinant proteins.

The full-length cDNA of human APP695 was amplified from
human brain ¢cDNA (Clontech, Mountain View, CA) using spe-
cific primers synthesized based on the published human APP
cDNA sequence. To introduce the Swedish mutation, we used
the following primers: Swe-sense: 5'-TCTGAAGTGAACTTG-
GATGCAGAA-3’, and Swe-antisense: 5-TTCTGCATCCAAGTT-
CACTTCAGA-3'. The amplified products were digested with Sall
and Notl, ligated into pGEX-6P-1 vector (Amersham Bioscience/
GE Healthcare, Piscataway, NJ) and transformed into Escherichia
coli JM109 cells. The sequence of the cloned wild-type and
Swedish mutant APP cDNAs was confirmed. Wild-type sAPP-
beta cDNA was amplified from APP695 cDNA by using following
primers: Sal-APP: 5'-CGGTCGACTCGCGATGCTGC-
CCGGTTTGGC-3’ and sAPPbeta: 5'-GCGCGGCCGCCTAC-
ATCTTCACTTCAGAGAT-3'. Swedish sAPPbeta cDNA was also
amplified from APP695 cDNA by using following primers: Sal-
APP: 5'-CGGTCGACTCGCGATGCTGCCCGGTTTGGC-3’ and Swe-
sAPPbeta-antisense: 5'-GCGCGGCCGCCTACAAGTTCACTTCA-
GAGATCTCCTCCG-3'. The amplified products were digested
with Sall and Notl, ligated into pGEX-6P-1 vector and used to

transform E. coli JM109 cells. The sequence of the cloned wild-
type sAPPbeta and Swedish sAPPbeta cDNAs was confirmed.

The wild-type APP, wild-type sAPPbeta, Swedish APP and
Swedish sAPPbeta cDNA in pGEX-6P-1 vector were transferred
into pcDNA3.1(+) (Invitrogen, Carlsbad, CA). Then, APP and
sAPPbeta cDNAs in pcDNA3.1(+) were transfected into COS-
1cells by using FUGENE6 (Roche Diagnostics, Basel, Switzer-
land). Two days after transfection, cells were harvested by
scraping with ice-cold 10 mM Tris buffer, pH 8.0, consisting of
1% NP-40, 150 mM NaCl and 1 mM EDTA. Cell lysates were run
on a 10% SDS-PAGE gel and then transferred as described
above. The membrane was probed with primary antibodies
against the APP N-terminus or sAPPbeta (clone 10D1 or 6A1 at
5 or 1 pug IgG/ml, respectively).
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ABSTRACT: Compelling evidence suggests that N-terminally truncated and pyroglutamyl-modified amyloid-3
(AP) peptides play a major role in the development of Alzheimer’s disease. Posttranslational formation
of pyroglutamic acid (pGlu) at position 3 or 11 of Af implies cyclization of an N-terminal glutamate
residue rendering the modified peptide degradation resistant, more hydrophobic, and prone to aggregation.
Previous studies using artificial peptide substrates suggested the potential involvement of the enzyme
glutaminyl cyclase in generation of pGlu-Af. Here we show that glutaminyl cyclase (QC) catalyzes the
formation of AB3pe)4042 after amyloidogenic processing of APP in two different cell lines, applying specific
ELISAs and Western blotting based on urea—PAGE. Inhibition of QC by the imidazole derivative PBD150
led to a blockage of AfsgE).42 formation. Apparently, the QC-catalyzed formation of N-terminal pGlu is
favored in the acidic environment of secretory compartments, which is also supported by double-
immunofluorescence labeling of QC and APP revealing partial colocalization. Finally, initial investigations
focusing on the molecular pathway leading to the generation of truncated AJ peptides imply an important
role of the amino acid sequence near the S-secretase cleavage site. Introduction of a single-point mutation,
resulting in an amino acid substitution, APP(ES99Q), i.e., at position 3 of AS, resulted in significant
formation of Aﬁ3(pg)40/42. Introduction of the APP KM595/596NL “Swedish” mutation causing overproduc-
tion of AB, however, surprisingly diminished the concentration of ABspk)40u42. The study provides new
cell-based assays for the profiling of small molecule inhibitors of QC and points to conspicuous differences

in processing of APP depending on sequence at the S-secretase cleavage site.

Alzheimer’s disease (AD)! has emerged as the major cause
of dementia in the developed world, affecting approximately
20—25 million patients (). Neurofibrillary tangles and senile
plaques, which are found post mortem in cortical and
hippocampal brain sections of AD patients, represent the
major histopathological hallmarks of the disease. According
to the amyloid cascade hypothesis, amyloid-3 (Af) peptides,
the primary components of senile plaques, are key for the
development of the disease (/, 2). These Afsu, peptides
are liberated sequentially by proteolysis of the amyloid
precursor protein (APP) by - and y-secretases (3, 4). AS
undergoes a high level of turnover within the brain, and its
impaired degradation is presumed to be the primary cause
of AS deposition (I, 5, 6).
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! Abbreviations: A, B-amyloid peptide; AD, Alzheimer's disease;
APP, amyloid precursor protein; ELISA, enzyme-linked immunosorbent
assay; FBD, familial British dementia; FDD, familial Danish dementia;
H-Gin-SNA, glitamine S-naphthylamine; PAGE, polyacrylamide gel
electrophoresis; pGlu, pyroglutamic acid; QC, glutaminyl cyclase; TMB,
tetramethylbenzidine; WT, wild type.

It has been shown that N-terminal variants of Af are
abundant in human amyloid deposits and soluble AS. Modifica-
tions affect the aspartic acids at positions 1 and 7, which are
isomerized or racemized (7-10), or the glutamic acid residues
at position 3 and 11, which are found to be cyclized into
pyroglutamic acid (pGlu) after liberation by peptidases. In this
regard, the most prominent N-terminal variant has been identi-
fied as ABygeraz (7, 11-15). The ABsnipersouz peptides are
suggested to play a crucial role in the development of AD, since
deposition occurs early in AD and ABspeysos2 €xhibited
pronounced toxicity in neuronal and glial cell cultures (/4, /6).
In addition, pGlu-modified AJ3 species exhibit an up to 250-
fold accelerated initial rate of aggregation compared to that of
unmodified Af, suggesting these peptides as potential seeding
species for neurotoxic aggregate formation in vivo (17, 18).
Importantly, in healthy and pathologically aged brains, profound
plaque pathology without signs of dementia has been observed,
which is accompanied by ABs gy at low levels (19). Finally,
the occurrence of intracellular N-truncated AS species correlates
with hippocampal neuron loss in a mouse model (20), support-
ing a decisive role of pGlu-Af in the development of AD.

Human glutaminyl cyclase (QC) was recently shown to
convert N-terminal glutamate residues into pyroglutamic acid
in vitro (21, 22). In the study presented here, the glutam(in)yl
cyclase-mediated pGlu formation was analyzed in detail in
cultures of human cell lines HEK293 and LNZ308. The aim
of the work was to investigate the generation of Af3pg).42 in

10.1021/bi800250p CCC: $40.75 © 2008 American Chemical Society
Published on Web 06/21/2008
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Scheme 1: APP695 constructs used in this study, including APP(WT), APP(Swedish) (KM595/596NL), APP(L.ondon) (V6421),
and APP(Swedish/London) (KM595/596NL, V6421)*

“B-Amylcid Precursor Protein” (BAPP)

«

« B-Amyloid (AB) .

‘ﬂ-Secretne o-Secretase

/N

AB1 AB11 AT

1 1 1 E
APP(WT) H,N--- KM |DAEFRHDSGY|EVHHQKlLVFFAEDVGSNKGAI_IG
] ] ] -
lumen / extracellular - lipid bilaysr s cytosol
{ER. cell membrane)
APP(Swedish) H N--- NL DAEFRHDSGY EVHHQK LVFFAEDVGSNKGAIGLMVGGV V 1A TVIVITLVM.
APP(London) H;N- - -KM DAEFRHDSGY EVHHQK LVFFAEDVGSNKGANIGLMVGGV V IA TVI I TLVML
APP(Swedish/London) H,N-- - NL DAEFRHDSGY EVHHQK LVFFAEDVGSNKGAIIGLMVGGV V IA TVI 1 ITLVML
APP(WT) (N3Q) H;N-- -KM DAQFRHDSGY EVHHQOK LVFFAEDVGSNKGAIIGLMVGGY V IA TVIVITLVML
APP(NLE) HN---NL - - EFRHDSGY EVHHQK LVFFAEDVGSNKGANGLMVGGV V IA TVI HITLVML
APP{NLQ) HN---NL - - QFRHDSGY EVHHQK LVFFAEDVGSNKGAIIGLMVGGV V 1A TVI L ITLVML

“ All APP constructs were also tested, containing additionally a N3Q mutation (E599Q). For example, APP(WT) (N3Q) is shown. For investigating
glutamate cyclization by human glutaminy] cyclase, the constructs APP(NLE) (KM595/506NL, AD597, AA598, V6421) and APP(NLQ) (KM595/

S96NL, AD597, AAS98, E599Q, V6421) were used.

mammalian cell culture by expression of APP and QC to

- show whether QC is capable of generating Af3¢g)42 follow-
ing amyloidogenic processing of APP. The results, thus,
should provide new cell-based screening systems for small
molecule QC inhibitors and validate QC inhibition as a
strategy for preventing pGlu-Af formation.

EXPERIMENTAL PROCEDURES

Peptides. Af peptides were purchased from AnaSpec (San
Jose, CA) or synthesized as described previously (17).

Vectors. The cDNAs of human APP695(Swedish/London),
APP(NLE), and APP(NLQ) was generated as described
previously (22, 23). The E599Q point mutation was intro-
duced into the FAD- and WT-containing APP ¢cDNAs. The
c¢DNAs were ligated into the Nod site of vector pcDNA
3.1(+) (Invitrogen) (Scheme 1). Additionally, the human QC
was inserted into vector pcDNA 3.1(+) using HindINl and
Notl restriction sites. For generation of a human QC—EGFP
fusion protein, the enhanced green fluorescent protein was
inserted into the Xhol site of vector pcDNA 3.1(+) and
subsequently fused to human QC ¢DNA lacking the stop
codon using the HindII and Nod sites. All constructs were
confirmed by sequencing and isolated for cell culture
purposes using the EndoFree Plasmid Maxi Kit (Qiagen).

Cell Culture and Transfection. Human embryonic kidney
cells (HEK293) and human glioma cell line LNZ308 were
cultured in DMEM (10% FBS) in a humidified atmosphere of
5% CO; at 37 °C. Cells were transfected with APP695 variants
with Lipofectamine2000 (Invitrogen), essentially as described
previously (22). The next day, cells were either analyzed for
APP expression using Western blotting and immunohistochem-
istry or incubated for 24 h in assay medium (DMEM, without
phenol red, without FBS). The supematant was collected and
readily mixed with Complete Mini protease inhibitor cocktail
(Roche) supplemented with additional 1 mM AEBSF (Roth)

to prevent unspecific degradation by proteases, The samples
were stored at —80 °C until the assay.

Concentration of A Pepiides. Prior to Western blot
analysis of Af, the conditioned media were collected. AS
was concentrated using Hydrosart centricons (Sartorius) with
a 1 kDa cutoff. For immunoprecipitation, monoclonal
antibody 4G8 (Chemicon), detecting total Af3, was added to
the cell culture medium and the mixture incubated under
continuous shaking for 24 h at 4 °C. The next day, sheep
anti-mouse IgG dynalbeads (Invitrogen) were added to the
solution and the mixture was incubated for an additional 24 h
at 4 °C. Afterward, AB peptides were dislodged by boiling
in urea—PAGE gel buffer for 5 min and analyzed by Western
blotting. For ELISA detection, the beads were incubated in
a methanol/formic acid solution for 1 h. The supernatant was
neutralized by addition of 200 mM phosphate buffer (pH
8.0) and EIA ELISA diluent buffer (IBL-Hamburg) and
subsequently probed on the desired ELISA plate.

Western Blot Analysis. The detection of APP was per-
formed applying Tris-glycine—PAGE as described previously
(22). The electrophoretic separation of N-terminally modified
Ap peptides was carried out using 15% urea—PAGE gels
(24). Proteins were transferred to a nitrocellulose membrane
under semidry conditions. Subsequently, the membrane was
blocked using 3% (w/v) dry milk in TBS-T [20 mM Tris-
HCI (pH 7.5), 500 mM NaCl, and 0.05% (v/v) Tween 20].
APP and A were detected using a polyclonal anti-APP
antibody (Cell Signaling) and monoclonal anti-AB(1—16)
antibody 6E10 (Chemicon), respectively. Pyroglutamyl-
modified A was detected applying antibody 8E1 (IBL-
Hamburg). For visualization, blot membranes were incubated
with secondary antibodies (anti-rabbit for APP and anti-
mouse for Af), both conjugated with horseradish peroxidase
(Cell Signaling) in TBS-T containing 5% (w/v) dry milk,
and subsequently developed using the SuperSignal West Pico
System (Pierce) according to the manufacturer’s protocol.
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FIGURE 1: (A) Analysis of A, .4 (hatched bars) and Af,.4; (black bars) secreted by HEK293 cells, which were transfected with APP(Swedish/
London), APP(NLE), and APP(NLQ) using an ELISA detecting either Af,.40 or Af,.4; (total Af). The Af concentration was normalized
to cell count (picograms per milliliter per 1 x 109 cells) (n = 6). (B) Urea—PAGE followed by Western blot analysis of 10 ng of Af\p).40
in comparison to 10 ng of Afyp).4, standard peptides. (C) Urea—PAGE followed by Coomassie staining of different N-terminal variants
of ABao (3 ug each). (D) Western blot of Af species secreted by HEK293 cells expressing APP(Swedish/London), APP(NLE), and APP(NLQ)
in comparison to 10 ng of standard Af peptides. (E) In addition, an antibody specific for ABs,E).« Was implemented, showing the generation
of AB3pE)-40 after expression of APP(NLQ), compared to Af3pE)40 standard peptides (10 ng).

Immunohistochemistry. Cells were washed twice with
D-PBS (Invitrogen) and fixed using ice-cold methanol for
10 min, followed by three washing steps using D-PBS for
10 min at room temperature. For staining of the Golgi
complex, HEK293 cells were incubated with rabbit anti-
mannosidase II polyclonal antibody (Chemicon), applying
a 1:50 dilution of the antibody in D-PBS at room temperature
for 3 h. For APP and Af staining, HEK293 cells were
incubated at room temperature with mouse anti-j3-amyloid
monoclonal antibody 6E10 (Calbiochem) for 3 h using a 1:50
dilution of the antibody in D-PBS. Subsequently, the cells
were washed three times with D-PBS for 10 min. The
immunostained Golgi complex and APP were tagged by
applying IgG secondary antibodies, which were conjugated
with Rhodamin-RedX (Dianova). The samples were incu-
bated at room temperature in the dark for 45 min. Afterward,
cells were washed three times with D-PBS for 5 min at room
temperature. Finally, the fixed and stained samples were
mounted with citiflour and covered with a microscope slide.
The cells were observed with oil immersion using a confocal
laser scanning microscope (Carl-Zeiss).

Quantification of AB Peptides and QC Activity. Glutaminyl
cyclase activity was measured using the substrate H-Gln-
BNA as described previously (25). The assay reaction was
started by addition of the QC-containing cell culture super-
natant and evaluated using a Novostar reader for microplates

(BMG-Labtechnologies). QC activity was determined from
a standard curve of B-naphthylamine under assay conditions.

Afs and Afs concentrations were determined using
specific sandwich ELISAs detecting total AB,.40 and A, .42,
full-length ABypy-40 and ABy(py-42, Or the N-terminally pyro-
glutamated variants AfBspeye0 and AfB3pe)42 (all IBL-
Hamburg) according to the manufacturer’s instructions.

Investigation of Intracellular pGlu Formation. HEK293
cells were transfected with vector APP(NLE) alone or in
combination with a vector encoding the native human QC.
Additionally, HEK293 cells were transfected with APP(NLE)
alone, and recombinant human QC was added to the cell
culture medium. After 24 h, samples were collected and the
Ap concentration was determined using ELISAs.

RESULTS

Generation of AB3pk)4042 Peptides in Cell Culture. On the
basis of several different APP constructs (Scheme 1), the
N- and C-terminal heterogeneity of AS peptides generated
by HEK293 cells was assessed. Expression of all APP
variants led to a significant increase in the Af,.40 and Af, 4,
concentration (not shown), which was in good agreement
with previous findings (26, 27), suggesting that the HEK293
expression system is well-suited for analysis of Afi.s0m
formation. The AJ concentrations were negligible in con-
ditioned media of untransfected or mock transfected cells.

To prove QC-mediated pGlu-Ap formation occurred after

amyloidogenic processing of APP, we expressed APP(Swed-
ish/London) and its modified variants APP(NLE) and
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FIGURE 2: Analysis of pGlu formation after expression of vectors pcDNA, APP(Swedish/London), APP(NLE), and APP(NLQ) in HEK293
cells using an ELISA in the absence (A) or presence (B) of cotransfection with human QC. A concentrations were normalized to cell
count (picograms per milliliter per 1 x 106 cells) (asterisks, P < 0.001; Student’s ¢ test; n = 3). (C) QC-dependent pGlu formation of
APP(NLE) was corroborated using Western blot analysis detecting total-Af (6E10) or pGlu-modified AJ (anti-pE-ApB) (application in
comparison to standard AJ peptides). (D) The formation of Af3E).42 after cotransfection of APP(NLE) with human QC was inhibited by
application of the QC-specific inhibitor PBD150 (10 zM). A concentrations were normalized to-cell count (picograms per milliliter per

1 x 10° cells) (asterisks, P < 0.001; Student’s ¢ test; n = 6).

APP(NLQ) (Scheme 1) in HEK293 cells. The processing
of the latter constructs should result in rapid liberation of
Aﬂ:;(g).ao/qz and Aﬂg(Q)_w/u, i.c., precursors of Aﬂ3(pg)_40/42.
The expression of APP(Swedish/London), APP(NLE), and
APP(NLQ) resulted in comparable Ap, 404, concentrations
in the cell culture supernatant (Figure 1A). In addition, the
secreted A peptides were analyzed using urea—PAGE
according to the method of Kalfki et al. (24), followed by
Western blot analysis. In agreement with the earlier ob-
servations using urea—PAGE, Apf(p).4, migrates faster than
ABypy4o (Figure 1B). Furthermore, the method enables the
scparation of Aﬂm)).«), Aﬂ3(g).4o, and A,BB(pE)AO (Figure 10).
According to the Western blot analysis, the expression of
APP(Swedish/London) led to AS peptides starting with
aspartate 1 [ABipysms2). In contrast, transfection of APP-
(NLE) resulted primarily in AB3g)4042, as revealed by the
faster migration in urea—PAGE, whereas the transfection of
APP(NLQ) exclusively generated AfBspr)4042 (Figure 1D).
The dominant formation of AfB3pe) by expression of APP-
(NLQ) is most likely caused by rapid QC-catalyzed cycliza-

tion of ApB3q)4042, possibly accompanied by spontaneous
cyclization of glutamine (Figure 1E) (22, 23). In conclusion,
the results suggest that §- and y-secretase appropriately
process the APP variants APP(NLE) and APP(NLQ).
ABs(pe) Formation Is Catalyzed by QC. Since the expres-
sion of APP(Swedish/London) and its derivatives APP(NLE)
and APP(NLQ) led to the secretion of Af peptides starting
with distinct N-terminal amino acids (aspartic acid, glu-
tamic acid, or glutamine), these vectors were analyzed for
APBxa0i42 and ABige)aa2 generation after transfection into
HEK?293 cells. Again, expression of APP(Swedish/London),
APP(NLE), and APP(NLQ) resulted in generation of AB,4042
peptides, but significant ApB3pE).4042 formation could be
detected only in the case of APP(NLQ), which is catalyzed
by endogenous QC, present in HEK293 cells (22) (Figures
1E and 2A). However, formation of Af3g).42 was observed
after cotransfection of APP(NLE) with human QC (Figure
2B). This finding was further corroborated by Western blot

analysis after immunoprecipitation of A peptides from the
cell culture supernatant of HEK293 cells coexpressing
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FIGURE 3: Determination of QC-dependent intracellular and extra-
cellular Af3pe)42 formation in HEK293 cells. Expression of
APP(NLE) in the absence or presence of coexpression with native
human QC or expression of APP(NLE) and subsequent application
of recombinant human QC to the cell culture medium. Determi-
nation of the amount of Af,4; (black bars) and Af3E).42 (White
bars) by an ELISA. QC activity (in micromolar per minute per 1
x 106 cells) was measured using a fluorescence assay (asterisks, P
< 0.001; Student’s ¢ test; n = 6).

APP(NLE) and human QC (Figure 2C). The detection of
APBsE)42 after cotransfection of APP(NLE) and human QC
typically resulted in 5—20% pGlu formation at the N-
terminus of A3 (Figure 2B, replication not shown). Interest-
ingly, if the Af peptides where immunoprecipitated, the

A

20 um

Mannosidase |l
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Ap3pr) band was more prominent than the unmodified Afs,
signal, when using antibody 6E10 for detection. However,
when the anti-pE-Af antibody was applied, a rather weak
pGlu-Ap signal was obtained (Figure 2C).

In an accompanying experiment, the efficacy of the QC
inhibitor PBD150 in suppressing the formation of Afsgg,
was evaluated. Therefore, APP(NLE) and human QC were
coexpressed in the absence and presence of 10 uM PBD150.
The inhibitor did not affect the secretion of total A4
However, the extent of AfsqE)42 generation was significantly
lower, when PBD150 was applied (Figure 2D).

QC-Dependent ABsr) Formation Is Favored Intracellu-
larly. Previous investigations of the pH dependency of QC-
catalyzed cyclization of glutamic acid in vitro revealed an
optimum under mildly acidic conditions. Localizing the
environment under which the cyclization occurs in the cell-
based system was another goal. Cotransfection of APP(NLE)
with human QC led to N-terminal cyclization of glutamate
and, because of secretion of the enzyme, to an increased QC
activity within the cell culture medium (not shown). There-
fore, there was a need for elucidation of whether an
intracellular colocalization of human QC and APP(NLE) was
required for ApBs ) formation or the QC activity within the
medium was responsible. The APP(NLE) construct was
expressed either singly or in combination with human QC.,
In parallel samples, recombinant human QC (28) was applied
to the culture medium of cells expressing APP(NLE) to
clarify whether extracellular QC activity contributes to the
glutamate cyclization. As expected, the single expression of
APP(NLE) led only to the detection of Af,.4,. In contrast,
cotransfection of APP(NLE) with human QC resulted in

merge

APP-NLI merge

20 ym

FIGURE 4: (A) Immunohistochemical staining of Mannosidase II (red) in HEK293 cells for identification of the Golgi zone and comparison
to the expression pattern obtained with the hQC—EGFP fusion protein (green) in HEK293. An overlay of hQC and Mannosidase II suggests
colocalization within the Golgi zone (merge). (B) Expression of hQC—EGFP protein (green) and APP(NLE) (red) in HEK293 cells. An
overlay of hQC and APP(NLE) suggests a colocalization at least within the Golgi compartment (merge).
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per 1 x 109 cells).

formation of Af3E).42. Furthermore, the addition of recom-
binant human QC to the cell culture medium of APP(NLE)-
expressing cells generated only minor amounts of AB3pE)-42
compared to the human QC cotransfection (Figure 3). The
determination of QC activity after incubation for 24 h on
the cells showed a 2-fold higher activity, when recombinant
QC was applied, in comparison to the coexpression of
APP(NLE) and human QC. This result supports the assump-
tion that cyclization of glutamate is favored in intracellular
compartments. This was further substantiated by an immu-
nohistochemical analysis of the subcellular distribution of
human QC and APP(NLE) in HEK293 cells. A cDNA
construct was generated encoding human QC, which was
fused to the enhanced green fluorescent protein (EGFP). The
expression of the QC—EGFP fusion protein led to a vesicular
staining within the expressing cells. HEK293 cells were
counterstained using an anti-Mannosidase II antibody as a
marker protein for the Golgi complex. Superimpositions of
the resulting images show that human QC colocalizes within
the Golgi complex with Mannosidase II, substantiating the
localization of QC in the secretory compartments (Figure
4A). Coexpression of human QC—EGFP fusion protein with
APP(NLE) clearly supports partial colocalzation in the
secretory pathway, as revealed by a counterstaining with anti-
B-amyloid antibody 6E10 (Figure 4B).

Formation of N-Truncated A3 Peptides Is Influenced by
the B-Secretase Cleavage Site. The removal of the dipeptide

Asp-Ala from the N-terminus of Af ). must precede the
formation of AB3E) in vivo. It remains unclear whether the

pGlu precursor Afs, is sequentially liberated by S-secret-
ase and an aminopeptidase or is generated directly by endopro-
teolysis of APP by a yet unknown mechanism. The impact of
FAD mutations on the N-terminal composition of A8 peptides
was investigated using ELISAs, which discriminate between
intact N-terminal AB)py4o42 or N-truncated AS. 4042 peptides.
Introduction of the KM595/596NL. Swedish mutation into the
APP695 sequence led preferentially to the generation of AS
molecules possessing an intact N-terminus. However, the K595/
M596 WT sequence at the S-secretase cleavage site produced
prominent amounts of A peptides differing from AS,qp, at the
N-terminus. Only 21% of AB,4o corresponded to AfSpy40 and
46% of Af.4z t0 APipyar, if APP(WT) was expressed. In
contrast, the Swedish mutation within the APP sequence
provoked generation of AS peptides with an intact. N-terminus
(not shown).

To investigate the influence of the S-cleavage on AfB ).
42 formation, we introduced a novel E599Q (N3Q) point
mutation into APP(WT), APP(Swedish), APP(London), and
APP(Swedish/London), allowing the sensitive and specific
detection of Af species, which are N-terminally truncated.
Upon N-terminal cleavage, glutamine is readily cyclized to
pGlu as observed with the APP(NLQ) construct (Figure
2A,B). Thus, the N3Q mutation within the applied FAD-
APP mutants and APP(WT) serves as a monitoring mutation
for the generation of N-truncated Af peptides starting with
a pGlu residue in position 3. All APP variants were expressed

in the absence (Figure 5A,C) and presence (Figure 5B,D)
of the N3Q mutation in HEK293 cells (Figure 5A,B) and



pGlu-Aj Formation Is Mediated by Glutaminyl Cyclase

A _10ng § __5mg
o £ o
(=] DT+ o DY
T 3 b
s & 2% s ¢ ¢
-~ ™m ™ . M ™
Q oo o Q «Q o
< << < 2 < < <

oo

ABspe-40
(10 ng)

P WT +hQC
Aﬁa(pBAO
(5ng)

20 -

ok Kk
15
< -
5 =
° -3 H ¥
WT WT
+hQC

FIGURE 6: QC-dependent pGlu formation of APP(WT) was investi-
gated by Western blotting after immunoprecipitation of Af peptides
(application in comparison to standard Af peptides) using antibody
6E10, detecting total-A3 (A) and antibody detecting pGlu-modified
Af (B). (C) QC-dependent pGlu formation investigated using an
ELISA after concentration of Af-containing cell media using cen-
trifugal devices [single transfection of APP(WT) or cotransfection of
APP(WT) with hQC] (Af concentration in picograms per milliliter)
(asterisks, P < 0.001; Student’s ¢ test; n = 5).

LNZ308 cells (Figure 5C,D). The cell culture medium was
analyzed for potential Af3E)40 formation. Intriguingly, the
expression of APP variants containing the N3Q mutation led
only in the case of APP(WT) and APP(London) to significant
amounts of Af3E).40, Whereas the presence of the Swedish
mutation resulted only in scarce amounts of Afse).40. This
result was also observed when ApBipej42 Was analyzed,
pointing to differences in the liberation of Af3 peptides from
APP molecules bearing the APP(WT) and APP(Swedish)
sequence at the 3-secretase cleavage site.

These significant differences in the liberation of N-
truncated Af peptides prompted us to investigate the
formation of Afspg from APP(WT). As described for the
APP(NLE) construct, cotransfection of APP(WT) and human
QC was implemented to facilitate the formation of AfB3).

On the basis of the urea—PAGE Western blot analysis, two
different AS forms were detected (Figure 6A). The lower
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band corresponds to Af3pE).40, Whereas the upper band
migrates slower than Afpj.40, again suggesting an N-
terminus differing from that of full-length A, observed for
APP(WT) expression. In addition, the results obtained by
IP—Western blot analysis were validated by application of
a pGlu-specific antibody (Figure 6B) and by concentration
of the supernatant in centrifugal devices, followed by an
ELISA, revealing significant Af3 k)40 formation after cotrans-
fection of APP(WT) and human QC (Figure 6C).

DISCUSSION

The A peptides of amyloid deposits in brains of patients
with Alzheimer’s disease display a profound N- and C-
terminal heterogeneity (7, 11, 29). Cleavage of y-secretase
causes primarily the C-terminal differences. Because neuritic
plaques are mainly composed of Af4,, and the deposition
of ABs, precedes that of Afs, ABa4: is thought to be more
amyloidogenic than Af4 (27, 30). The role and formation
of N-terminal modifications, however, are more poorly
understood. In particular, it is known that truncated AS
peptides possessing a pGlu residue at the N-terminus are
highly abundant in affected brains of patients with Alzhe-
imer’s disease and Down syndrome (/1, 12, 14). Further-
more, the amyloidogenic peptides ABri in familial British
dementia (FBD) and ADan in familial Danish dementia
(FDD) possess an N-terminal pGlu residue, and pGlu
formation appears to be crucial for the deposition of the
ADan peptides in vivo (31, 32). Moreover, these pGlu-
modified peptides have been shown to seed the aggregation
of ABipy42 (17). Therefore, the prevention of pGlu formation
might represent a new concept for the causal treatment of
Alzheimer’s disease and other pGlu-related amyloidoses.

However, the generation of pGlu peptides in AD, FBD, and
FDD remained elusive, leaving room for speculation about their
generation. In addition, despite evidence of an early role of
pGlu-Af in the development of Alzheimer’s disease, the
formation of pGlu-Af peptides is frequently considered as a
spontaneous secondary reaction occurring late in the progression

~of the disease (33). It should be noted that the uncatalyzed

cyclization of N-terminal glutamic acid occurs exceptionally
slowly, with half-lifes of years to decades under in vivo
conditions (43, 44). In addition, since AB anabolism and
catabolism make up a homeostasis showing a high rate of daily
turnover, it is conceivable to assume an enzyme-catalyzed
formation of pGlu-Ap peptides. On the basis of artificial peptide
substrates, recent in vitro studies provided the first evidence
that glutamate cyclization at the N-terminus of A8 might be
due to catalysis of QC (21, 22). These results are highlighted
here by the proof that the formation of AB3pe)4os2 from
glutamate occurs after amyloidogenic processing of APP. Most
importantly, we describe for the first time the generation of
AP after expression of APP(WT), which is present in the
vast majority of all AD cases, substantiating the assumption
that QC might be a novel drug target for the treatment of pGlu-
related amyloidoses.

According to the previous investigations of substrate specific-
ity, the QC-catalyzed cyclization of glutamate requires a
protonated y-carboxyl group and an unprotonated o-amino
group. The highest concentrations of these species are found

under mildly acidic conditions around pH 6.0 (21). Similar pH
conditions have been described for the secretory compartments
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FIGURE 7: Proposed mechanism for the generation of N-terminally truncated A peptides. Af is naturally liberated by N-terminal proteolysis
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cyclized by QC to obtain ABsgE)... Whether the alternative pathway represents different subcellular sites of BACE I-mediated Af liberation

or a BACE I-independent mechanism has to be further addressed.

(37). As summarized in Figure 4, APP and QC are colocalized
at least within the Golgi complex, where a spatially high
concentration of both QC and Af or the respective 5-CTFs
can be expected (34-36). In this regard, these data suggest that
the colocalization of QC and Af enhances pGlu-Ag formation
(Figure 3) and further support a catalyzed generation of this
peptide species. In addition, the accumulation of pGlu-AS might
also contribute to the intracellular aggregation of AS3, which is
frequently detected in patients with Down syndrome and
Alzheimer’s disease (38-41), in terms of generating the initial
insoluble seeds for further AS3 deposition. The seeding capability
of pGlu-Af was recently investigated in vitro, supporting the
possibility that pGlu-Af can initiate seeding of full-length Aj
peptides (/7).

Although these results strongly imply a QC-catalyzed
formation of ABseg), a molecular pathway of APP processing
leading finally to the substrate Afig).. has never been
investigated in detail. To examine the generation of A3,
from APP processing, we introduced a novel monitoring
mutation [APP(E599Q)), which leads to instant pGlu forma-
tion following the release of the N-terminal amino acids of
AB. Intriguingly, the results suggest that the WT sequence
at the (B-secretase cleavage results in the production of
N-truncated Af species, whereas the Swedish mutation leads
preferentially to full-length ABp)« peptides (Figure 7).
Apparently, the endoproteolytic processing of APP(WT) and
APP(Swedish) by B-secretase differs not only in our analyzed
model system. Data from studies in transgenic animals
overexpressing the APP(Swedish) mutation, e.g., Tg2576,
have revealed conspicuous differences with regard to the Af
composition (42). AD patients display up to 50% of pGlu-
AP deposited as an early Af species. These mouse models,
in stark contrast, show only minor amounts of pGlu-Af [up
to 0.5% (unpublished data)] occurring late in the life span
of Tg2576 (12—15 months of age) (S. Schilling et al.,
manuscript in preparation). Most intriguingly, Tg2576 shows
only mild, if any, cognitive deficits, whereas animal models
accumulating larger amounts of pGlu-Af display strong
cognitive decline and hippocampal neuron loss (20).

In conclusion, the data presented here provide for the first
time evidence that (i) cyclization of glutamic acid generating
APy is facilitated by QC after amyloidogenic process-
ing of APP, (ii) the localization of QC and APP and the
significant formation of ABE)40/42 after coexpression point
to a primarily intracellular pGlu generation, and (iii) the
generation of N-truncated Af, accounting for the majority
of A in AD and DS, is possibly mediated by an alternative
pathway of APP processing. The latter result is reflected in

the unexpected finding of tremendous Af3E)-40is2 formation
in an APP(E599Q) variant, suggesting that the WT sequence

at the -cleavage site leads to A molecules that are prone
to cyclization by QC (Figure 7).

The results thus strongly imply that the majority of the
pGlu peptides deposited in AD and DS brains are formed
by enzymatic catalysis following processing of APP(WT).
QC activity, mediated by the neurotoxic potential of ABsqg).
40142, might be involved in the first intracellular events of
the amyloid cascade, potentially driving the aggregation
process of AB. The enhanced aggregation propensity and
stability of pyroglutamated A, in turn, might trigger the
aggregation of other Af species, which are generated by -
and y-secretase at higher levels. Accordingly, the prevention
of pGlu-AB formation might represent a novel concept for
a causal treatment of Alzheimer’s disease.
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Abstract

Background: In a previous study, we observed that oxidized low-density lipoprotein-induced
death of endothelial cells was calpain- I-dependent. The purpose of the present paper was to study
the possible activation of calpain in human carotid plaques, and to compare calpain activity in the
plaques from symptomatic patients with those obtained from patients without symptoms.

Methods: Human atherosclerotic carotid plaques (n = 29, 12 associated with symptoms) were
removed by endarterectomy. Calpain activity and apoptosis were detected by performing
immunohistochemical analysis and TUNEL assay on human carotid plaque sections. An antibody
specific for calpain-proteolyzed a-fodrin was used on western blots.

Results: We found that calpain was activated in all the plaques and calpain activity colocalized with
apoptotic cell death. Our observation of autoproteolytic cleavage of the 80 kDa subunit of calpain-
| provided further evidence for enzyme activity in the plaque samples. When calpain activity was
quantified, we found that plaques from symptomatic patients displayed significantly lower calpain
activity compared with asymptomatic plaques.

Conclusion: These novel results suggest that calpain-l is commonly active in carotid artery
atherosclerotic plaques, and that calpain activity is colocalized with cell death and inversely
associated with symptoms.

Background pains constitute a large family of distinct isozymes that
Calpains are calcium-dependent cysteine proteases that differ in structure and distribution [3], and three members
are known to be involved in the proteolysis of a number  of this family are ubiquitous - calpain-1 (u-calpain), cal-
of proteins during mitosis and cell death {1,2]. The cal-  pain-2 (m-calpain), and calpain-10. A study with embry-
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onic fibroblasts from mice with genetically disrupted
capn4, which codes for the regulatory subunit of both cal-
pain-1 and -2, showed that calpains are required for acti-
vation of caspase-12 and c-Jun N-terminal kinase in ER-
stress-induced apoptosis [4]. The specific endogenous
protein inhibitor calpastatin, which modulates calpain
activity in vivo, is cleaved during apoptosis [5]. The
cytoskeletal protein a-fodrin is another death substrate
that may be cleaved by calpains or caspases [1,6]. Addi-
tional calpain substrates known to be involved in apopto-
sis are Bax [7], Bid [8], p53 [9], and procaspase-3, -7, -8,
and -9 [10,11]. In a previous study, we found that oxi-
dized low-density lipoprotein (oxLDL)-induced death of
human microvascular endothelial cells (HMEC-1) was
accompanied by activation of calpain-1 [12]. The calpain-
1 inhibitor, PD 151746, decreased oxLDL-induced cyto-
toxicity, and the 80 kDa subunit of calpain-1 was autopro-
teolytically cleaved in oxLDL-treated HMEC-1 cells,
indicating that the enzyme was activated. The Bcl-2 pro-
tein Bid was also cleaved during oxLDL-elicited cell death,
and this was prevented by calpain inhibitors, but not by
inhibitors of cathepsin B or caspases.

Vascular calcification is present in 80% of significant
atherosclerotic lesions and in at least 90% of patients with
coronary artery disease [13]. Calcification can apparently
begin at any point of plaque formation and seems to be a
complex mechanism [14]. Since vascular calcification has
been shown to correlate with elevated serum calcium
[15], and oxLDL plays a central role in atherogenesis [16],
we hypothesized that calpains may be activated in athero-
sclerotic lesions. Therefore, the primary aim of the present
study was to analyze atherosclerotic plaques for possible
calpain activity.

Methods

Materials

Anti-calpain-1 large subunit monoclonal Ab was from
Chemicon International (Temecula, CA, MAB3082), anti-
a-tubulin monoclonal Ab was from Oncogene Research
Products (Boston, MA, #CP06). HRP-coupled goat anti-
rabbit and goat anti-mouse immunoglobulins were from
Dako A/S (Glostrup, Denmark). Reagents not listed here
were obtained from Sigma, unless otherwise stated in the
text.

Atherosclerotic plaques

Twenty-nine human atherosclerotic carotid plaques, from
26 patients (67 + 8 years old, 21 males), were removed en
bloc by carotid endarterectomy by one surgeon. Twelve
plaques were associated with ipsilateral hemispheric
symptoms in the last month and 17 were not associated
to any symptoms after neurologic evaluation. Cardiovas-
cular risk factors such as hypertension (systolic blood
pressure > 140 mmHg), diabetes, coronary artery disease,

http://www.biomedcentral.com/1471-2261/9/26

tobacco use (in the past or current) and dyslipidemia were
recorded, as well as the medication of these patients.
Patients with atrial fibrillation, aortic valve disease,
mechanic heart valves, ipsilateral carotid artery occlusion
or restenosis after previous carotid endarterectomy were
excluded. Informed consent was given by each patient.
The study was approved by the local ethical committee.
The histological characteristics of symptomatic and
asymptomatic plaque samples have been published previ-
ously [17]. In short, carotid plaques from symptomatic
patients have shown lower levels of hydroxyapatite,
higher levels of elastin, cholesterol esters, unesterified
cholesterol, triglycerides, more cells, DNA, and soluble
protein [18] compared to those from asymptomatic
patients.

Sample Preparation

The plaques removed by endarterectomy were cleaned
with isotonic NaCl containing heparin (5 U/ml), to avoid
blood contamination, and thereafter the plaques were
immediately snap frozen in liquid nitrogen. Two-mm-
thick fragments from the stenotic region of the frozen
plaques were removed for histology. Plaques were
weighed, cut into pieces while still frozen, and homoge-
nized as previously described [19]. An aliquot was taken
from each plaque for western blot analysis, and protein
content was analyzed by the method of Lowry.

Immunoblotting and calpain activity

Loading buffer (final concentrations: 50 mmol/L Tris-HCl
[PH 6,8], 2% SDS, 10% glycerol, 0,1% bromophenol
blue, and 30 mmol/L dithiothreitol) was added to
homogenized samples, and they were heated to 90°Cin a
heating block for 5 min. Proteins were separated under
reducing conditions in SDS-polyacrylamide gels and then
Western blotted onto PVDF filters. Blots were blocked
with Tris-buffered saline containing 5% dry milk powder,
and then incubated for 1-2 h with anti-proteolyzed 150
kDa o-fodrin pAb [20](diluted 1:200), anti-o-tubulin
mAb (1:500), or anti-calpain-1 mAb (1:2000). The blots
were subsequently incubated with a peroxidase-conju-
gated secondary Ab, and bound Ab was assayed by
enhanced chemiluminescence detection (Santa Cruz Bio-
technology, Santa Cruz, CA). To estimate the level of cal-
pain activity, we performed densitometric analysis of
Western blots with a Fluor-S Multilmager (Bio-Rad, Rock-
ford, IL). The optical density of 150 kDa a-fodrin bands
and tubulin bands was scanned, and the calculated ratio
(OD,, todrin/ ODyupuiin) for each plaque sample was used in
statistical analysis. :

Immunohistochemistry

Two-millimeter-thick fragments from the stenotic regions
of the frozen plaques were embedded in O.CT. com-
pound (Tissue-Tek, Sakura), cryo-sectioned in serial 8-um
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sections, and mounted on coated slides. Tissue sections
for immunohistochemistry were fixed with 4% parafor-
maldehyde in phosphate buffer. Membranes were perme-
abilized in 0.5% Triton X-100. Endogenous peroxidase
activity was quenched by incubating sections for 5 min in
0.9% H,0,. Thereafter sections were blocked with 10%
goat serum in PBS for 30 min. Primary antibody, rabbit
anti-cleaved-a-fodrin (150 kDa; ref. [20]), was diluted
1:200 and incubated overnight at 4°C in a humidified
chamber. Sections were incubated with biotinylated sec-
ondary Ab (goat anti-rabbit, Vector Laboratories, Burlin-
game, CA) at a dilution of 1:200 for 60 min. Thereafter,
sections were incubated with peroxidase- or alkaline
phosphatase-labeled Streptavidin (for brown or blue
stain, respectively; Vectastain ABC-AP kit, Vector Labora-
tories). In the case of double-staining, TUNEL was per-
formed after the anti-cleaved-a-fodrin staining. Sections
were developed with diaminobenzidine (Vector Laborato-
ries), and counterstained with hematoxylin. Negative con-
trols included substitution of the primary Ab with
phosphate buffer.

For TUNEL staining, consecutive tissue sections were fixed
with 4% paraformaldehyde in phosphate buffer and stained
for apoptosis, using TUNEL In Situ Cell Death detection kit
POD (Roche Applied Science, Indianapolis, USA), according
to the manufacturer's instructions. Samples were viewed
with an Olympus BX60 microscope and photographed.

Statistical Analysis

Results were normalized to the wet weight of the plaques.
We used 2 analyses to investigate associations with
dichotomous variables. Two-group comparisons were
performed with the use of the Mann-Whitney non-para-
metric test. Spearman's rho was used for correlation anal-
yses. Statistical analysis was performed with the use of
SPSS 12.0 for Windows.

Results

Calpain activity and apoptosis

Use of Western blot analysis and a specific antibody to
detect a calpain-proteolyzed a-fodrin fragment has
proven to be one of the most reliable methods to demon-
strate calpain activation in cell lysates [6,20]. We
employed a polyclonal antibody specific for the calpain-
proteolyzed 150-kDa o-fodrin fragment [20] to determine
whether calpain activation occurs in atherosclerotic
plaques. We found that all plaque samples contained the
calpain-generated 150-kDa o-fodrin, breakdown product
(Figure 1A). These results show that calpain was activated
and catalysed the cleavage of a-fodrin in the atheroscle-
rotic plaques.

The autoproteolytic cleavage of the 80 kDa subunit of cal-
pain-1 and -2 is known to be associated with activation of
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Calpain-| is activated in atherosclerotic plaques and
cleaves a-fodrin. A, Plaque homogenates were processed
for Western blotting, and the PYDF membrane was probed
with an anti-proteolyzed a-fodrin Ab specific for the 150-
kDa fragment produced by calpain activity. The membrane
was subsequently stripped and re-probed with anti-o.-tubulin
Ab as a loading control. B, same as A, except that the PYDF
membrane was probed with anti-calpain-| large subunit Ab.
The blots show 9 samples (the id number of each plaque is
depicted above the lanes) of 29 analyzed. All 29 samples con-
tained the |50 kDa o-fodrin fragment as well as the autolytic
fragment of calpain-1.

these enzymes |3]. To further verify the activation of cal-
pain in atherosclerotic plaques, we used a monoclonal
antibody against the 80 kDa subunit of calpain-1 on west-
emn blots, and we observed the 78 kDa autoproteolysis
product of calpain-1 in all samples (Figure 1B). The detec-
tion of cleaved calpain-1 provided further evidence for
active calpain in atherosclerotic plaques.

The preparation of homogenates for western blot analysis
from plaque samples is a lengthy process, and despite the
included protease inhibitors it could be argued that the
proteolysis detected in Figure 1 might be artifacts from the
processing of the samples. Therefore we performed immu-
nohistochemistry on sections of the plaque samples, and
the results from this analysis verified that calpain was
indeed activated in the plaques. Figure 2 shows a plaque
with immunohistochemical staining of the calpain-gener-
ated 150-kDa a-fodrin fragment, as well as apoptotic cell
death detected by TUNEL staining. Interestingly, calpain
activity (Figure 2A, B, C, and 2D) colocalized with cell
death, as shown in Figure 2A, B, G, and 2H.

Calpain activity and plaque characteristics
When calpain activities were quantified from western
blots, we found that symptomatic carotid plaques dis-
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Control Calpain ;

Figure 2

Immunohistochemical stainings of a human athero-
sclerotic plaque. The region inside the square in A, C, E,
and G is amplified in B, D, F, and H, respectively. A and B,
sections were double stained for calpain (proteolyzed a-
fodrin, in blue) and TUNEL (in brown), showing colocaliza-
tion of these two stainings. The arrows in B show cells stain-
ing positively for calpain and TUNEL. C and D, sections were
incubated with anti-proteolyzed a-fodrin antibody. a-fodrin
fragments, resulting from the presence of active calpain, are
present in the core and shoulder regions of the plaques and
in some scattered areas of the fibrous cap. This is also seen
in A with the blue colour. In D, cells stained brown are posi-
tive for calpain activity (long arrow), whereas non-stained
cells (short arrow) are not. E and F, negative control (pri-
mary antibody omitted). G and H, TUNEL staining for cell
death (in brown). The arrow in H points to a dying cell, stain-
ing brown.

played significantly lower calpain activity (on average
38.0% less) compared with plaques not associated with
symptoms (Figure 3). Since calpain-dependent apoptosis
has been detected in simvastatin-treated rat vascular
smooth muscle cells [21], we decided to perform statisti-
cal analyses comparing calpain activity of the plaques and
statin intake. However, we found no significant difference
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Figure 3

Differences in calpain activity of carotid plaques from
asymptomatic and symptomatic patients. Calpain
activity was estimated as described in Materials and Methods.
The difference between asymptomatic and symptomatic
plaques was statistically significant (p = 0.034). The box plot
shows minimum, first quartile, median, third quartile, and
maximum levels.

in calpain activity between untreated patients and those
taking statins (data not shown). There were no significant
differences in calpain activity between untreated patients
and those taking anti-hypertensives (including calcium-
channel blockers; Tables 1 and 2). Neither was there any
significant association found between calpain activity and
the registered cardiovascular risk factors.

Discussion

Our present data demonstrate unequivocally that calpain
was activated in atherosclerotic plaques and that calpain
activity was co-localized with cell death. Interestingly, in a
previous study on these carotid plaques, those associated

Table I: Most relevant clinical characteristics of the
symptomatic patients.

Symptomatic (n = 12) No Yes
Diabetes 9 3
Hypertension 4 8

Heart disease 5 7
Smoking 4 current3andex 5

Obesity 12 0
Family history of cardiovascular disease 1 |
Peripheral arterial disease I [
Statin 10 2
Anti-hypertensives 5 7 (3 CCB)

CCB, calcium channel blockers
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