Hirosaki Med. J. 61(Suppl.) : S262—S269, 2010

PYROGLUTAMATE FORMATION AT THE N-TERMINI OF ABRI
MOLECULES IN FAMILIAL BRITISH DEMENTIA IS NOT RESTRICTED
TO THE CENTRAL NERVOUS SYSTEM

Yasushi Tomidokoro”*, Akira Tamaoka", Janice L. Holton”, Tammaryn Lashley?,
Blas Frangione®?, Tamas Revesz?, Agueda Rostagno® and Jorge Ghiso™?

Abstract Amyloid molecules harboring pyroglutamate (pGlu) residue at the N-termini are considered to be
important for the development of cerebral amyloidosis such as Alzheimer’s disease and thought to be either
spontaneously generated or being catalyzed by glutaminyl cyclase. Familial British dementia (FBD) is an autosomal
dominant form of dementia neuropathologically characterized by parenchymal amyloid and preamyloid deposits,
extensive cerebral amyloid angiopathy, and neurofibrillary tangles. FBD is caused by a stop to Arg mutation in the
BRI2 gene, generating de novo created amyloid molecule ABri which accumulates in FBD brains but is not present
in the normal population. Soluble ABri molecules present in the circulation of carriers of the BRI2 mutation are 34
amino acids long exclusively harboring Glu residue at the N-termini (ABril-34E), whereas water- and formic acid-
soluble ABri molecules extracted from FBD brains have abundant ABri species bearing pGlu residue (ABril-34pE),
suggesting that pyroglutamate formation occurs at the site of deposition. In order to further clarify the mechanism (s)
of ABri deposition, we studied whether pyroglutamate formation indeed occurs outside the central nervous system
taking advantage that FBD is also a systemic amyloidosis. Soluble and fibrillar ABri molecules extracted from
systemic organs and analyzed biochemically using a combination of immunoprecipitation, mass spectrometry, and
western blot analysis were oligomeric in size and contained a large proportion of ABril-34pE. The data indicate that
pyroglutamate formation at the N-termini of ABri molecules is an early step in the process of FBD amyloid deposition,
and its formation is not restricted to the central nervous system.
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Familial British dementia (FBD) is an

autosomal dominant neurodegenerative disorder

examination of several FBD cases revealed, in
addition to neurofibrillary tangles in hippocampal

caused by a genetic defect in the BRI2 gene”
with striking neuropathological similarities
to Alzheimer’s disease (AD), including neu-
rofibrillary degeneration and ample cerebral
amyloid deposition. FBD was first described by
Worster-Drought et al. in 1933%, and is clinically
characterized by progressive dementia, spastic
tetraparesis, and cerebellar ataxia with an age
of onset in the fifth decade. Brain MRI of FBD
patients has revealed periventricular white
matter hyperintensitiesS'4). Neuropathological

neurons, a widespread severe amyloid angiopathy
with perivascular deposits, amyloid plaques,
and non-fibrillar preamyloid lesions affecting
the cerebral cortex*®®. The main component
of the parenchymal and vascular amyloid is
the 34-amino acid ABri peptide”, which has no
homology to AP, the major constituent of the
brain deposits in AD.

The importance of the AP C-terminal het-
erogeneity in AD pathogenesis is today well
established. AB42 shows the highest aggregation

Department of Neurologyl), University of Tsukuba,
Graduate School of Comprehensive Human Science,
Tsukuba, Japan; UCL Institute of NeurologyZ),
University College London, London, UK; Departments

of Pathology® and Psychiatry”, New York University
School of Medicine, New York, NY, USA

*E-mail address: tomidy01@md.tsukuba.ac.jp

Tel number: +81-29-853-3224



propensity, and its deposition precedes that
of AB40 in vivo”. N-terminally truncated AP
molecules also show an enhanced aggregation
propensity, and are deposited in the brain
earlier than intact molecules™. Among these
N-terminally truncated species, Ap molecules
with pyroglutamate (pGlu) at position 3 are
the major species found in AD and have been
postulated to initiate amyloid plaque formation'"?.
In spite of its relevance to the disease process,
the mechanism of pGlu formation from Glu
residues is poorly investigated. Recently, it was
demonstrated that glutaminyl cyclase (QC) can
catalyze the conversion of N-terminal Glu to pGlu
in AP molecules'™. Reinforcing the importance
of pGlu species in disease pathogenesis, the
suppression of pGlu formation with a QC inhibitor
attenuated AP accumulation and the progression
of AD pathology in transgenic mouse models of
AD". The conversion of N-terminal Glu residue
to pGlu in amyloid molecules is not a feature
restricted to AD. Amyloid molecules harboring
pGlu at N-termini are also predominant species
in FBD as well as in familial Danish dementia
(FDD), another disorder related to a different
BRI2 gene defect™

As illustrated in Figure 1, ABri is a 4-kDa
peptide derived from a type II transmembrane
precursor protein, BRI2, codified by a single
multiexonic gene BRI2 (also known as ITM2B)
located on the long arm of chromosome 13" A
single substitution in the BRI2 gene, TGA to
AGA at codon 267, results in an Arg residue
replacing the normally occurring stop codon in
the BRI2 gene, therefore generating a longer
open reading frame and translating into the
277-amino acid protein ABriPP". Furin-like
proteolytic processing releases the 34-amino acid
ABri peptide from the C-terminus of ABriPP,
instead of the normal 23-amino acid CTF23
peptide present in healthy individuals'®.

Amyloid isolated from FBD leptomeningeal
fibrillar deposits shows a high degree of
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polymerization and a post-translationally
modified N-terminus (pGlu)"'”. In contrast to
AD, in which amyloid deposition is limited to
the central nervous system (CNS), FBD is a
systemic amyloidosism). In the present study,
we biochemically analyzed the ABri molecules
deposited in the brain and systemic organs in
FBD cases and demonstrate that pGlu formation
in addition to the CNS also occurs at an early
stage in peripheral tissues.

Materials and Methods

Sequential Tissue Fractionation

Systemic organs obtained from an FBD case
(female, 68 years old at autopsy) as well as
brains obtained from a series of autopsied FBD
cases were subjected to biochemical analysis.
ABri molecules were sequentially extracted
from frozen FBD brains and systemic organs
such as uterus, skeletal muscles and pancreas
with water-based buffers followed by 70%
formic acid (FA) which is known to completely
solubilize the fibrillar amyloid deposits. Frozen
tissues were homogenized in cold PBS [10 mM
phosphate buffer, pH 7.4, containing 137 mM
NaCl and 2.7 mM KCIl and protease inhibitor
cocktail (Complete; Roche)] using a Dounce
glass homogenizer immersed on ice. After
ultracentrifugation [Beckman Coulter; 70.1 Ti
rotor] at 112,000 X g for 1 hour at 4°C, the
resultant supernatants were analyzed as PBS-
extracted fractions, and the pellets were re-
homogenized in FA. Following centrifugation
at 14,000 rpm in a 5417R microcentrifuge
(Eppendorf) the resulting supernatants were
analyzed as FA-extracted fractions. The pertinent
extracted materials were biochemically analyzed
with the combination of immunoprecipitation
(IP), western blot (WB) and matrix-assisted laser
desorption ionization-time-of-flight (MALDI-TOF)
mass spectrometry (MS) analyses as reported
and briefly described below.
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Figure 1 Genetic and biochemical mechanisms generating ABri from ABriPP

FBD is associated with a Stop to Arg mutation in the BRI2 gene, which generates the de novo created amyloid molecule
ABri after processing by furin-like proteases. Antibodies raised versus the C-terminal residues of ABri, not-existing in
normal individuals, (Ab 338) allowed further immunohistochemical characterization of the deposits and WB probing.
Circulating ABri molecules consist of 34 amino acids, and harbor a Glu residue at the N-terminus. Furin-like cleavage of
BRI2 in normal individuals results in the production of CTF23, a peptide comprising the 23 first residues of ABri.

Immunoprecipitation Experiments
Tissue-extracted ABri Peptides—Fifty microliters
of paramagnetic beads coated with goat anti-
rabbit IgG (Dynabeads M-280) were allowed to
interact with 6 pg of IgG purified from rabbit
antiserum 338, which is specific for the 10
C-terminal residues of ABri, TVKKNIIEEN'"
After blocking in 0.1% (w/v) bovine serum
albumin in PBS, antibody-coated beads were
incubated with either FA-extracted amyloid
fractions previously neutralized in 0.5 M Tris-
base, pH 11, or PBS-extracted fractions. Elution
of the bound material from the beads was
performed by different methods, according to the
techniques used for the studies that followed, as
described".

Circulating Soluble ABri—Plasma from carriers
and noncarriers of the FBD genetic defect was
analyzed by IP. Fifty microliters of paramagnetic
beads interacted with Ab 338 were incubated
with 1 ml of a 1:1 dilution of plasma in
radioimmunoprecipitation assay buffer (1%

Triton X-100 in 50 mM Tris, pH 8.0, containing
150 mM NaCl, 0.5% cholic acid, 0.1% SDS, 5 mM
EDTA, and Complete protease inhibitor). Bound
peptides were eluted for MALDI-TOF MS or
WB analysis as described above.

MALDI-TOF MS Analysis

Prior to MS analysis, extracted peptides from
PBS- and FA-fractions were purified by IP. Due
to the abundance of ABri in FA fractions, IP
was not necessary for its identification by mass
spectrometry. In some cases, FA extracts were
alternatively purified by micro-reverse-phase
chromatography using ZipTipC4, according to
the manufacturer's protocol, utilizing 90% (v/v)
acetonitrile and 0.1% (v/v) trifluoroacetic acid in
water for elution. MALDI-TOF MS analysis was
performed at the New York University Protein
Analysis Facility'”. Under the experimental
acidic conditions, which also render noncovalent
binding unobservable, mostly monomeric species
of ABri were detected. FindPept tool from the



ExPASy Proteomics server (available on the
World Wide Web at us.expasy.org/tools) was
used to assign the experimental mass values to
specific peptide sequences and to search for the
presence of post-translational modifications.

Western Blot Analysis

Samples from each of the extracts, either
before or after IP, were separated on a 16%
Tris-Tricine SDS-PAGE and electrotransferred
for 45 min at 400 mA onto polyvinylidene
difluoride membranes (Immobilon-P) using 10
mM 3-cyclohexylamino-1-propanesulfonic acid
buffer, pH 11 containing 10% (v/v) methanol.
After blocking in 5% nonfat milk in PBS
containing 0.1% Tween 20, the membranes were
immunoreacted with the Ab 338 (0.5 ug/ml),
followed by anti-rabbit horseradish peroxidase-
labeled F(ab’),. Signals were developed with
SuperSignal and exposed to Hyperfilm ECL.

Immunohistochemical analysis

Tissue blocks from different organs were
taken at post mortem, fixed in 10% buffered
formalin, and embedded in paraffin. Seven-pm-
thick sections pretreated with 99% formic acid
were incubated at room temperature with Ab
338 followed by biotinylated anti-rabbit IgG
(1:200) and ABC complex. Color was developed
with diaminobenzidine/H,0,. Double staining
with Ab 338 and thioflavin'S was carried out as

described previouslyS).

Results

IP-WB/-MS analysis of soluble ABri peptides
obtained from plasma and brain extracts

A striking difference was observed between
soluble ABri in the circulation and water-soluble
ABri extracted from brain homogenates. IP-
WB and IP-MS analyses clearly showed that
soluble ABri molecules obtained from plasma
were monomeric, harboring Glu residues at
their N-termini (ABril-34E) with an observed
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average mass of 3953.5 = 0.5 Da (expected:
3953.3 Da for ABri with oxidized Cys residues
at positions 5 and 22). No obvious N- and/
or C-terminal truncations were observed.
The experimental average mass was close
to the theoretical mass value of the oxidized
ABri peptide, suggesting the presence of a
single intrachain disulfide bond (Fig. 2, panel
A). Water-extractable ABri molecules isolated
from FBD brains showed different results. IP-
WB analysis revealed ABri molecules to be
oligomeric in size, showing monomers, dimers,
and trimers. By IP-MS analysis, ABri molecules
exhibited pGlu residue at their N-termini
(ABril-34pE) with an observed average mass of
39355 = 0.5 Da (expected: 3935.3 Da for ABri
with oxidized Cys residues at positions 5 and 22,
smaller than ABril-34E molecules by 18 mass
units as a result of the loss of one molecule of
water) (Fig. 2, panel B).

IP-WB/-MS analysis of soluble ABri peptides
obtained from systemic organs

PBS-extracted fractions obtained from
systemic organs were analyzed to determine
whether water-extractable ABri molecules
in peripheral tissues are similar to those in
the CNS or in the circulation. IP-WB analysis
showed ABri molecules as monomers, dimers,
trimers, and even tetramers (Fig. 2, panel C). IP-
MS revealed that the predominant ABri specie
was ABril-34pE although variable quantities of
ABril-34E were also observed in all the organs
analyzed: pancreas (observed average mass
of 3936.5 Da and 3955.1 Da, for ABril-34pE
and ABril-34E, respectively); skeletal muscles
(3936.0 Da and 3953.6 Da); and uterus (3936.5
Da and 3954.7 Da) (Fig. 2, panels D to F). Thus,
these results indicated that water-extractable
ABri molecules from systemic organs have
similar characteristics to water-extractable
molecules obtained from the brain.
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Figure 2 Biochemical and histopathological analysis of

CNS and systemic ABri deposits.

Panel A. IP-WB and IP-MS analysis of soluble ABri
in FBD plasma. Panel B. IP-WB and IP-MS analysis
of ABri in the PBS-extracted fractions of the
brain of an FBD patient. *: represents non-specific
peaks appearing in control samples in which the
pertinent brain extracts were immunoprecipitated
with paramagnetic beads un-coated with the
primary anti-ABri antibody. Panel C. WB analysis
of immunoprecipitated PBS-extracted fractions
from the pancreas, skeletal muscles, and uterus
of an autopsied FBD patient. Mo, monomers; Di,
dimers; Tri, trimers. Panels D to F. IP-MS analysis
of PBS-extracted fractions from FBD pancreas
(panel D), skeletal muscles (panel E) and uterus
(panel F). #: indicates non-specific peaks found
in control samples in which tissue extracts were
replaced by PBS during the IP-MS analysis
procedure. Panel G. Fluorescent microscopy images
illustrating ABri deposition in FBD myocardium
and uterus. Upper panels show anti-ABri
antibody immunoreactivity; lower panels illustrate
thioflavin-S staining. Please note that parenchymal
lesions are thioflavin-negative non-fibrillar
preamyloid deposits whereas vascular lesions are
thioflavin-positive fibrillar ABri deposits.

Analysis of insoluble ABri peptides isolated from
brain and systemic organs

Figure 2 panel G illustrates ABri deposits
in the myocardium and uterus as visualized
by fluorescence microscopy. Vessels in both
organs were labeled by anti-338 ABri antibody
(upper panels; red signal) and thioflavin-S
(lower panels; green signal). Notably, the
majority of the parenchymal systemic lesions
immunoreactive with anti-ABri antibody
were thioflavin-S negative, non-fibrillar, pre-
amyloid deposits, whereas vascular lesions were
consistently thioflavin-S positive, fibrillar ABri
deposits. Similar results were obtained from
the pancreas, skeletal muscles and uterus (not
shown). Insoluble amyloid molecules extracted
from the brain and systemic organs into FA and
tested by WB analysis using anti-ABri antibody
revealed the presence of monomers, dimers,
trimers, and highly aggregated oligomers
appearing as smears (not shown), as reported
elsewhere'®, TP-MS analysis revealed that, in
all organs, the predominant ABri molecule was
ABril-34pE, although it co-localized with the
non-pyroglutamate modified species, ABril-34E
(not shown), identical to the findings observed

. . 18
in the brain and pancreas )

Discussion

The formation of pGlu is a common post-
translational modification found in a series
of hormones and neuropeptides, including
neurotensin, thyrotropin, and gonadotropin-
releasing hormones; -their biological activities
largely depend on the existence of the N-terminal
pGlu residue®”. N-terminally truncated forms
of AP molecules harboring pGlu residues
(e.g., AB3-42pE or AP11-42pE) are considered
to be important for the development of AD
neuropathology. However, the mechanism by
which the N-terminal pGlu is formed remains
unclear. Although the final pGlu product is
the same, the amino acid that serves as the



substrate for the post-translational modification
in neuropeptides and amyloid molecules differs.
In neuropeptides, the N-terminal modification
occurs at a Gln residue and the enzymatic
reaction involves the nucleophilic attack of the
a-amino group on the amidated carboxyl group
and the release of NH; catalyzed by glutaminyl
cyclase (QC; EC 2.3.2.5) at a neutral pHmZ). In
contrast, few examples are known for the post-
translational modification of Glu to pGlu, which
involves the loss of one molecule of water instead
of deamidation. Since QC had not previously
been considered capable of catalyzing pGlu
formation from Glu residue in amyloid molecules,
it was believed that the post-translational
modifications at positions 3 and 11 of truncated
AP were spontaneously generated”. However,
a series of recent studies, using QC isolated
from Arabidopsis thaliana, showed that the
enzyme does have the capability to catalyze the
conversion of N-terminal Glu to pGlu -but with
about 100,000-fold lower specificity®”. Notably,
a QC inhibitor diminished the production of A
B3-40/42pE in different cell lines in which the
QC-catalyzed-formation of N-terminal pGlu is
favored in the acidic environment of secretory
compartmentsw. In vivo, QC expression was found
up-regulated in the cortices of individuals with
AD and was correlated with the appearance of
pGlu-modified ABM). The oral application of a QC
inhibitor was able to reduce AB3-42pE burden
in 2 transgenic mouse models of AD and in a
new Drosophila model. Furthermore, treatment
of these transgenic mice was associated with a
reduction in APx-40/42 load, diminished plaque
formation and gliosis, and improved performance
in context memory and spatial learning tests'™®,
The introduction of pGlu at the N-terminus
changes the biochemical nature of AP molecules
in vitro, increasing their hydrophobicity,
altering the pH-dependent solubility profile,
and rendering the pGlu-modified AP species

25)

less soluble®™. The presence of pGlu residues
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increases the aggregation propensity of AP -as
evidenced by thioflavin-T fluorescence assays
and dynamic light scattering- whereas far-
UV CD spectroscopic analysis points reveal an
enhanced B-sheet structure. These structural
changes translated into the fibril morphology,
resulting in short fibers frequently arranged in
bundles®™’

N-terminal pGlu formation in cerebral
amyloidosis is a feature not restricted to AD.
The majority of ABri and ADan molecules
accumulated in FBD and FDD brain tissues are
converted from N-terminal Glu species found in
the circulation, ABril-34E and ADanl-34E, to the
pertinent pGlu-modified molecules, ABril-34pE
and ADanl-34pE. The data presented herein,
clearly showed that ABri molecules deposited
in peripheral tissues are indistinguishable from
those found in CNS deposits and also carry the
pGlu modification. The differential distribution
of the post-translationally modified species
with their unique presence in systemic and
CNS tissues and complete absence from the
circulation clearly indicates that the modification
takes place at the site of deposition. Whether QC,
an enzyme known to exist in human CNS and
pituitary gland, also exists in systemic organs
and is able to catalyze in situ pGlu generation
in ABri molecules is yet to be determined.
Certainly, the biochemical similarities between
CNS and systemic deposits, together with the
accessibility of the peripheral tissues, make
them good candidates for diagnostic specimens
and appropriate initial targets to evaluate
novel therapeutic strategies for FBD -e.g., the
inhibition of pGlu formation-. This may have
further applicability for other neurodegenerative
disorders, such as AD, caused by the same post-
translational modification.
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