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ABSTRACT: N-Terminally truncated and pyroglutamate (pGlu) modified amyloid β (Aβ) peptides are major
constituents of amyloid deposits in sporadic and inherited Alzheimer’s disease (AD). Formation of pGlu at
the N-terminus confers resistance against cleavage by most aminopeptidases, increases toxicity of the
peptides, and may seed Aβ aggregate formation. Similarly, the deposited amyloid peptides ABri and ADan,
which cause a very similar histopathology in familial British dementia (FBD) and familial Danish dementia
(FDD), are N-terminally blocked by pGlu. Triggered by the coincidence of pGlu-modified amyloid peptides
and similar pathology in AD, FBD, and FDD, we investigated the impact of N-terminal pGlu on biochemical
and biophysical properties of Aβ, ABri, and ADan. N-Terminal pGlu increases the hydrophobicity and
changes the pH-dependent solubility profile, rendering the pGlu-modified peptides less soluble in the basic pH
range. The pGlu residue increases the aggregation propensity of all amyloid peptides as evidenced by ThT
fluorescence assays and dynamic light scattering. The far-UV CD spectroscopic analysis points toward an
enhanced β-sheet structure of the pGlu-Aβ. Importantly, changes in fibril morphology are clearly caused by
the N-terminal pGlu, resulting in the formation of short fibers, which are frequently arranged in bundles. The
effect of pGlu on the morphology is virtually indistinguishable between ABri, ADan, and Aβ. The data
provide evidence for a comparable influence of the pGlu modification on the aggregation process of
structurally different amyloid peptides, thus likely contributing to the molecularly distinct neurodegenerative
diseases AD, FBD, and FDD. The main driving force for the aggregation is apparently an increase in the
hydrophobicity and thus an accelerated seed formation.

The formation of pyroglutamate (pGlu)1 is a common post-
translational modification of several peptide hormones and pro-
teins. The residue influences the structure and physiological
function by mediating an interaction with receptors and/or
stabilizes peptides against N-terminal degradation (1). The accu-
mulation of pGlu-amyloid peptides in neurodegenerative disor-
ders like Alzheimer’s disease (AD), familial British dementia
(FBD), and familial Danish dementia (FDD) has been implicated
to contribute to the formation of amorphous and fibrillar deposits,
which represent a characteristic hallmark of these disorders (2-4).

The amyloid β peptide (Aβ) is themajor component of plaques
in AD. The peptide is produced by sequential endoproteolytic
processing of the precursor protein APP by β- and γ-secretase.
An alternative cleavage by γ-secretase at various sites results
primarily inAβ40 andAβ42, species that differ at their C-termini.
Among these, Aβ42 shows the highest aggregation propensity,

and its deposition precedes that of Aβ40 in vivo (5). In addition,
N-terminal heterogeneity is caused by alternative cleavage of
APP by the β-secretase BACE at the so-called β- and β0-position,
generating Aβ1-40/42 or Aβ11-40/42, respectively. Previous
reports point toward formation of other N-truncated Aβ pep-
tides from APP, e.g., Aβ5-40/42 and Aβ3-40/42 by yet un-
discovered mechanisms (6, 7). The truncated Aβ peptides show
an enhanced aggregation propensity compared to full-length
peptides (8-12). Among these, pGlu-modified peptides are
prominent in AD and have been postulated to initiate amyloid
plaque formation (3, 13). Very recent results underline this
important role of pGlu-Aβ for the plaque formation and
progression of Alzheimer’s-like pathology in mice (14).

Interestingly, also the deposits in the inherited neurodegen-
erative disorders FBD and FDD consist mainly of pGlu-mod-
ified amyloid. The generation of the peptides ABri and ADan is
due to processing of a mutated BRI2 gene. Both peptides are not
related to Aβ in terms of their primary structure (15, 16). ABri
and ADan share an identical N-terminal sequence of 22 amino
acids but have different C-termini of 12 amino acids. Following
processing of the BRI2 protein by furin-like protease(s), an
N-terminal glutamic acid residue is generated. Reminiscent of
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Aβ in Alzheimer’s disease, the N-terminus of ABri and ADan is
then converted into pGlu, representing the dominant species in
the amyloid deposits in FBD and FDD (4).

In general, the pGlu modification is prominent at the
N-terminus of secreted amyloid peptides in different neurodegen-
erative disorders. The aim of the present study was to analyze the
influence of the modified N-terminus on the characteristics of the
dementia-related amyloid peptides pGlu-Aβ3-40, pGlu-Aβ11-
40, pGlu-ABri, and pGlu-ADan. With respect to Aβ, we focused
on x-40 species because of their better solubility and lower
aggregation propensity compared to Aβx-42, which enabled a
reliable investigation of the influence of the peptide N-terminus in
aqueous buffer solution. The biophysical properties of the peptides
were compared in order to gain further information regarding the
role of the modification for development of neurodegenerative
diseases. The peptide sequences are summarized in Table 1.

EXPERIMENTAL PROCEDURES

Materials. Aβ peptides were synthesized as described pre-
viously (11). pGlu-ABri was purchased from Bachem (Buben-
dorf, Switzerland). All chemicals used were of analytical grade.
Synthesis of ADan, pGlu-ADan, and ABri. The peptides

were synthesized in 50 μmol scale on a Fmoc-Tyr-NovaSyn-TGA
resin using an automated Symphony synthesizer (Rainin). After
deprotection and purification by HPLC, the disulfide bond was
introduced by iodine oxidation. The peptides were dissolved in
AcOH/H2O (4:1) to a final concentration of about 2mg/mL. Ten
equivalents of iodine was added at once, and the mixture was
stirred for up to 1 h at room temperature. Completion of
oxidation was followed by HPLC and MALDI-TOF mass
spectrometry. The reactionwas quenched by diluting the reaction
volume twice with H2O, and the iodine was extracted with
tetrachlormethane (at least five to six times). The resulting
aqueous phase was lyophilized and purified by preparative
HPLC using a gradient of acetonitrile in H2O containing
0.04% TFA. Analytical HPLC for determining retention time
(Table 1) was carried out with two different methods. Method a:
4.6�150 Source 5RPC column (5 μm; GE Healthcare) with a
gradient made of solvent B (60% acetontrile/40% solvent A) and
solvent A (0.1%NH4OH in H2O at pH 9); 10% B for 1 min and
10-100%B in 30min (detection 220 nm, flow 1mL/min, column
temperature 35 �C). Method b: 125 � 4 Luna C18(2) column
(5 μm; Phenomenex) with a gradient made of solvent A (acet-
onitrile containing 0.04% TFA) and solvent B (H2O containing
0.04% TFA); 5-50% A in 15 min, 50-70% A in 17 min
(detection 214 nm, flow 1 mL/min, column temperature 25 �C).
Solubility Test. The assessment of peptide solubility was

performed, essentially as described by Hortschansky et al. (17).

Briefly, MES/Tris/acetate buffer (50 mM, 100 mM, 50 mM) was
prepared (pH 3.5, 4.0, 4.5, 5.0, 5.5, 6.0, 6.5, 7.0, 7.5, 8.0, 8.5, 9.0).
This buffer provides a constant ionic strength in the pH range of
investigation (18). The amyloid peptides were dissolved in water
(150 μM) and mixed with buffer 2:1 to a final concentration of
75 μM (total volume 100 μL). The solutions were divided, and
one part was centrifuged for 30 min at 14000 rpm. Samples of
30 μL of supernatant were removed for peptide quantification by
Micro-BCAassay (Pierce). For theMicro-BCAassay, samples of
10 μL were incubated with 150 μL of working solution and
analyzed according to the guidelines of the manufacturer. The
analysis was performed in duplicate, and peptide concentrations
were calculated using a standard curve of BSA under assay
conditions. Results were expressed as percent of total peptide
concentration.

Preparation of Seedless Amyloid Peptide Stock Solu-
tions. The amyloid peptides were dissolved in HFIP (1 mM) and
incubated for 2 h at room temperature. The concentration was
determined by absorption at 280 nm, applying an extinction
coefficient of 1490 M-1 cm-1 for Aβx-40 and 1615 M-1 cm-1

for ADan, making use of the absorption by the side chains of
aromatic amino acids. ABri solutions were prepared on the basis
of peptide mass, because a suitable chromophore is lacking.
Stock solutions were aliquoted and stored at -80 �C until use.
Prior to use, HFIP was evaporated, and peptides were dissolved
in 0.1MNaOH (Aβx-40) or 0.1MHCl (ADan andABri). After
10 min of incubation, the analysis buffer was added, and the pH
valuewas adjusted by the addition of 0.1MHCl or 0.1MNaOH,
respectively (volume of HCl/NaOH solution was 10% of total
volume). This method was shown to result in peptide prepara-
tions free of aggregates as evidenced by size exclusion chroma-
tography (data not shown). To exclude potential occurrence of
oxidative peptidemodifications due to the applied pH conditions,
MALDI-TOF mass spectrometric analysis of the solutions was
applied over a time period of several hours.

Thioflavin T (ThT) Assay. Peptide solutions of 100 μM in
MES/Tris/acetate buffer (50 mM, 100 mM, 50 mM, pH 4.0, 7.0,
or 8.0) were mixed 2:1 with 40 μM thioflavin T in water,
containing 0.01% NaN3. Final concentration of peptides for
measuring aggregation kinetics was 50 μM, and 200 μL was
applied per well of a 96-well blackwall microplate. The plate was
covered with an adhesive film and incubated in a plate reader at
37 �C. Fluorescence readings were recorded every 2 h for up to 2
weeks (excitation 440 nm, emission 490 nm). Routinely, assays of
each peptide were performed in six cavities of one plate, and the
mean of the determined fluorescence units was calculated.
Analysis of Secondary Structure by CD Spectroscopy.

Circular dichroism spectra were recorded using a Jasco J-710

Table 1: Sequences of Amyloid Peptides Aβ, ADan, and ABri, Their Theoretical Isoelectric Points, and Retention Times in Reversed-Phase HPLCa

peptide sequence theoretical pI RT (min) (method)

Aβ1-40 DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVV 5.31 16.4 (a)

Aβ3-40 EFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVV 5.78 16.1 (a)

pGlu-Aβ3-40 pEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVV 6.30 19.7 (a)

Aβ11-40 EVHHQKLVFFAEDVGSNKGAIIGLMVGGVV 6.02 16.9 (a)

pGlu-Aβ11-40 pEVHHQKLVFFAEDVGSNKGAIIGLMVGGVV 7.32 17.6 (a)

Glu1-ADan EASNCFAIRHFENKFAVETLI

�

CFNLFLNSQEKHY 6.05 13.7 (b)

pGlu1-ADan pEASNCFAIRHFENKFAVETLI

�

CFNLFLNSQEKHY 7.24 14.5 (b)

Glu1-ABri EASNCFAIRHFENKFAVETLI

�

CSRTVKKNIIEEN 6.85 10.6 (b)

pGlu1-ABri pEASNCFAIRHFENKFAVETLI

�

CSRTVKKNIIEEN 8.40 12.1 (b)

aFor methods a and b see Experimental Procedures.
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spectropolarimeter. After seedless preparation, peptide solutions
(50 μM) were prepared in 10 mM sodium phosphate buffer at pH
8.0 and incubated at 37 �C. The peptides were applied to a quartz
cell of 0.5 mmpath length, and the spectra were recorded in the far-
UV range (190-260 nm), applying a scan rate of 50 nm/min. For a
typical spectrum, 10 scanswere accumulated andbaseline corrected.
Dynamic Laser Light Scattering (DLS). Seedless amy-

loid peptide solutions of 5 μM were prepared in 50 mM sodium
phosphate buffer containing 100 mM NaCl, pH 7.5. All buffers
were filtered (0.22 μm pore size) prior to use. DLS measurements
were carried out with aDynaPro dynamic light scattering system
(Protein Solutions, Lakewood, NJ) using a 45 μL quartz cuvette
with 3 mm path length. Readings were recorded at 20 �C with a
fixed angle of 90�. Data acquisition time was 3 s over a period of
10min using a 655.6 nm (13mW) laser.Analysis and averaging of
the collected data were performed with the software Dynamic V6
(Protein Solutions, Lakewood, NJ). By using calculated auto-
correlation functions, a regularization fit was performed in order
to obtain the size distribution profile.
Transmission Electron Microscopy. Samples were taken

from the aggregation reactions, and the peptide aggregates were
adsorbed on Formvar-coated copper grids (Plano GmbH, Wet-
zlar), washed with distilled water three times, and negatively
stained with 1% uranyl acetate. The peptide aggregates were
observed using an EM 900 (Carl Zeiss SMT, Oberkochen)
operating at 80 kV. Images were taken, applying a Variospeed
SSCCD camera SM-1k-120 (TRS, Moorenweis).

RESULTS

pH-Dependent Solubility of Amyloid Peptides. The cycli-
zation of N-terminal glutamic acid into pyroglutamic acid is

accompanied by the loss of two functional hydrophilic groups,
which potentially influences charge conditions and solvation of
the peptides. Caused by the formation of the N-terminal lactam
ring, the basicity of the N-terminal amino group and the negative
charge of the carboxyl group get lost. Consequently, the cycliza-
tion exerts an effect on the calculated isoelectric points (pI ) of
the amyloid peptides ADan, ABri, and Aβ, rendering the pI of
the peptidesmore basic as illustrated inTable 1. Themodification
of the N-terminus also increases the retention time during
reversed-phase HPLC, suggesting an increase of hydrophobicity
of the pyroglutamated peptides. The N-terminal cyclization of
glutamic acid thus influences all amyloid peptides under inves-
tigation in a similar manner by increasing their hydrophobicity.
The change of the retention time and, in turn, the increase of the
hydrophobicity were most prominent for pGlu-Aβ3-40 and
pGlu-ABri. Generally, the solubility of peptides is lowest in the
range of their isoelectric points. This has been demonstrated for
Aβ1-40 by Hortschansky et al. (17). Caused by the changing pI,
differences in the pH-dependent solubility profile were observed
(Figure 1). Comparing the solubility of Aβ1-40, Aβ3-40, and
pGlu-Aβ3-40, a shift of the pH-dependent minima of solubility
was found. However, about 60% of the peptide remained in
solution in the entire pH range investigated. The truncation of the
first 10 amino acids ofAβ1-40 results in a strong reduction in the
solubility of both Aβ11-40 and pGlu-Aβ11-40. The differences
in their pH-dependent solubility profile are not that pronounced
as for the other peptides but statistically significant at pH 7.5 and
higher pH values. The pGlu modification renders the Aβ11-40
peptide, however, virtually insoluble in the entire pH range.
Accordingly, also the solubility ofADan, pGlu-ADan, ABri, and
pGlu-ABri is very poor at pH values close to their isoelectric
points.

FIGURE 1: Relative solubility of amyloid peptides at room temperature depending on the pH of the aqueous buffered solution. The peptides
(75 μM)were dissolved inMES/Tris/acetate buffer (25mM, 50mM, 25mM), the solutions were centrifuged, and the peptide concentration in the
supernatant was determined by applying a BCA assay. (A) Solubility of Aβ1-40, Aβ3-40, and pGlu-Aβ3-40 (n=4). (B) Aβ11-40 compared
with pGlu-Aβ11-40 (n= 4). (C) ADan compared with pGlu-ADan (n= 2). (D) ABri compared with pGlu-ABri (n= 2). For all investigated
amyloid peptides a decreased solubility of the pGlu-modified peptides in the basic rangewas found.A statistical analysiswas carried out forAβx-
40 andAβ11-40 by applying a two-wayANOVA followed by a Bonferroni posttest (A, B). Themethod allowed a comparison of the solubility at
every pH value based on the four determinations in parallel. A statistical evaluation of the solubility of ABri andADanwas achieved by applying
an unpaired Student’s t test (C,D). The statistical significant difference thus refers to a pH range and not to a distinct pH value.Key: ### and ***
for P < 0.001, ## and ** for P < 0.01, and * for P < 0.05.
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AggregationPropensity ofAmyloidPeptides.The changes
in the solubility profile reflect the influence of N-terminal pGlu
on hydrophobicity and solvation of the amyloid peptides, which
might affect the nucleation process. Accordingly, we were ques-
tioning whether this has an impact on the aggregation kinetics.
The fibril formation from monomeric Aβ1-40, Aβ3-40, and
pGlu-Aβ3-40 (50 μM) was investigated by a ThT fluorescence
assay at pH 7.0 and 8.0, because the differences of the pH-
dependent solubility profilewere largest at these values (Figure 1).
Aβ11-40 and pGlu-Aβ11-40 could not be reliably analyzed
because of the poor overall solubility in the physiological pH
range.

At pH 7.0, fibrils are very rapidly generated from pGlu-Aβ3-
40, as suggested by the increase of the fluorescence intensity
(Figure 2). The typical lag phase, i.e., the phase in which
oligomers and protofibrils are slowly formed and act as seeds
for the growing fibrils, could not be detected, indicating an
instant seeding of the aggregation process. Aβ1-40, which shows
better solubility at pH7.0, aggregates with a prominent lag phase.
Similarly, such fibril formation has been also observed with
Aβ3-40. The truncation results in a shortened lag phase but
slower fibril elongation as concluded by the lower slope in the
exponential phase. Thus, the truncation seems to accelerate the
seed formation process, which is further enhanced by the
cyclization of N-terminal glutamic acid. The changes are also
in good agreement with the differences in solubility profiles
(Figure 1). At pH 8.0, pGlu-Aβ3-40 shows characteristic
fibrillation kinetics with a lag phase of 70 h. The lag phase of
fibril formation from Aβ1-40 and Aβ3-40 is increased to a
value out of the measurement range. A formation of fibrils has
been verified for all samples using electron microscopic analysis
after incubation at 37 �C for 14 days (data not shown). Despite
the apparently similar solubility at pH 8.0, there are dramatic
differences in the aggregation kinetics of the investigated Aβ
peptides. However, it should be considered that the characteriza-
tion of the solubility of the peptides did not aim at determination

of a limiting concentration. Hence, the peptides might still differ
with regard to the total solubility at very basic and acidic pH.

Comparing the aggregation kinetics of ADan with pGlu-
ADan and ABri with pGlu-ABri at pH 4.0, i.e., at a pH where
the peptides are well soluble, a dramatic influence of N-terminal
pGlu in the case of ADan was observed. pGlu-ADan aggregated
without a lag phase, whereas ADan did not form fibrils during
the time period of investigation. pGlu-ABri formed fibrils much
slower than pGlu-ADan. Moreover, the initial lag phase was
doubled if the N-terminal glutamic acid was not converted into
pGlu in ABri.

In order to corroborate the findings of the ThT fluorescence
assays, an analysis of the aggregation process was performed,
applying dynamic light scattering (DLS) for investigation of
Aβ1-40, Aβ3-40, and pGlu-Aβ3-40 and for comparative
purposes with Aβ1-42. As shown in Figure 3, in accordance
with the greater aggregation propensity of pGlu-Aβ3-40 mea-
sured in the ThT assay, DLS measurements at a 5 μM peptide
concentration revealed a fast occurrence of larger aggregates
in the pGlu-Aβ sample at time point 0. After 24 h, pGlu-Aβ
already shows additional aggregates in the size range of 103-104

nm. Aggregates with similar hydrodynamic radii appear with
Aβ1-42 and Aβ3-40 in a time frame of 48 h and later with
Aβ1-40.
Investigation of Conformational Changes of Aβ. In a

previous study, CD spectroscopic analysis was used to character-
ize the structural changes of Aβ during the aggregation pro-
cess (19). In order to investigate the influence ofN-terminal pGlu
on the structural rearrangements of Aβ, a CD spectroscopic
analysis of Aβ1-40 and pGlu-Aβ3-40 was performed. The
rapid aggregation of pGlu-Aβ3-40 compared to Aβ1-40 is
accompanied by faster structural changes as seen in these
experiments. Both peptides are initially in random coil structure.
Conformational changes of the pGlu-Aβ-containing sample
started after day 3. The first structural changes of Aβ1-40 were
observed on day 5, and the transition was finished after 12 days.

FIGURE 2: Aggregation kinetics of Aβ, ADan, and ABri monitored by ThT fluorescence. The peptides (50 μM) were dissolved in MES/Tris/
acetate buffer (25 mM, 50mM, 25mM) containing 20 μMThT at 37 �C. (A) Aggregation of Aβ1-40, Aβ3-40, and pGlu-Aβ3-40 at pH 7.0. A
lag phase was not observed for pGlu-Aβ3-40. (B) Aggregation of Aβ1-40, Aβ3-40, and pGlu-Aβ3-40 at pH 8.0. In contrast to Aβ1-40 and
Aβ3-40, pGlu-Aβ3-40 formed fibrillar aggregates after a lag phase of 70 h. (C, D) Aggregation of ADan, pGlu-ADan and ABri, pGlu-ABri at
pH 4.0. The peptides with an unmodified N-terminus aggregated much slower than the pE peptides.
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The lower negative CD signal at 217 nm clearly supports a
significantly higher β-sheet content in pGlu-Aβ3-40 compared
withAβ1-40 (Figure 4). The lack of a dichroic point in the pGlu-
Aβ3-40 sample is indicative for more than two conformations
involved in conformational conversion, pointing to a different
aggregationmechanismor intermediate pathways of pGlu-Aβ3-
40 as compared with Aβ1-40.
Comparative Evaluation of the Fibril Morphology. To

evaluate the effect of N-terminal pGlu on the morphology of the
fibrils formed by amyloid peptides, negatively stained samples
were analyzed by transmission electron microscopy. Amyloid
peptides without N-terminal pGlu show the typical morphology

of mature fibrils (Figure 5 A,B,D,F). The fibrils are smooth and
partially twisted. Interestingly, also Aβ11-40 fibrils (Figure 5 D)
did not show a different morphology, although the truncation of
the Aβ peptide N-terminal part led to a dramatic decrease of
solubility (compare Figure 1). In contrast, however, the pGlu

FIGURE 3: Aggregation of different Aβ species monitored by dynamic light scattering (DLS). The peptides (5 μM) were dissolved in 50 mM
phosphate buffer, pH 7.5, containing 100 mM NaCl and incubated at 37 �C. Formation of large aggregates with hydrodynamic radii of 103-
105 nm was fastest for pGlu-Aβ3-40 followed by Aβ3-40, Aβ1-42, and Aβ1-40.

FIGURE 4: Structural changes accompanying the aggregationprocess
of Aβ as assessed by CD spectroscopy. Aβ1-40 and pGlu-Aβ3-40
(50 μM)were incubated at 37 �C in 10mMphosphate buffer, and the
ellipticity was measured at 217 nm. The β-sheet content of pGlu-
Aβ3-40 increases rapidly and in a similar time frame, in which
aggregate formation was observed in the ThT assay. Structural
changes of Aβ1-40 were slower. Inset: Time course of CD spectra
of pGlu-Aβ3-40 during aggregation.

FIGURE 5: Electron micrographs of negatively stained amyloid ag-
gregates generated with Aβ1-40, Aβ3-40, pGlu-Aβ3-40, Aβ11-
40, pGlu-Aβ11-40, ADan, and pGlu-ADan. Fibrils were generated
inMES/Tris/acetate buffer (25 mM, 50 mM, 25 mM, pH 7.0 or 4.0).
Scale bars indicate 200 nm; the magnification was 85000�.
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modification resulted in a significant change of fibril morphology
(Figure 5 C,E,F).

The aggregates form a dense meshwork of short fibrils that
self-associate laterally to form irregular bundles. The fibrils
formed from ADan are similar to Aβ in general appearance.
Interestingly, although the peptide does not have similarity toAβ
regarding its primary structure, the pGlu residue affects the fibril
morphology in a comparable manner. The pGlu modification
leads to formation of very short fibrils and lateral association of
the fibrils (Figure 5). Thus, it appears that the pGlu modification
does not only increase the tendency of aggregation in general but
apparently affects the surface properties of fibrils promoting
interfibril interactions.

DISCUSSION

The C-terminal heterogeneity of Aβ peptides and its role in the
pathogenesis of the Alzheimer’s dementia are well characterized
and represent a basis for delineation of treatment strategies of
AD aiming at, for instance, reduction of Aβ42 (20-22). The role
of the prominentN-terminal heterogeneity ofAβ, however, is not
that well understood. Different studies suggest that N-terminal
truncation and modification influence the aggregation propen-
sity, seeding capacity, and toxicity of these peptides (8, 9, 11, 23).
In particular, pGlu-Aβ might have disease-provoking potential
due to its abundance and correlationwith severity ofAD (2, 5, 12,
13, 24). Interestingly, pGlu-modified amyloid is also dominant in
FBD and FDD. About 90% of ABri and ADan in systemic and
brain deposits is N-terminally blocked. Similar to AD, the
N-terminus is generated by cyclization of anN-terminal glutamic
acid residue. However, the soluble peptide, which is present in
high concentrations in the circulation, carries an unmodified
N-terminus (4, 25). These observations support the hypothesis
that amyloid peptides withN-terminal pGlu play a crucial role in
the pathogenesis of the amyloid-derived dementias FBD, FDD,
and AD. A more detailed knowledge on the influence of the
N-terminal modification on the biophysical properties of the
nonrelated amyloid peptides Aβ, ADan, andABri was the aim of
the present study.

A comparative investigation of the different peptide species
revealed a decrease of solubility in the physiological pH range
caused by the N-terminal pGlu modification, which is accom-
panied by an increase in hydrophobicity. The differences in
solubility are most likely caused by the loss of two charged,
hydrophilic groups upon cyclization of glutamic acid. Presum-
ably, the loss of the charges is one of the driving forces of the
rapid aggregation of the pGlu-modified amyloid peptides. This is
finally evidenced by the comparison of the aggregation propen-
sity of the different amyloid peptides Aβ, ADan, and ABri.
Despite their different primary structure the influence of the pGlu
N-terminus is very similar. The results thus also implicate that
initial hydrophobic intermolecular interactions of these peptides
represent one trigger of peptide assembly. This, in turn, might be
critical for the situation in vivo and supports the potential seeding
function of pGlu-Aβ, pGlu-ADan, and pGlu-ABri. Even at pH
of elevated solubility, the intrinsic aggregation propensity is
higher for the pGlu peptides. On the other hand, cyclization of
N-terminal glutamate could account for structural changes of the
N-terminal part of the peptides, which increase the nucleation
propensity. Previous studies on the supramolecular structure of
Aβ aggregates based on proteolytic accessibility and using
solvent H/D exchange, carried out by mass spectrometry and

NMR techniques, provided evidence for a structurally disordered
and solvent-accessible peptide N-terminus in full-length Aβ
(26-28). Introduction of the pGlu, accompanied by reduction
of solvent interactions, could constrain this disordered state by
stiffening the N-terminus. Although direct evidence for that
hypothesis is still lacking, there are data available from other
proteins, in which the N-terminal pGlu formation triggers
structural rearrangements. In onconase, a frog RNase protein,
catalytic activity and cytotoxicity are determined by structural
integrity, and this strongly depends on N-terminal pGlu, which
tethers the N-terminus into the protein body, i.e., hiding it from
the direct accessibility by the solvent, upon folding of the
enzyme (29, 30). With regard to Aβ, the differences of the CD
spectra of pGlu-Aβ3-40 and Aβ1-40, aggregated under same
conditions, point to the formation of different structures. That
increased hydrophobicity in the N-terminal part of Aβ has an
accelerating impact on the aggregation propensity of Aβ1-40/42
has been shown very recently for an APPmutation that results in
an Ala f Val exchange at position 2 of Aβ (31). The increase in
the hydrophobicity of the N-terminus might also be reflected by
the dramatically different fibril morphology of the here investi-
gated amyloid peptides. Interestingly, the change in morphology
is not unique to one of these peptides, but it is rather independent
from their primary structure, promoting similar interaction
modes within the aggregates. The more sticky appearance of
pGlu peptides might be caused by interactions of their hydro-
phobic N-termini. This, in turn, could finally affect not only
interfibril interactions but also hydrophobic interactions with
cellular proteins, membranes, or other surfaces directly influen-
cing the cytotoxic properties of the peptides.

Protein functionality and resistance to aggregation in vivo are
thought to represent a fragile homeostasis, which is highly
dependent on protein concentration and protein solubility.
Aggregation rates are increased either by raised protein concen-
trations as a result of genetic mutations or impaired regulatory
processes or by decreased solubility caused by chemical mod-
ifications (32). This situation is well reflected in Alzheimer’s
disease, where mutations that alter physiological Aβ concentra-
tions (i.e., Swedish and London mutation) or increase the
concentration of modified Aβ (31) result in brain deposits of
Aβ and early onset AD. Age-related impaired regulatory pro-
cesses obviously have the same effects in late-onset AD. Accord-
ing to that hypothesis, pGlu-amyloid peptides, mediated by their
diminished solubility, increased hydrophobicity, and probably
increased stability, might represent a trigger for the change of
homeostasis and initiation of pathophysiology.

Taken together, we have shown for the first time that the pGlu
N-terminus of non-Aβ-related amyloid peptides, which also
cause neurodegenerative disorders, influences the biophysical
properties in a very similar manner as pGlu in Aβ by changing
their solubility profile and increasing their hydrophobicity. These
characteristics directly affect the aggregation kinetics, changes in
secondary structure, and the fibril morphology. The suppression
of the pGlu-amyloid formation, e.g., by inhibition of glutaminyl
cyclase, might represent, therefore (33), a therapeutic strategy to
diminish the progression of neurodegenerative amyloidoses like
AD, FBD, and FDD.
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