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Introduction

Two microscopic changes occur in the brain in Alzheimer’s dis-
ease (AD): senile plaques develop between the neurons,[1] and
neurofibrillary tangles develop within the neurons.[2] It is
widely accepted that amyloid-b peptide (Ab) aggregates play a
central role in the progression of AD.[3–5] These specific Ab as-
semblies contain amphipathic molecules that consist of 39–43
residues, which are formed during the enzymatic cleavage of
the amyloid precursor protein. AbACHTUNGTRENNUNG(1–40) is the most prevalent
species, but Ab ACHTUNGTRENNUNG(1–42) is more toxic.[6–9] A number of mecha-
nisms have been proposed to explain the neurotoxicity of Ab,
but the cytotoxic mechanism is still not fully understood.[5,10–17]

Ab of uncharacterized aggregation state induces the loss of
surface NMDA receptors over time[18] and impairs the functions
of metabotropic glutamate receptors.[19] Experimental data
strongly suggest that the aggregation state and conformation
have a crucial effect on the mechanism of the neurotoxicity.
Soluble Ab oligomers inhibit long-term potentiation,[20]

memory processes in rodent models21 and activate a mito-
chondrial death apoptotic pathway.[22] Fibrillar Ab induces neu-
ritic dystrophy,[22] neuronal apoptosis,[23] activates microglia,[24]

causes axonopathy via hyperphosphorylation, and dissociation
of the microtubule-associated tau protein,[8,25] and rapidly en-
hance NMDA receptor function, while it ablates the AMPA-in-
duced neuronal firing rate.[26] On the other hand, Ab mono-
mers are not associated with neuronal dysfunction, and Ab

plaques themselves do not cause memory impairment either,
that is, until they occupy a substantial portion of the tissue
volume in cerebral cortex and hippocampus.[27] The consensus
might be that the harmful Ab species are larger than mono-
mers but smaller than the nonmobile superaggregates in
plaques, and both oligomeric and fibrillar Ab aggregates are
targets for drug design in AD research.

Short peptides and small molecules can influence the struc-
ture and aggregation of Ab, and these are effective neuropro-
tective agents.[1] Peptides that are partially homologous to the
central hydrophobic region of Ab (residues 17–21), but that
contain amino acids that prevent the adoption of a b-sheet
structure bind to Ab and inhibit amyloid formation in vitro and
disaggregate preformed Ab fibrils.[28–34] The full b-sheet-break-
ing effect of these compounds on preaggregated Ab fibrils
takes place in a time-frame of several days; it can be detected
by using thioflavine T (ThT) fluorometric staining, circular di-
chroism (CD) and transmission electron microscopy (TEM). On
the other hand, cell viability (MTT tests) and electrophysiologi-
cal measurements have clearly revealed that the protective ef-
fects of AbACHTUNGTRENNUNG(17–21) analogues and other short neuroprotective
peptides are exerted within 1 day (MTT tests) or even within
30 min (in vivo electrophysiology tests).[8, 9, 35, 36] It is widely ac-
cepted that these molecules could be promising candidates to
combat AD, but the exact nature of the interactions in a short-
er time-frame remains elusive. The mechanism might comprise
a partial b-sheet-breaking effect, or molecular surface covering
that involves weak binding.[37–39]
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Aggregation of the amyloid-b (Ab) peptides has a pivotal role in
Alzheimer’s disease (AD). Small molecules and short peptides/
peptidomimetics can exert their full protective effects against Ab

within a short time-frame, but the exact mechanism of action is
unclear. Time-dependent NMR spectroscopic binding and replace-
ment experiments were carried out for peptide LPFFD and thiofla-
vine T (ThT) on neurotoxic fibrillar Ab ACHTUNGTRENNUNG(1–42), which revealed tran-
sient binding behavior for both compounds, and complex time-
dependent features in the replacement experiments. The results
of particle size measurements through the use of diffuse light-

scattering and transmission electron microscopy support the con-
clusions that the studied ligands induced interfibrillar association
on a short timescale, which explains the NMR spectroscopic bind-
ing and replacement results. z-Potential measurements revealed
a slightly increased electrostatic stability of the Ab fibrils upon
ligand binding; this suggests that the interfibrillar assembly is
driven by specific noncovalent cross-linking interactions. A specif-
ic surface and mobility decrease due to the ligand-induced floc-
culation of the Ab fibrils can explain the neuroprotective effects.
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Fibrillar Ab is rich in b-sheet structure with hydrogen bond-
ing between monomers that are parallel to the fibril axis; this
leads to filaments of indefinite length.[40–43] Through this prop-
erty, the amyloid fibrils can be studied via ThT fluorometric
staining, because ThT can specifically interact with the crossed
b-sheet structure[38,39,44–48] to give rise to a new excitation maxi-
mum and enhanced emission. Time-resolved experiments on
Ab ACHTUNGTRENNUNG(1–28) fibrils revealed that the fluorometric signal that were
assigned to ThT binding decreased within a time-frame of
500 s under the conditions used.[44] The results were inconclu-
sive as to whether the diminishing fluorescence signal was
caused by decreased binding or structural changes.

The interactions of small molecules and peptides with Ab

can be monitored by surface plasmon resonance[49] and NMR
spectroscopic techniques.[50–52] Transferred residual dipolar cou-
plings (trRDC) and transferred NOE (trNOE) measurements indi-
cated weak interactions between short neuroprotective pep-
tides and AbACHTUNGTRENNUNG(14–23).[52] trNOE experiments allowed the struc-
tures of the studied ligands in the bound state to be character-
ized, and the results demonstrate that the ligands bind to the
long side of an Ab fibril. NMR spectroscopic binding tests that
are based on the signal quenching due to ligand association
to large aggregates afforded estimates of the Kd values.

The goal of the present study was to improve our under-
standing of processes that are initiated by the binding of short
neuroprotective peptides to fibrillar Ab ACHTUNGTRENNUNG(1–42) within the time-
frame of the above-mentioned biological tests. We set out to
test the relevance of the results of NMR spectroscopic binding
measurements with respect to the neuroprotective effects of
Ab ACHTUNGTRENNUNG(17–21) analogues and other peptides of Ab origin that in-
hibit AbACHTUNGTRENNUNG(1–42) toxicity. Our aim was to monitor the time-de-
pendent changes in the binding of the most thoroughly stud-
ied b-sheet-breaker peptide, LPFFD to fibrillar AbACHTUNGTRENNUNG(1–42). The
time-dependent nature of the ThT binding was studied, and
competition measurements with LPFFD were carried out. The
flocculation (precipitation due to weak attracting forces be-
tween destabilized particles) and sedimentation of the fibrillar
Ab ACHTUNGTRENNUNG(1–42) particles in response to the binding of LPFFD and/or
ThT were observed by NMR spectroscopy, TEM and diffuse
light scattering methods, together with z-potential measure-
ments.

Results

NMR spectroscopic binding tests on short neuroprotective
peptides and fibrillar AbACHTUNGTRENNUNG(1–42)

The efficiency and validity of the NMR spectroscopic binding
experiment were tested on the short neuroprotective peptides
LPFFD, LPYFD-NH2, FRHDS-NH2 and RIIGL-NH2. The listed com-
pounds exhibited neuroprotective effects in vitro in 3-(4,5-di-
methylthiazole-2-yl)-2,5-diphenyl tetrazolium bromide (MTT),
and in vivo in electrophysiology tests.[8, 9, 35,36] As a negative
control, the practically inactive GGGGG-NH2 was utilized. The
NMR spectroscopic binding tests were carried out by using
preformed mature fibrils of Ab ACHTUNGTRENNUNG(1–42) as a target in a 1:5
Ab ACHTUNGTRENNUNG(1–42)/ligand ratio. The signal intensity of the pure ligand in

the 1H NMR spectra was taken as 100%. The difference spec-
trum for LPFFD (the scaled 1H spectrum of the pure ligand
minus the 1H spectrum of the ligand in the presence of fibrillar
Ab ACHTUNGTRENNUNG(1–42)) is displayed in Figure 1. The bound fraction for com-
pounds that inhibit AbACHTUNGTRENNUNG(1–42)-induced processes varied in the
range of 9–26%, while no binding-related signal quenching
was observed for the negative control of GGGGG-NH2 (Table 1).

From the ligand-binding ratios, weak millimolar dissociation
constants (Kd) were computed by using the Hill–Langmuir
equation with the assumption that one ligand is bound per
Ab ACHTUNGTRENNUNG(1–42) monomer. Because the exact number of binding sites
per Ab chain is not known a priori, complete dissociation
curves were not recorded. For FRHDS-NH2, the bound fraction
exceeded the 1:1 limit. It should be noted that no significant
line broadening was detected for the ligand resonances, which
would otherwise be expected for the fast exchange of a
weakly bound ligand.

The effect of the fibrillar Ab ACHTUNGTRENNUNG(1–42) concentration was tested
on LPFFD to validate the origin of the signal-quenching phe-
nomenon. The bound fraction increased with elevation of the
concentration of fibrillar AbACHTUNGTRENNUNG(1–42) (Figure S1), but the response
was nonlinear, which might be due to the low millimolar affini-
ty and/or the complex structuring effect of the ligand (see
later).

The fluorometric detection of ThT binding is a well-known
means of indicating the b-sheet structure, and we therefore

Figure 1. 1H NMR difference spectrum of LPFFD upon binding to fibrillar
Ab ACHTUNGTRENNUNG(1–42).

Table 1. Comparison of the results on the neuroprotective effects of the
studied peptides with their fractions bound to fibrillar Ab ACHTUNGTRENNUNG(1–42) in NMR
experiments.

Ligand MTT cell viability test[a] [%] Bound fraction[b] [%]

LPYFD-NH2 92 19
FRHDS-NH2 89 26
RIIGL-NH2 86 9
LPFFD 84 17
GGGGG-NH2 64 0

[a] Taken from refs. [8] , [35] and [36] ; data are referenced to a cell viability
of 52% for fibrillar Ab ACHTUNGTRENNUNG(1–42). [b] Values were obtained at the first mea-
surement point.
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made an attempt to characterize the ThT binding quantitative-
ly with the NMR spectroscopy experiments that are described
above. As expected, ThT readily bound to fibrillar Ab ACHTUNGTRENNUNG(1–42);
the ligand-binding ratio was 60% at the first measurement
point, which indicates that 3 ThT molecules were bound to
each Ab ACHTUNGTRENNUNG(1–42) monomer.

Time-dependent binding and replacement experiments with
LPFFD and ThT

The time-dependent binding features of the LPFFD–Ab ACHTUNGTRENNUNG(1–42)
sample were monitored for 24 h, and the ligand-binding ratio
was found to converge from the initial 17% to a final value of
6% within 12 h (Figure 2A).

ThT has a relatively high affinity for Ab fibrils (Kd ranging
from high nm to low mm),[53,54] therefore the immediate re-
placement of LPFFD by ThT was expected if their binding sites
overlap. Two samples were prepared: 1) LPFFD was mixed with
fibrillar AbACHTUNGTRENNUNG(1–42), and after 50 min ThT stock solution was
added (sample B in Figure 2) ; and 2) ThT was mixed with fibril-
lar AbACHTUNGTRENNUNG(1–42), and after 50 min LPFFD stock solution was added
(sample C in Figure 2). Intriguingly, none of the samples exhib-
ited full replacement immediately; however, lower bound frac-
tions were observed for the peptide at the first measurement

points, which indicates partial replacement. Moreover, the ThT-
binding ratio increased significantly for both samples in the
presence of LPFFD. For sample B (peptide added first), the rate
of decrease was lower than that for the ThT–AbACHTUNGTRENNUNG(1–42) sample,
but a steeper domain was still present during the first 3 h.
After 17 h, the bound fraction of LPFFD was zero, while the
ThT binding ratio had dropped from the initial 74% to 47%,
both values are significantly higher than the binding ratios
that were observed for the ThT–Ab ACHTUNGTRENNUNG(1–42) system. For sample C
(ThT added first), the decreased rate pattern was very similar to
that for the ThT–Ab ACHTUNGTRENNUNG(1–42) mixture. Soon after 3 h, the LPFFD-
binding ratio attained a negligibly low value, but the ThT-
bound fraction dropped from the initial 66% to 35%, which
are values that are slightly higher than those for the ThT–Ab-
ACHTUNGTRENNUNG(1–42) system. The trend of the decrease is best fitted with a
linear relationship, and values are given in the caption of
Figure 2. As a control experiment, saturation transfer difference
(STD) spectra were recorded on the resuspended samples,
which corroborated the existence of the binding between the
fibrillar AbACHTUNGTRENNUNG(1–42) and the ligands studied (Figure S2). On the
other hand, a mixture of LPFFD and ThT in the absence of Ab-
ACHTUNGTRENNUNG(1–42) was monitored, and no signal quenching was observed.

Because precipitates were observed at the bottom of the
test tubes, and floccules were attached to the tube wall in all

Figure 2. Time-dependence of the bound fraction after sample preparation in phosphate buffer (10 mm, pH 7.4) without NaCl for ThT: + , and LPFFD: *. Con-
centrations were 100 mm for Ab ACHTUNGTRENNUNG(1–42) and 500 mm for the ligands. A) Bound fractions in single ligand experiments. B) Double ligand experiment with LPFFD
as the first and ThT as the second ligand. C) Double ligand experiment with ThT as the first and LPFFD as the second ligand. The column diagram displays the
initial and the final values of the bound fraction for ThT and LPFFD: white (ThT, 0 h); black (ThT, 24 h); light gray (LPFFD, 0 h); dark gray (LPFFD, 24 h). For ThT,
the slopes that are fitted for the first 4 h are �7.75, �7.56 and �4.89%/h on panels A, B and C, repectively. For LPFFD, the slopes fitted for the first 4 h are
�0.38, �3.10 and �2.40%/h on panels A, B and C, repectively.
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the samples after the 24 h observation period, we tested the
behavior of the mixtures in the NMR spectroscopic binding ex-
periments for another 24 h after agitation of the samples. For
the ThT–AbACHTUNGTRENNUNG(1–42) mixture, the ThT-bound fraction was initially
higher at 69%, which had declined to 45% after an additional
24 h of observation (Figure 3A). The LPFFD–AbACHTUNGTRENNUNG(1–42) system
exhibited a constant binding ratio of 6%, which is identical to
the value that was measured before shake-up (Figure 3A).
Samples B and C exhibited practically the same behavior: 1) in-
itial ThT-bound fractions of around 70%, which slowly de-
creased to ca. 60%; and 2) an initial binding ratios of 10% for
LPFFD, which fell to zero at the same relative rate as for ThT
(Figure 3B and C). These results strongly suggested that the
sedimentation and flocculation of the Ab ACHTUNGTRENNUNG(1–42) assemblies are
responsible for the decay of the apparent bound fraction.

It is known from the methodology of the affinity chromatog-
raphy that elevated salt concentrations (100–1000 mm) can de-
stroy protein–ligand complexes and thereby have an eluting
effect.[55] To make use of the media with increased salt concen-
tration, and to gain information on our system in a biologically
more relevant medium, the binding experiments were carried
out for LPFFD and ThT in a phosphate buffer that contained
NaCl in physiological concentration (PBS, 130 mm NaCl). The
bound fractions did not exhibit transient behavior and their

levels are in line with the equilibrium values that were ob-
tained in phosphate buffer (Figure 4). This can be explained by
the absence of weak binding that is caused by the elevated
salt concentration. This finding indicates that the NMR spec-
troscopy experiment is extremely sensitive to the weak interac-
tions, and has high on/off rates, which effectively destroy the
NMR signals. For samples that were prepared in phosphate
buffer without NaCl, these weak interactions were removed
from the detection volume of the NMR probe head by the sed-
imentation processes.

The proven effect of the sedimentation on the NMR signals
underlined the importance of particle size measurements
under the same conditions as in the binding tests. It should be
noted that under the measurement conditions applied, no
ACHTUNGTRENNUNGresonance of oligomer or monomer-sized Ab ACHTUNGTRENNUNG(1–42) (MW<60–
100 kDa), which would have resulted from possible disaggre-
gation of the fibrils was detected by NMR spectroscopy.

Particle size changes monitored by diffuse light-scattering
measurements

In accordance with the theory of static multiple light scatter-
ing,[56] the diffuse back-scattering decreases with increasing
particle size (e.g. , caused by flocculation) when the particle

Figure 3. Time-dependence of the bound fraction after resuspending the samples in phosphate buffer (10 mm, pH 7.4) without NaCl for ThT: + , and LPFFD:
* Concentrations were 100 mm for Ab ACHTUNGTRENNUNG(1–42) and 500 mm for the ligands. A) bound fractions in single ligand experiments. B) Double ligand experiment with
LPFFD as the first and ThT as the second ligand. C) Double ligand experiment with ThT as the first and LPFFD as the second ligand. The column diagram dis-
plays the initial and the final values of the bound fraction for ThT and LPFFD: white (ThT, 0 h); black (ThT, 24 h); light gray (LPFFD, 0 h); dark gray (LPFFD,
24 h).
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ACHTUNGTRENNUNGdiameter exceeds 0.3 mm. The particle migration phenomena
(e.g. , sedimentation) induces particle volume fraction changes
at the extremities of the sample. A higher volume fraction
ACHTUNGTRENNUNGincreases the back-scattered light intensity. In our study, the
time-dependent changes in the back-scattered light intensity
were monitored photographically. To follow the flocculation
and sedimentation processes, BS ACHTUNGTRENNUNG(t,z), the back-scattering inten-
sity profile was plotted against sample height and time.[57–59]

For pure fibrillar AbACHTUNGTRENNUNG(1–42), slow sedimentation was revealed
by the changes in the BS intensity profile (Figure 5A). For the
LPFFD–AbACHTUNGTRENNUNG(1–42) sample (the same composition as was used in
the NMR spectroscopic binding test), the BS intensity dropped
uniformly along the full length of the sample; this indicates a
flocculation phenomenon that is induced by the peptide
ligand (Figure 5B). The spikes in the BS intensity that were

ACHTUNGTRENNUNGobtained after 3 h are related to the precipitated material at-
tached to the test tube wall. The fully flocculated state was
reached after 24 h, where the BS baseline was at around 50 BS
intensity units.

For the freshly prepared ThT–AbACHTUNGTRENNUNG(1–42) sample (the same
composition as used in the NMR spectroscopic binding test),
the results are given in Figure 5C. During the first 3 h, a steep
BS intensity fall was observed over the whole height of the
sample, which indicated a significant particle size increase due
to flocculation. The final low BS intensity was attained after
3 h, and the fluctuation in the BS intensity revealed that large
sediments were stuck to the tube wall, which was otherwise
easily seen in the original images (Figure S3). These findings
pointed to a rapid ThT-induced self-association of the fibrillar
Ab ACHTUNGTRENNUNG(1–42). The timescale of the particle size changes corre-
sponded closely to the binding ratio decrease that was ob-
served in the NMR spectroscopy experiments.

Diffuse light scattering measurements were performed in
PBS, for the pure AbACHTUNGTRENNUNG(1–42) fibrils and the LPFFD–AbACHTUNGTRENNUNG(1–42) sam-
ples. The elevated salt concentration increased the tendency
of the AbACHTUNGTRENNUNG(1–42) fibrils to flocculate (Figure 6A). On the other
hand, the effect of LPFFD was still observable; the decrease in
the BS intensity change was faster than the pure Ab ACHTUNGTRENNUNG(1–42)
ACHTUNGTRENNUNGfibrils (Figure 6B).

Particle size and morphology changes monitored by TEM
measurements

The effects of LPFFD and ThT on the process of fibrillar
Ab ACHTUNGTRENNUNG(1–42) assembly was investigated by using negative stain-
ing. To facilitate direct comparison, samples were prepared
with the same protocol as used for the NMR measurements. As
a control experiment, fibrillar Ab ACHTUNGTRENNUNG(1–42) was incubated in
10 mm phosphate buffer at pH 7.4 without NaCl for 24 h. Only

Figure 4. Time dependence of the bound fraction after sample preparation
in phosphate buffer (10 mm, pH 7.4) with 130 mm NaCl (PBS) for ThT–Ab ACHTUNGTRENNUNG(1–
42): + , and LPFFD–Ab ACHTUNGTRENNUNG(1–42): *. Concentrations were 100 mm for Ab ACHTUNGTRENNUNG(1–42)
and 500 mm for the ligands.

Figure 5. Diffuse light-scattering results obtained on freshly prepared samples of fibrillar AbACHTUNGTRENNUNG(1–42) (A), LPFFD–AbACHTUNGTRENNUNG(1–42) (B) and ThT–Ab ACHTUNGTRENNUNG(1–42) (C); measured at
t=0 (blue), 1 (red), 2 (green) and 3 h (black). The samples were prepared in phosphate buffer (10 mm, pH 7.4) without NaCl. Concentrations were 100 mm for
Ab ACHTUNGTRENNUNG(1–42) and 500 mm for the ligands.
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separate (nonflocculated) mature fibrils were observed during
the studied 24 h (Figure 7A, A1 and A2). The large floccules of
Ab ACHTUNGTRENNUNG(1–42) fibrils appeared even in the first images that were
taken after the sample preparation for the LPFFD–Ab ACHTUNGTRENNUNG(1–42)
mixture (Figure 7A, B1), which is in agreement with the light-
scattering results. Later, at 3 h (Figure 7A, B ), the samples dis-
played a further increase in particle size, and the original mor-
phology of the fibrils could hardly be observed. For images
ACHTUNGTRENNUNGrecorded after 24 h, see the Supporting Information.

Addition of a five-fold excess of ThT to the fibrillar Ab ACHTUNGTRENNUNG(1–42)
resulted in large interfibrillar assemblies (Figure 7B, C1 and
C2). The mature fibrils started to adhere closely together
ACHTUNGTRENNUNGimmediately after the addition of ThT (Figure 7B, C1). After 3 h,
large particles were formed by the flocculated fibrils (Fig-
ure 7B, C2). By the end of the 24 h observation period, no par-
ticles could be detected on the TEM grid. Because a significant
particle size increase could be unequivocally detected with the
light-scattering experiment, we believe that the large floccules
could not be captured by the TEM methodology applied.

When LPFFD was added first to the fibrillar Ab ACHTUNGTRENNUNG(1–42), and
then ThT, even larger interfibrillar assemblies were seen on the
first TEM images (Figure 7B, D1). Later, the adhesion of the
ACHTUNGTRENNUNGextraordinarily large particles to the TEM grid could not be
achieved even after incubation for 3 h.

TEM experiments were performed in PBS for the pure
Ab ACHTUNGTRENNUNG(1–42) fibrils and the LPFFD–Ab ACHTUNGTRENNUNG(1–42) samples. In accord-
ance with the diffuse light scattering results, some fibrils were
attached to each other even at the first measurement point in
the pure AbACHTUNGTRENNUNG(1–42) in PBS sample (Figure 8, A1), and the floccu-
lation became extensive after 6 h (Figure 8, A2). Addition of
LPFFD to the system resulted in a significant particle size
ACHTUNGTRENNUNGincrease even at 0 h (Figure 8, B1). After 6 h, a large network of
attached fibrils was observable (Figure 8, B2).

Time-dependent z-potential measurements

It is known from the DLVO theory[60,61] that a charged particle
surface can efficiently inhibit flocculation via the electrostatic
repulsion between the double layers of counterions surround-
ing the interacting particles. The electrostatic stabilizing effect
can be measured through the z-potential (electrokinetic poten-
tial), which is the electric potential that exists at the interface
between the hydrated particle and the bulk solution. It is
widely accepted that if the absolute value of the z-potential is
below 30 mV, a dispersed system is susceptible to flocculation.
The z-potential of the fibrillar AbACHTUNGTRENNUNG(1–42) was around �16 mV
and did not change appreciably during the observation period
of 24 h (Figure 9). Upon the addition of LPFFD to the fibrillar
Ab ACHTUNGTRENNUNG(1–42), the initial value of the z-potential was the same as
was observed for pure AbACHTUNGTRENNUNG(1–42), but it slowly decreased with
time and reached a value of �20 mV. For samples that con-
tained ThT, the decay of the z-potentials was more pro-
nounced, with a final value of �23 mV. The measurement in
PBS resulted in similar behavior.

Discussion

A NMR spectroscopic binding experiment is capable of
ACHTUNGTRENNUNGmonitoring weak binding of neuroprotective molecules to
Ab aggregates

NMR spectroscopic binding experiments are based on the fact
that 1H nuclei in large proteins (above 60–100 kD, depending
on the shape) exhibit extremely fast transversal relaxation in
the solution phase due to the slow rotational tumbling. Hence,
these particles do not generate detectable NMR signals. Small
molecules that are rapidly tumbling in solution, such as the
studied short peptide ligands and ThT, furnish narrow resonan-
ces with intensities that are proportional to the concentration

Figure 6. Diffuse light scattering results obtained on freshly prepared samples of fibrillar Ab ACHTUNGTRENNUNG(1–42) (A) and LPFFD–Ab ACHTUNGTRENNUNG(1–42) (B) ; measured at t=0 (blue), 1
(red), 6 (green) and 24 h (black). The samples were prepared in phosphate buffer (pH 7.4) with 130 mm NaCl (PBS). Concentrations were 100 mm for Ab ACHTUNGTRENNUNG(1–42)
and 500 mm for the ligands.
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of the free ligand. When a small molecule is bound to a large
macromolecule, its resonances are destroyed by the fast relaxa-
tion, and thus the measured peak intensities decrease with the
bound fraction. As reported for fibrillar Ab ACHTUNGTRENNUNG(14–23),[52] peptide
ACHTUNGTRENNUNGligands exhibit decreased signal intensities upon binding to
large AbACHTUNGTRENNUNG(14–23) aggregates. Our results revealed that the
methodology is capable of monitoring ligand binding to the
large AbACHTUNGTRENNUNG(1–42) fibrils that are otherwise invisible to solution
NMR spectroscopy. Among the advantages of the technique
are the facts that the measurements are carried out on native
Ab ACHTUNGTRENNUNG(1–42) fibrils (a fluorescence tag or a linkage to a solid sup-
port is unnecessary) and under the same conditions (ligand
and target concentrations, pH and ionic strength) as in the bio-
logical tests.

The observed signal quenching reveals the binding of the
short neuroprotective peptides to the fibrillar AbACHTUNGTRENNUNG(1–42), which
indicates that the immediate binding to the AbACHTUNGTRENNUNG(1–42) fibrils
can play an important role in their short timeframe protective
effect.

Complex time-dependent binding behavior is caused by
ligand-induced changes in the sedimentation rate of
Ab ACHTUNGTRENNUNG(1–42)

The NMR resonance quenching is very sensitive to weak bind-
ing, which effectively destroys ligand signals in the detection
volume of the NMR probe head. For sedimenting systems such
as the Ab ACHTUNGTRENNUNG(1–42) fibrils in aqueous medium, these weak interac-
tions are relocated to the bottom of the test tube, thereby re-
sulting in a lower apparent bound fraction in the equilibrium.
Time-dependent binding measurements unequivocally demon-
strated that the binding phenomena are transient in the first

Figure 7. A) TEM images that indicate the effects of LPFFD on the floccula-
tion process for fibrillar Ab ACHTUNGTRENNUNG(1–42): for pure fibrillar AbACHTUNGTRENNUNG(1–42) sampled at t=0
(A1), and 3 h (A2) and for LPFFD–Ab ACHTUNGTRENNUNG(1–42) sampled at t=0 (B1), 3 h (B2).
The samples were prepared in phosphate buffer (10 mm, pH 7.4) without
NaCl. B) the TEM images indicate the effects of ThT on the flocculation pro-
cess for fibrillar Ab ACHTUNGTRENNUNG(1–42): for ThT–AbACHTUNGTRENNUNG(1–42) sampled at t=0 (C1) and 3 h
(C2) and for LPFFD–ThT–Ab ACHTUNGTRENNUNG(1–42) sampled at t=0 h (D1). The samples were
prepared in phosphate buffer (10 mm, pH 7.4) without NaCl.

Figure 8. TEM images that indicate the effects of LPFFD on the flocculation
process for fibrillar Ab ACHTUNGTRENNUNG(1–42): for pure fibrillar Ab ACHTUNGTRENNUNG(1–42) sampled at t=0 (A1),
and 6 h (A2) and for LPFFD–Ab ACHTUNGTRENNUNG(1–42) sampled at t=0 (B1), 6 h (B2). The
samples were prepared in phosphate buffer (10 mm, pH 7.4) with 130 mm

NaCl (PBS).

Figure 9. Time-dependent z-potential measurements: & pure Ab ACHTUNGTRENNUNG(1–42) ; +

ThT–Ab ACHTUNGTRENNUNG(1–42) ; * LPFFD–AbACHTUNGTRENNUNG(1–42) ; * LPFFD–ThT–Ab ACHTUNGTRENNUNG(1–42). The samples
were prepared in phosphate buffer (10 mm, pH 7.4) without NaCl. Concen-
trations were 100 mm for Ab ACHTUNGTRENNUNG(1–42) and 500 mm for the ligands.
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3 h and 12 h for ThT and LPFFD, respectively. The decreasing
binding ratios lend support to the view that multiple binding
sites exist for a single ligand,[39] and it is very likely that ligands
induce particle size changes, thereby causing faster sedimenta-
tion and removal of the weak ligand–fibril interactions from
the NMR detection volume. Upon addition of NaCl in physio-
logical concentration, its eluting effect eliminated the weak
ACHTUNGTRENNUNGinteractions, thus, the transient binding behavior disappeared.
In this case, the strongly bound fraction of the ligand was
ACHTUNGTRENNUNGobserved.

The double ligand experiments yielded highly intriguing re-
sults: 1) when the peptide is added first, ThT can not fully and
immediately replace the peptide ligand; 2) the replacement is
complete after several hours; 3) when ThT is added first, it
cannot prevent the weak binding of LPFFD, but the extent of
peptide binding decreases with the rate of decline of ThT
binding; 4) LPFFD does not decrease the extent of the NMR
spectroscopy-detected ThT binding, and moreover, the quanti-
ty of the bound ThT is always higher when LPFFD is present;
and 5) no solution NMR spectroscopically visible monomeric or
oligomeric AbACHTUNGTRENNUNG(1–42) signal accompanies the resonances of the
studied ligands in the spectra. Quantitative analysis of the first
4 h of the curves reveals that the decay can be best fitted with
a linear equation, however, a curvature can be detected; this
indicates slightly increasing slopes. This finding supports the
sedimentation hypothesis. The decay rate is always higher
when ThT is present, which correlates well with the results of
the particle size measurements; ThT induces faster flocculation
with larger particle sizes than LPFFD.

If a multiple binding site model that involves a partial over-
lap between the different types of ligands is considered, then
fast equilibration of the bound fractions should be observed,
and the results should be independent of the sample prepara-
tion sequence and time. Hence, these findings cannot be ex-
plained in the simplified framework of a multiple binding site
model where the ligands are competing on the constant sur-
face of the AbACHTUNGTRENNUNG(1–42) fibrils. It appears probable that ligand-
induced structural changes that affect the binding sites on Ab-
ACHTUNGTRENNUNG(1–42) can account for the complex time-dependent replace-
ment behavior.

LPFFD did not decrease NMR spectroscopy-detected ThT
binding

LPFFD did not decrease the extent of NMR spectroscopopy-
ACHTUNGTRENNUNGdetected ThT binding but rather increased it, and resonances
that are attributable to monomeric/oligomeric Ab ACHTUNGTRENNUNG(1–42) could
not be detected in the NMR spectra, which renders disaggre-
gation unlikely under the conditions applied. This is supported
by literature results that indicate that Ab ACHTUNGTRENNUNG(17–21) analogues are
able to promote the inter-protofibrillar association.[62,63] In
order to test the utility of this concept for fibrillar AbACHTUNGTRENNUNG(1–42),
particle size measurements were carried out.

Both LPFFD and ThT causes flocculation of the Ab
ACHTUNGTRENNUNGaggregates

The results of diffuse light scattering experiments strongly sug-
gest a significant time-dependent increase in the particle size
in both phosphate buffer and PBS, and the rate correlates very
well with the change in the bound fraction in the NMR spec-
troscopy experiments. The TEM images corroborate these ob-
servations because interfibrillar association can be clearly ob-
served even within 10 min of mixing the fibrillar AbACHTUNGTRENNUNG(1–42) sam-
ples with either LPFFD or ThT. In light of the rapid occurrence
of ligand-induced interfibrillar association, the slow kinetics of
the LPFFD–ThT replacement experiment can be adequately ex-
plained. Despite the millimolar binding, LPFFD makes the Ab-
ACHTUNGTRENNUNG(1–42) fibrils susceptible to flocculation; this leads to intercalat-
ed ligands, which in turn decreases the dissociation rate and
thereby hinders the replacement by ThT. The intercalation pro-
cess might be of relevance in regard to the b-sheet-breaking
effect of short peptides too, which can occur after a few days
of coincubation under specific conditions.[1]

When ThT is added first, only nonspecific surface adsorption
is possible for LPFFD, which cannot significantly affect the floc-
culation and the higher-order structure that is generated by
ThT. It is more difficult to explain why the b-sheet-breaker pep-
tide increased the ThT binding to the Ab ACHTUNGTRENNUNG(1–42). We speculate
that the bound peptide can expose an increased number of
binding sites for ThT, thus the ThT binds to the Ab-bound pep-
tide as a second layer.

Flocculation is a result of noncovalent crosslinking

In order to gain information on the driving force of the floccu-
lation process, we carried out z-potential measurements. These
indicated that the studied ligands do not decrease the abso-
lute value of the z-potential of the fibrillar Ab ACHTUNGTRENNUNG(1–42), which
suggests that the interfibrillar association is not simply electro-
statically driven, but that specific noncovalent cross-linking in-
teractions are responsible for the phenomenon. Interestingly,
the z-potential values become even more negative after ligand
binding.

Conclusions

Observations in this work revealed short time-domain structur-
al changes that are caused by the interactions of the studied li-
gands with the AbACHTUNGTRENNUNG(1–42) fibrils ; these interactions might have
implications for the neuroprotective effect that is exerted by
these ligands (Figure 10). First, after rapid ligand binding, floc-
cules are formed, which can result in a considerable decrease
in specific surface area, and a lower concentration for the
mobile fibrillar AbACHTUNGTRENNUNG(1–42) particles. Because the mechanistic hy-
potheses of the Ab toxicity assume that the surface of the fi-
brils is accessible for the cell-membrane-bound receptors, a de-
creased specific surface area of Ab can obviously lead to a de-
creased toxicity. Besides the increased susceptibility to floccula-
tion, the studied ligands partially cover the otherwise mobile
Ab fraction, which causes a further decrease in the accessible
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surface. Second, an increase was observed in the absolute
value of the z-potential in the negative region, a phenomenon
which might partially prevent the interaction of Ab with nega-
tively charged cell membrane features.

In conclusion, we propose that small molecules and pep-
tides/peptidomimetics can have crucial effects on the higher-
order structure of Ab in a shorter time-domain than that in
which the b-sheet-breaking effect appears, and this has impli-
cations for their protective effect. These findings also contrib-
ute to a better understanding of the molecular mechanism of
the b-sheet-breaking effect.

Experimental Section

Preparation of fibrillar AbACHTUNGTRENNUNG(1–42): AbACHTUNGTRENNUNG(1–42) was synthetized as
ACHTUNGTRENNUNGreported earlier.[64] Protected amino acids and coupling reagents
were obtained from Orpegen Pharma (Heidelberg, Germany), and
solvents were obtained from Sigma–Aldrich. All chemicals were
used without additional purification.

For the preparation of purely fibrillar samples, purified AbACHTUNGTRENNUNG(1–42)
was dissolved in hexafluoroisopropanol (HFIP) and incubated over-
night at ambient temperature. After removal of the organic solvent
in vacuo, the peptide was dissolved in 0.5% aqueous NaN3 solu-
tion (w/v) to a concentration of 500 mgmL�1, seeded with a definite
volume of pre-aggregated AbACHTUNGTRENNUNG(1–42) solution (c=0.5 mgmL�1, in
1:50 volume ratio), sonicated for 10 min and incubated at 37 8C for
3 days. In order to remove the large, flocculated aggregates of Ab-
ACHTUNGTRENNUNG(1–42), the stock solution was centrifuged at 1000g for 1 min. The
supernatant (which exhibited only a slight opacity) was then trans-
ferred into test tubes and centrifuged at 15000 g and 4 8C for
30 min. The pellets were collected, washed twice by resuspending
them in deionized water, then centrifuged under the same condi-
tions as before. Finally, the pellets were suspended in smaller
amount of deionized water so that the concentration of this stock
solution was 775 mm, as determined by a bicinchoninic acid protein
assay by following the standard Sigma–Aldrich protocol. Aliquots
were transferred into test tubes, frozen with liquid N2 at �196 8C
and stored at �30 8C. With this methodology, the sample prepara-
tion could be standardized, whereby the samples contained exclu-
sively mature AbACHTUNGTRENNUNG(1–42) fibrils in the same concentration and aggre-
gation grade.

Synthesis of short neuroprotective peptides : LPFFD, LPYFD-NH2,
FRHDS-NH2, GGGGG-NH2 and RIIGL-NH2 were synthetized in the
solid phase by using Boc chemistry. The pentapeptides were puri-
fied by preparative RP-HPLC and their purities were checked by
ESI-MS.

TEM experiments. Droplets of solutions (10 mL) were placed onto
carbon-film-coated 400-mesh copper grids (Electron Microscopy

Sciences, Washington DC, USA). The solution of the aggregated
sample was applied to the grid and incubated for 2 min. The speci-
men was then fixed with 0.5% glutaraldehyde solution (v/v) for
1 min, washed three times with deionized water, and finally stained
with 2% uranyl acetate (w/v) by incubating for 2 min. Excess solu-
tion was removed by suction with a filter paper. Specimens were
studied with a Philips CM 10 transmission electron microscope (FEI
Company, Hillsboro, Oregon, USA) that was operating at 100 kV.
Images were taken with a Megaview II Soft Imaging System rou-
tinely at magnifications of 25000Q and 46000Q , and analyzed
with an AnalySisR 3.2 software package (Soft Imaging System
GmbH, M�nster, Germany).

NMR spectroscopy sample preparation : Stock solutions (5 mm) of
ligands were prepared in phosphate D2O buffer (10 mm, pH 7.4).
First, ligand stock solution (15 mL) and buffer (120 mL) were mixed
and transferred to a 2.5 mm capillary NMR tube, and the reference
1H NMR spectrum was recorded. Subsequently, fibrillar Ab stock so-
lution (20 mL) was transferred into the NMR tube and the mixture
was sonicated for 5 s to facilitate proper mixing. In the final
sample, the ligand/fibrillar AbACHTUNGTRENNUNG(1–42) ratio was 5:1. For the competi-
tion measurements, the second ligand was added as a stock solu-
tion (15 mL) to the existing sample after coincubation with the first
ligand for 50 min (if not mentioned otherwise). For the experi-
ments that were carried out in PBS, the phosphate D2O buffer
ACHTUNGTRENNUNGcontained NaCl (130 mm).

NMR spectroscopic binding test : The quantitative NMR spectro-
scopic binding test was performed in four steps: 1) the reference
spectrum of the free ligand was recorded; 2) the second spectrum
was run after the addition of Ab stock solution and thermal equili-
bration in the NMR spectrometer for 30 min; 3) the reference spec-
trum was scaled to the small concentration difference due to dilu-
tion; and 4) the difference spectrum was calculated and integrated,
and its ratio was compared to the reference intensities to give the
bound fraction of the ligand.

All NMR spectra were recorded on a Bruker AV600 spectrometer
that was equipped with a 2.5 mm triple-resonance capillary probe
at 25 8C. The 1H NMR spectroscopy measurements were performed
with a WATERGATE[65] solvent suppression scheme. All samples
were measured with the same experimental parameters, the same
spectrometer and the same probe. For the relaxation delay, 2 s was
used; the delay for binomial water suppression was 150 ms; the
number of scans was 256. One measurement took 24 min of
ACHTUNGTRENNUNGexperiment time (with dummy scans).

Saturation transfer difference (STD)[66] measurements were per-
formed with the WATERGATE water suppression pulse scheme. The
irradiation power was 20 Hz, which was applied on-resonance at
0 ppm and off-resonance at 40 ppm. A total of 2024 scans were
ACHTUNGTRENNUNGaccumulated for each pseudo-2D experiment, which resulted in a
total experiment time of 8 h.

All NMR spectra were processed and analyzed with Topspin 2.0
(Bruker) in such a way that line-width effects on the intensity of
the signal were negligible. Extreme care was taken to scale the
measured signal intensities properly with respect to the slightly dif-
ferent concentrations in the reference spectra and the final Ab-
containing samples. All the measurements were repeated at least
three times on separate samples, and the reproducibility of the
bound fractions were within the relative error of 2%.

Diffuse light-scattering experiments. All photos were taken with
a Canon EOS 20D with a Tamron 28–75/2.8 objective. The shutter
speed was 1/200, the aperture was 1/16, and the focal distance

Figure 10. Schematic representation of the ligand-induced flocculation (the
fibril model is taken from ref. [43]).
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was 75 mm. Images were analyzed with ImageTool 3.0 software
(University of Texas Health Science Center at San Antonio, Texas).

z-Potential measurements. All experiments were performed at
25 8C with a Malvern Zetasizer Nano ZS instrument (Malvern Instru-
ments Ltd. Worcestershire, UK) equipped with a He–Ne laser
(633 nm), laser Doppler electrophoresis being combined with
phase analysis light scattering (M3-PALSR technology).
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