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Abstract: The Alzheimer peptide fragment Aâ(12-28) was studied at millimolar concentration by parallel
experiments with high-resolution nuclear magnetic resonance (NMR) and circular dichroism (CD) in solution
at a pH close to the isoelectric point of the peptide. A preparation procedure using low temperature and low
ionic strength buffer gave a sample with stable and reproducible properties. Reversible changes in secondary
structure and state of aggregation were studied by variation of temperature. High-temperature promotes
aggregation andâ-sheet induction, whereas low-temperature shifts the equilibrium toward low molecular weight
fractions and lessâ-sheet like structure. NMR diffusion experiments show that the dominating, most low
molecular weight fraction is monomeric. With increasing temperature, residues F20A21E22, overlapping with
the so-called central hydrophobic segment of the Aâ peptide, exhibit the most pronouncedR-proton NMR
secondary chemical shift changes from random coil toward moreâ-sheet like structure. High ionic strength
also promotes aggregation andâ-sheet induction. The combined spectroscopic results, including also molecular
weight estimations by cutoff filters, are summarized in a scheme in which monomeric mostly random coil and
heterogeneous aggregated partlyâ-sheet forms of the peptide are in a temperature-dependent equilibrium, a
situation which corresponds to an early stage of the fibrillogenesis.

Introduction

The amyloidâ-peptide (Aâ) is a main component of the
amyloid plaques found in the brain lesions of patients suffering
from the Alzheimer’s disease (AD).1,2 The Aâ peptide is
39-43 residues long and is a cleavage product of a larger protein
amyloid precursor protein (APP). The in vivo conditions
required for the precipitation of the circulating Aâ peptides are
still not understood in molecular details. Aggregation of the
peptide is a prerequisite in the early state of fibrillogenesis. The
aggregation process is complex and depends on hydrophobic
and electrostatic interactions between the Aâ molecules, which
eventually lead to a supramolecular structure with its typical
amyloidic â-sheet arrangement. The properties of amyloidic
matter and the processes and conditions behind the fibrillogen-
esis have been reviewed.1,2 Although the amyloid deposits are
very resistant, extraction of dimeric Aâ species from brains
have been reported.3,4 A stable dimeric state seems to exist also
in vitro for the full length Aâ(1-40).5-7 However, this was
recently challenged8 when, instead, a monomeric state was

suggested to dominate, and also to be the active species in the
growth of the plaques. The propagation of fibrils is a time- and
temperature-dependent process, where particles with different
aggregational states (oligomers, protofibrils, and fibrils) occur,
and also become reorganized.9,10

Working with the full length Aâ peptides requires special
precautions and preconditioning of the samples. Rather harsh
treatment with acids or organic solvents has been recom-
mended.11 In the present study we have used the fragment Aâ-
(12-28), VHHQ15KLVFF20AEDVG25SNK (Mw 1955 D), which
is easier to handle. It has been reported to have amyloidic
properties.12 Whether it will deposit onto preformed plaques is
not clear, since even the longer fragment Aâ(1-28) is not plaque
competent, unless it is amidated.1,13 Nevertheless, the (12-28)
fragment contains residues considered to be important for the
transition intoâ-sheet secondary structure and amyloid forma-
tion.14 We have spectroscopically characterized the Aâ fragment,
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under conditions on the borderline of fibrillation, so that
reproducible and reversible observations relevant for theearly
stages of aggregation could be made. The outcome depends on
many variables: Aâ concentration, temperature, pH, ionic
strength, etc. In other Aâ studies, particularly those by NMR
where a high concentration is desired, the peptides have been
stabilized by using either a very low pH,15,16 mixed aqueous/
organic solvents,13,17,18 detergent micelles,19-24 or terminal
blocking.25,26Other NMR studies have been performed around
pH 5, but then with a low peptide concentration.27,28

In the present studies we have chosen to work at a pH
close to 5, where aggregation and fibrillogenesis occur for Aâ-
(9-25),29 and Aâ(10-35).25,26Recently9 also strong protofibril
formation was demonstrated at about pH 5 with Aâ(1-40). The
isoelectric point of the full length peptide is about 5.2,1

compared to an estimated pI∼ 6 for Aâ(12-28). In our study
of Aâ(12-28), a solvent with low ionic strength was used in
order to slow down the fibrillogenesis. Dissolving the peptide
up to mM concentrations directly into an ice-cold aqueous
solvent with low ionic strength at pH 5, which is close to the
isoelectric point of peptide, gives a sample with reproducible
and stable spectral properties (on a time scale from hours to
days). Identical samples in respect of concentration, salt and
pH for the 1H NMR and CD experiments could be employed
when reversible temperature induced changes of secondary
structure30 and state of aggregation were studied.

Recent NMR diffusion studies,15,16using pulsed-field gradient
NMR, have been performed on Aâ(12-28) at pH 2.9, with the
two central F residues replaced by G, causing a monomeric form
of the peptide to prevail. Preparing a disulfide-linked peptide
gave a dimeric form. This work gave some basic information
on the diffusion constants for the two forms of the peptide. We
have performed similar diffusion measurements on Aâ(12-28)
itself, but at a pH value of 5 to clarify the state of aggregation
of the peptide under the present conditions. In parallel we have

used molecular weight cutoff filters to obtain an estimate of
the heterogeneous states of aggregation.

The results show that the early stages of aggregation and
secondary structure conversion are reversible processes, which
can be monitored in quantitative detail by combining the
methods we have used. A scheme is presented in order to explain
our observations with a minimum of assumptions. It involves a
monomeric peptide fraction, in a dominating random coil
conformation, which is in equilibrium with larger aggregates
with heterogeneous sizes, partly inâ-sheet conformation.

Results

Molecular Weight Cutoff Filtering. Molecular weight
selective filters with cutoff limits at 3, 10, 30, and 100 kD were
used to determine the overall states of aggregation at different
temperatures in 0.9 mM solutions of Aâ(12-28), buffered at
pH 5.0 with 10 mM acetate. The results (Table 1) showed that
there is a considerable heterogeneity in the sample at all
temperatures, with about half of the peptides in aggregates with
molecular weights above 10 kD. However, the 100 kD filter
was completely permeable for Aâ(12-28) at 5°C and low salt
concentration, and only slightly less permeable at the higher
temperatures. A separate experiment showed that these results
are strongly concentration dependent: the 10 kD filter had a
constant high permeability for Aâ(12-28) at 5°C up to about
0.3 mM concentration, but at higher concentrations the perme-
ability went down. Furthermore, in the presence of 150 mM
KF and with Aâ(12-28) concentrations as low as 0.2 mM, the
10 kD filter was almost impermeable to the peptide at 20°C.
We also studied the short peptide KKLVFFA (corresponding
to Aâ(15-21) with Q15 replaced by K) alone at 0.9 mM and in
the presence of 0.9 mM Aâ(12-28) at 5°C and pH 5.0. In
both cases, even a 3 kDcutoff filter was completely (g90%)
permeable to the small peptide (data not shown). This peptide
could therefore be used as a nonaggregating quantitative
standard in NMR.

CD Spectroscopy.CD spectra were recorded with a 0.9 mM
Aâ(12-28) sample at low ionic strength at pH 5.0 as a function
of temperature (Figure 1). The shape of the CD spectrum at
5 °C is dominated by a random coil like shape with a prominent
negative band centered at 195 nm. Toward higher temperatures,
the spectrum changes to less negative ellipticities at wavelengths
below 200 nm, indicative of moreâ-sheet like secondary
structure. The temperature effects seen by CD are completely
reversible up to 25°C, whereas after 30 min at 45°C the
changes in the CD spectrum were not completely reversible.
For temperatures between 5°C and 25°C, a well-defined
isodichroic point was visible in the CD spectra at 208 nm,
indicating a two-state equilibrium. The CD spectra were
evaluated in terms of a mixture of random coil andâ-sheet
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like secondary structure are used here, we refer to the dihedral angle structure
of the individual peptide strand as revealed by spectroscopy. The state of
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Table 1. Temperature-Dependent Fractions of 0.9 mM Aâ(12-28)
in 10 mM Acetate-d3 Buffer at pH 5.0a

fraction of sample (%) in aggregatetemper-
ature
(°C)

<10
kD

10-30
kDb

30-100
kDb

>100
kD

NMRc

% invisible
CDd

% â-sheet

5 49 31 20 0 30 30
25 47 17 26 10 40 50
45 55 13 11 21 45 70

a The fractions of aggregates with different molecular weights were
obtained from cutoff filtering experiments, using filters with cutoff limits
at 10, 30, and 100 KDb Difference between fractions passing the two
filters. c From quantitation of NMR spectra using the KKLVFFA
peptide as a standardd From evaluation of CD spectra as a sum of
random coil andâ-sheet standard spectra
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standard spectra with results as shown in Table 1. CD experi-
ments were also performed with a 200 fold diluted peptide
sample (5µM at pH 5.0). At 5°C the mean residual ellipticity
at 195 nm was about a factor of 1.2 more negative (data not
shown). The CD spectra recorded at increasing salt concentra-
tions up to 20 mM KF (Figure 1S, Supporting Information),
indicated an increasing salt-induced transition from a random
coil state toward a moreâ-sheet like secondary structure.

NMR Spectroscopy.One- and two-dimensional1H NMR
spectra were recorded for the 0.9 mM Aâ(12-28) sample with
low ionic strength at pH 5.0 and 5°C. Resonance assignment
was performed using standard procedures.31 Figure 2A-C shows
the R-proton region of1H NMR spectra from the Aâ(12-28)
peptide at 5, 25, and 45°C. With increasing temperature the
resonances broaden and some are shifted toward higher fields.
The effects of a moderately high temperature were completely
reversible, evidenced by an identical 5°C spectrum recorded
after 48 h at 25°C (Figure 2S, Supporting Information). After
1 h at 45°C, the reversibility was not quite complete (Figure
2D). The complete reversibility in the temperature-induced
effects between 5 and 25°C are in agreement with the CD
results (Figure 1B, dashed line).

To determine how much of the sample concentration con-
tributed to these NMR spectra we recorded in parallel the NMR
spectra of the Aâ(12-28) and the KKLVFFA peptides, both
0.9 mM and pH 5.0. From the filtering experiment we knew
that KKLVFFA did not contain any higher aggregates and we
assumed that the whole concentration of this sample contributed
to NMR signals and could be used as a quantitative standard.
Well-separatedR-proton resonances were integrated and com-

pared for the two samples. The results showed that about 30%
of the 0.9 mM Aâ(12-28) sample was invisible in the NMR
spectrum at 5°C, increasing to about 45% invisible fraction in
the spectrum recorded at 45°C (Table 1).

Figure 3 shows the secondary chemical shifts, calculated
relative to random coil shifts31 and averaged over three
neighboring residues, of theR-protons along the peptide
sequence at the three temperatures. In general, allR-proton shifts
are close to those of random coil. However, small positive
deviations from random coil shifts are seen, and the direction
of the shifts are towardâ-sheet secondary structure.32 Figure 3

(31) Wüthrich, K. NMR of Proteins and Nucleic Acids; Wiley: New
York, 1986.

Figure 1. Circular dichroism (CD) spectra of 0.9 mM Aâ(12-28) in
10 mM acetate-d3 buffer in D2O at pH 5.0 (uncorrected pH meter
reading). (A) The peptide was dissolved at 5°C and spectra were
recorded at 5°C, 25 °C and 45°C. (B) Difference spectra relative to
the 5°C spectrum. The dashed line shows the difference between two
spectra recorded at 5°C, before and after the sample was kept at 25
°C for 30 min. Difference spectra for 25°C and 45°C are drawn with
solid lines. The CD spectra were recorded with 0.05 mm optical path
length.

Figure 2. 800 MHz 1H NMR spectra (R-proton region) of 0.9 mM
Aâ(12-28) in 10 mM acetate-d3 buffer in D2O at pH 5.0. The peptide
was dissolved at 5°C and spectra A-C were recorded at 5°C, 25°C
and 45°C. Spectrum D was recorded at 25°C after the sample had
been kept for 1 h at 45°C. Spectra were recorded using 1.5 s low-
power water presaturation and are referenced to internal TSP. The
assignments to particular amino acid residues are labeled using single
letter notation. The S26â proton resonance is also included.

Figure 3. Temperature-inducedR-proton secondary chemical shift
changes of Aâ(12-28) from the spectra of Figure 2. Secondary
chemical shifts at (b) 5 °C, (9) 25 °C, and (2) 45 °C. The shifts were
calculated relative to values for random coil conformation32 and
averaged over three neighboring residues. Proton chemical shifts are
referenced using internal TSP at each temperature.
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shows that at the higher temperatures most chemical shifts
change further toward positive values, particularly those of
residues F20, A21, and E22, which shift another 0.03-0.05 ppm
toward standard values forâ-sheet32 at 45 °C, compared to
5 °C. Increasing the ionic strength of the sample at 5°C
produced similar broadening of the resonances as were seen in
the low ionic strength spectrum at 45°C. Adding 20 mM KF
gave a badly resolved NMR spectrum, where the individual
resonance intensity had decreased significantly compared to the
low salt spectrum (Figure 4). In this experiment, however, no
detectable changes in the secondaryR-proton chemical shifts
were found to accompany the broadening of the resonances.

NMR Diffusion Experiments. Pulsed-field gradient NMR
experiments were performed on the 0.9 mM Aâ(12-28) sample
in D2O buffer, pH 5.0 at 5, 25, and 45°C. As shown in Figure
5, monoexponential curves were obtained at all three temper-
atures when the resonance intensity was plotted against the
square of the gradient amplitude according to eq 1 (Experimental
Section). The translational diffusion coefficientsDt are shown
in Table 2. To compare the aggregational state of the NMR
visible fraction at different temperatures, hydrodynamic radii
were calculated from the diffusion coefficients employing the
Stokes-Einstein relationship (eq 2). The solvent viscosity at
different temperatures was approximated by D2O viscosity.33

The results are shown in Figure 6. No significant changes of
the apparent hydrodynamic radius around 12 Å characterizing
the NMR visible fraction were observed over the temperature
range studied.

We also measured the diffusion of the KKLVFFA fragment
itself and of its equimolar mixture with Aâ(12-28). The
diffusion coefficients in the mixed sample were (3.1 and 1.7)
× 10-10 m2 s-1 for KKLVFFA and Aâ(12-28), respectively,
at 25°C, almost identical to the results from measurements on
separate samples of the two peptides, under identical conditions.

NMR Studies of a Low Molecular Weight Fraction.
Spectral observations: The 0.9 mM Aâ(12-28) sample was
passed through a 30 kD filter at 25°C, and the low molecular
weight fraction without the highly aggregated part was collected
and studied by NMR. A well-resolved spectrum was observed
at 45°C (Figure 7A). When the temperature was lowered to 5
°C after 18 h at 45°C somewhat broader resonances were
observed (Figure 7B), a temperature dependence at complete
variance with the observations in Figure 2. In the nonfiltrated
sample (Figure 2) the larger line widths at higher temperatures
suggest a temperature-induced aggregation. In the filtrated
sample, we observe the larger line widths at the lower
temperature, a normal effect of lower molecular mobility at the
lower temperature. However, the observed secondary chemical
shifts observed at different temperatures (see particularly the
R-proton resonance of A21 at 4.20 ppm at 5°C) remain the same
and are reversible in both cases, indicating that this is an inherent
property of the low molecular weight fraction.

Diffusion Studies. A diffusion experiment at 25°C on the
sample passed through the 30 kD filter gave a diffusion
coefficient of 1.77 × 10-10 m2 s-1, within the limit of
uncertainty (5%) the same as the result obtained for the sample
before filtration (Table 2). To study the effects of even more
restrictive cutoff filtering, we then measured diffusion on a 0.4
mM sample passed through a 10 kD filter. At pH 5.0 and 25
°C, this sample gave a diffusion coefficient of 1.73× 10-10 m2

s-1. The pH value of this sample was then adjusted to 2.9 (by

(32) Wishart, D. S.; Sykes, B. O.; Richards, F. M.J. Mol. Biol. 1991,
222,311-333.

(33) Mills, R J. Phys. Chem. 1973, 77, 685-688. Kirshenbaum, I.
Physical Properties and Analysis of HeaVy Water; Urey H. C., Murphy G.
M., Eds.; McGraw-Hill: New York, 1951.

Figure 4. 800 MHz 1H NMR spectra (R-proton region) of 1.0 mM Aâ(12-28) in 10 mM acetate-d3 buffer in D2O at pH 5.0. The spectra were
recorded at 25°C with addition of 0, 3, 6, 10, and 20 mM KF.

4264 J. Am. Chem. Soc., Vol. 122, No. 18, 2000 JarVet et al.



adding HCl) in order to minimize any remaining aggregation.
The measured diffusion coefficient was then again 1.67× 10-10

m2 s-1, not significantly different from the coefficient measured
under our regular condition at pH 5.0.

Discussion

The NMR spectra of 0.9 mM Aâ(12-28) at pH 5.0
(corresponding to a pD of 5.4; cf. Experimental Section) show
broader resonances toward the higher temperatures (Figure 2).
This effect could be due to either intermediate chemical
exchange with an NMR invisible fraction associated with very
high molecular weight complexes and/or larger NMR observable
aggregate sizes, and hence slower dynamics and shorterT2. By
visual inspection, the sample at 45°C exhibited an increased
viscosity, a preliminary indication of aggregation andâ-sheet
formation34 under these conditions.

The results of the diffusion measurements (Figure 5, line
width Table 1) and the molecular cutoff filtering (Table 1)

indicate that the reversible NMR line broadening towards the
higher temperatures are mainly caused by increased presence
of a larger fraction of high molecular weight aggregates,
although some exchange effects cannot be excluded. The NMR
time scale for intermediate chemical exchange of theR-protons
is on the order of milliseconds at 800 MHz.35 The time scale of
the diffusion measurements is about 100 ms. Hence the influence
of any temperature-dependent chemical

(34) Aggeli, A.; Bell, M.; Boden, N.; Keen, J. N.; Knowles, P. F.;
McLeish, T. C. B.; Pitkeathly, M.; Radford, S. E.Nature1997, 386, 259-
262.

(35) From the expected chemical shift differences forHR resonances
between random coil andâ-sheet secondary structure (ca 0.4 ppm, i.e., 320
Hz in an 800 MHz spectrometer) the characteristic time for intermediate
exchange is 1/(2π320) ) 0.5 ms.

Figure 5. Pulsed-field gradient NMR diffusion experiments using 0.9
mM Aâ(12-28) in 10 mM acetate-d3 buffer in D2O at pH 5.0. Methyl
resonances between 1.05 and 0.75 ppm were integrated and fitted to
the Stejskal-Tanner equation (eq 1). (A) Series of diffusion experiments
at (b) 5 °C, (9) 25 °C, and (2) 45 °C. (B) Residuals relative to eq 1.

Table 2. Translational Diffusion CoefficientsDt for Aâ(12-28) in
10 mM Acetate-d3 Measured by NMR under Various Conditions:
Measurement Precision Is Ca 5%

sample
concentration (mM)

temperature
(°C) pH

mol. wt
cutoff filtration

Dt ×
1010 (m2 s-1)

5 5.0 none 0.85
0.9 25 5.0 none 1.75

45 5.0 none 2.9
0.6 25 5.0 <30 kD 1.77
0.4 25 5.0 <10 kD 1.73
0.4 25 2.9 <10 kD 1.67

Figure 6. Effective hydrodynamic radii of the NMR visible fractions
of Aâ(12-28) at different temperatures. The radii were calculated from
the experimentally determined diffusion coefficients employing the
Stokes-Einstein relationship (eq 2). The shape factorF was set to unity.
The solvent viscosity at different temperatures was approximated by
D2O viscosity. The solid line corresponds to the average radius. The
figure also shows the corresponding effective radii of monomeric [G19,20]
Aâ(12-28) (- ‚) and dimeric [C20] Aâ(12-28) (- ‚ ‚) forms of Aâ-
(12-28) mutants, based on the Stokes-Einstein relationship and the
experimental study by Mansfield et al..15 The error bars represent 10%
uncertainty, 5% from measured diffusion coefficients and 5% estimated
from other sources (F, η in eq 2).

Figure 7. 600 MHz 1H NMR spectra (R-proton region) of a low
molecular weight fraction of Aâ(12-28). The sample was 0.6 mM in
concentration after 0.9 mM Aâ(12-28) had been filtrated through a
30 kD molecular weight cutoff filter at 25°C. Spectrum A was recorded
at 45°C. Spectrum ) was recorded at 5°C after the sample had been
kept for 18 h at 45°C. Remaining traces of glycerol from the cutoff
filter are seen in spectra at 3.8 to 3.6 ppm and in B the remaining
HDO signal around 4.55 ppm.
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exchange on the ms time scale between aggregates of different
sizes should be rapid on the diffusion time scale and show up,
for example, as a difference in diffusion constants for a sample
before and after passage through a 30 kD filter or as a
temperature-dependent hydrodynamic radius (Figure 6), in
contrast to the observations. The measurements of the diffusion
coefficients under varying conditions (Table 2) gave identical
results. This observation shows that only the most low molecular
weight fraction contributes to the diffusion results.

The CD results show a considerable amount ofâ-sheet,
increasing at higher temperatures (Table 1). Similar CD spectral
shapes due to concentration induced changes, but at a constant
temperature, have been previously observed in Aâ(25-35).36

These findings indicate that an NMR invisible fraction is in a
dominatingâ-sheet conformation under the conditions used. Its
aggregation state is heterogeneous, but the molecular weights
are generally below 100 kD (corresponding to about 50
peptides). However, the results in Table 1 also indicate that the
â-sheet structure is not fully developed in all aggregates. For
instance, at 5°C, about 50% of the peptide is in aggregates
with molecular weights exceeding 10 kD, but theâ-sheet
secondary structure component is only 30%, significantly less
than the aggregated fraction. The CD spectrum for Aâ(12-28)
at 5 °C was the same before and after the sample had been
kept for 30 min at 25°C (Figure 1B, dashed line). This shows
that the temperature-dependent change of the secondary struc-
ture, from the random coil toward aâ-sheet like structure, is
reversible after moderate temperature variations.

The temperature induced changes in secondary chemical shifts
indicating the presence of moreâ-sheet like secondary structure
are not directly related to the NMR line width effects and hence
aggregation. This is shown by the NMR experiments on the
sample that had been passed through a molecular weight cutoff
filter. This procedure which removed all aggregates with
molecular weight above 30 kD caused another line width
behavior, in that no line broadening took place at 45°C. The
temperature induced changes in the chemical shifts of the
R-protons were however identical to the changes in a nonfiltered
sample (compare Figures 2 and 7). The chemical shift effects
are therefore a property of the low molecular weight fraction
itself. The shift changes are most pronounced for the residues
20-22, and suggest that their conformational space is not
random but preconditioned toward dihedral angles corresponding
to a moreâ-sheet like conformation at the higher temperatures.

Size exclusion chromatography (SEC) has been applied in
order to determine the size of Aâ peptide aggregates.6,7,8,28We
have also tried this technique under various conditions. We only
observed a single size species passing the chromatography
column. In comparison with the (linear) calibration curve it then
seemed as if Aâ(12-28), as well as Aâ(1-40), was not in a
monomeric state. However, when the concentration was varied
(between 0.001 and 1 mM) no new peaks appeared in the
chromatogram (data not shown). We concluded that the SEC
technique is not reliable for the study of oligomerization in the
case of small hydrophobic peptides. Other studies have led to
similar conclusions.8

What is the dominating state of the low molecular fraction
that we observe by NMR? The diffusion coefficient for
Aâ(12-28) measured here is 1.75× 10-10 m2 s-1 in D2O at
25 °C and pH 5.0, and almost the same at lower concentrations
after filtration and at pH 2.9 (Table 2). As explained in the
Experimental Section, the diffusion coefficients for representa-

tive monomeric and dimeric forms of 0.9 mM Aâ(12-28)
should be (1.94 and 1.39)× 10-10 m2 s-1, respectively, in pure
D2O (based on data in ref 15; the recalibration of diffusion
coefficients does not change the conclusions in that study). We
conclude that the low molecular weight fraction of our 0.9 mM
Aâ(12-28) sample at 25°C is mainly in a monomeric state. A
similar conclusion was also reached by Mansfield et al.15 for
their sample, measured down to 0.5 mM at pH 2.9. Recently a
diffusion study (in 90% H2O/10% D2O) was reported, where it
was suggested that a monomeric state should also exist with
Aâ(1-40).8 The diffusion coefficient for Aâ(1-40) (Dt ∼ 1.5
× 10-10 m2 s-1 at 25°C) is in reasonable agreement with our
monomeric diffusion coefficient for Aâ(12-28), considering
the about 2.2 times higher molecular weight for Aâ(1-40) and
the difference in viscosity (ratio 1.19) between the solvents.37

The monomeric form of Aâ(12-28) observed under the
conditions employed by us is the major species giving rise to
the NMR results. It has a dominating random coil structure with
a tendency for its dihedral angles toward a moreâ-sheet like
conformation, particularly at residues 20-22. Furthermore, it
gives rise to the monoexponential diffusion curves in Figure 5.
It is apparent from Figure 6 that the effective hydrodynamic
radiusRh of the NMR visible fraction of Aâ(12-28) does not
significantly change with temperature.38 This is in contrast to
the observed variation in NMR line widths when the temperature
is varied. For comparison, Figure 6 also shows the effective
radii for the known monomeric and dimeric mutants of the Aâ-
(12-28) peptide, based on eq 2 and the diffusion coefficients
given above from the measurements reported in ref 15. The
agreement between the present result on Aâ(12-28) and the
diffusion coefficient of the known monomer is reasonable.

The apparent domination of the monomeric state in the
diffusion studies was unexpected, but may be explained by its
expected faster diffusion and slower relaxation compared to the
other NMR visible species at higher states of aggregation. Since
the diffusion measurement is in principle a spin echo experiment,
it will be biased in favor of the most slowly relaxing species in
a mixture. The higher order aggregates therefore become invis-
ible at the present level of precision in the diffusion measure-
ments. Since there should be no fast chemical exchange between
the monomer and the higher aggregates on the time scale of
the diffusion measurements (100 ms), the increasing amount
of (partly aggregated)â-sheet structure at the elevated temper-
atures is not reflected in the present diffusion experiments.

We observed that the two peptides KKLVFFA and
Aâ(12-28) in a 1:1 mixture diffused independently of each
other. This is in agreement with the filtering experiments, where
a cutoff filter could separate the two peptide components. Hence,
our experiments give no direct evidence for a strong interaction
between KKLVFFA and the Aâ(12-28) peptide under the
present conditions. This has been suggested to exist with
Aâ(1-40),39 where under different conditions the amount of
early very large aggregates, as observed by fluorescence
correlation spectroscopy, was reduced in the presence of
KKLVFFA. 40

(36) Terzi, E.; Ho¨lzemann, G.; Seelig, J.Biochemistry1994, 33,1345-
1350.

(37) From eq 2 the predictedDt for Aâ(1-40) in 90% H2O/10% D2O is
(1.75× 10-10) (1.19 ‚ 2.2-1/3) ) 1.6 × 10 -10 m2 s-1.

(38) The calculated value of 12 Å for the effective hydrodynamic radius
Rh is in reasonable agreement with a monomeric peptide with a normal
hydration layer.

(39) Tjernberg, L. O.; Lillieho¨ök, C.; Callaway, D. J.; Na¨slund, J.; Hahne,
S.; Thyberg, J.; Terenius, L.; Nordstedt, C.J. Biol. Chem.1997, 272,
12601-12605.

(40) Tjernberg, L. O.; Pramanik, A.; Bjo¨rling, S.; Thyberg, P.; Thyberg,
J.; Nordstedt C.; Berndt, K. D.; Terenius, L.; Rigler, R.Chem. Biol.1999,
6, 53-62.
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The results observed at higher ionic strengths suggest that
large aggregate sizes are a major reason for the salt-induced
dependent increased NMR line width and loss of signal intensity.
No chemical shift changes were observed along with the line
broadening (Figure 4). The salt-inducedâ-sheet formation
revealed by the CD spectra (Figure 1S) which is also in
agreement with previous observations41,42is therefore completely
invisible by NMR. The molecular cutoff filtering results also
indicate the presence of very large molecular weight aggregates
already at low peptide concentrations, at high salt concentrations.
We suggest that the addition of salt (∼100 mM KF) to the 0.9
mM Aâ(12-28) sample gives directly rise to large aggregates,
due to a hydrophobic collapse, with hardly any detectable low
molecular weight fraction. Under these conditions we could not
measure diffusion due to the fast proton relaxation rate.

At the present stage our systems give no evidence for an
R-helical structure, which has been shown to be stabilized in a
solvent mixture, including detergent micelles and phospholipid
membranes.43 Interestingly, a slowly emerging transitoryR-heli-
cal component, in parallel with a random coil toâ-sheet transi-
tion, was recently reported10 to exist upon prolonged (weeks)
incubation of so-called low molecular weight Aâ(1-40). This
process was taking place in vitro (buffer alone) and resulted in
protofibrils and terminal fibrils. Protofibrils were shown to be
in continuous equilibrium with low molecular weight entities.43

It is not known whether this intermediateR-helical structure is
induced in an aggregated environment.

The observed temperature dependence of the equilibrium
between the low molecular weight fraction (in a dominating
random coil state) and the larger aggregates (with dominating
â-sheet structures) indicates that the aggregation andâ-sheet
assemblies are driven mainly by hydrophobic interactions.
Electrostatic effects are observable as a repulsive effect under
low ionic screening (and a pH distant from the pI∼6), which
counteracts the aggregation and instead promotes the monomeric
state and a random coil secondary structure. The aggregation
process in certain respects resembles protein folding, and the
disaggregation process the cold denaturation of proteins. The
formation of the aggregates is likely to be strongly cooperative
under the conditions used here. At present, we have no
information about any critical concentration (cf. cmc) of the
peptide aggregation, similar to that observed for Aâ(1-40).3

The present study on Aâ(12-28) and the one reported8 on
Aâ(1-40) were both carried out with nonphysiologically high
peptide concentrations. It is interesting, however, to note that
even with an extreme concentration, a large proportion of the
Alzheimer peptides can initially be in a monomeric state,
although only as a metastable one. Under these in vitro
conditions, monomeric and oligomeric states will probably
participate in the formation of protofibrils, the precursors of
fibrils with their amyloidic â-sheet structure. The AD is
manifested by the plaques (amyloid) deposition, where the
growth of plaques onto an AD cortex specimen was found to
be mediated by the deposition of Aâ peptides in their monomeric
state.1,8 The original amyloid hypothesis about neuorotoxicity
has recently been reexamined and challenged.44 Also small
oligomeric Αâ aggregates have been reported to be potent
neurotoxins.45

Conclusions

The present study deals with early events of the fibrillogenesis
process, before fibrils (plaques) will assemble. High ionic
strength promotes aggregation andâ-sheet formation in the
Aâ(12-28) peptide. From the observations of the temperature
induced changes in secondary structure in a low ionic strength
sample we suggest a simple in vitro scheme for the aggregation
and secondary structure conversion (Figure 8). In this scheme,
a certain fraction of Aâ(12-28) is in monomeric state with a
dominating random coil conformation. The monomers are in
equilibrium with heterogeneous fractions of aggregates of
various sizes, and these are partly inâ-sheet conformation.
Those with the highest molecular weights are not observed by
NMR, but only by CD spectroscopy. At elevated temperatures,
the monomers, and particularly their central hydrophobic
segment, may be in a conformation with a preference for
â-strand like dihedral angles.46 As the sizes of the multimers
(which may be considered as protofilaments) increase with
temperature, a further, initially reversible conversion toâ-sheet
takes place.

Experimental Section

Materials. Alzheimer â-peptide fragments Aâ(12-28) and the
KKLVFFA were purchased from Neosystem Lab., Strasbourg. The
purity of peptides was tested by HPLC, MS, and NMR.â-cyclodextrin
was purchased from Sigma-Aldrich. The quantities of solid materials
for all samples were determined by weight.

NMR Spectroscopy. The samples for NMR experiments were
prepared at a concentration of 0.9 mM of Aâ (12-28) by directly
dissolving solid material in 99.95% D2O buffered by 10 mM sodium
acetate-d3. This was carried out at 5°C unless otherwise specified.
The pH was measured with a combination glass microelectrode,
designed for NMR (Orion model 9826BN, with model 320 pH meter).
Unless otherwise stated, all the pH values areuncorrectedmeter
readings. For samples dissolved in D2O, a correction of+0.4 units

(41) Hilbich, C.; Kisters-Woike, B.; Reed, J.; Masters, C. L.; Beyreuther,
K. J Mol. Biol. 1991, 218, 149-63.

(42) Snyder, S. W.; Ladror, U. S.; Wade, W. S.; Wang, G. T.; Barrett,
L. W.; Matayoshi, E. D.; Huffaker, H. J.; Krafft, G. A.; Holzman, T. F.
Biophys. J.1994, 67, 1216-28.

(43) Ma, K.; Clancy, E. L.; Zhang, Y.; Ray, D. G.: Wollenberg, K.;
Zagorski, M. G.J. Am. Chem. Soc.1999, 121, 8698-8706.

(44) Neve, R. L.; Robakis, N. K.Trends Neurosci. 1998, 21, 15-19.

(45) Lambert, M. P.; Barlow, A. K.; Chromy, B. A.; Edwards, C.; Freed,
R.; Liosatos, M.; Morgan, T. E.; Rozovsky, I.; Trommer, B.; Viola, K. A.;
Wals, P.; Zhang, C.; Finch, C. E.; Krafft, G. A.; Klein, W. L.Proc. Natl.
Acad. Sci.1998, 95, 6448-6453.

(46) After the submission of the present manuscript, a CD study was
reported on the temperature dependence of solutions of Aâ(1-40) in water
at pH 4.6 (Gursky O.; Aleshkov S.Biochim. Biophys. Acta2000, 1476,
93-102). Their results and interpretation on the longer peptide are in
accordance with the present conclusions based on NMR and CD on the 1
order of magnitude more concentrated solutions of Aâ(12-28).

Figure 8. Suggested scheme for the equilibria and aggregational states
observed in vitro with the Aâ(12-28) peptide at mM concentration in
low ionic strength buffer at pH 5.0. A monomeric state [1] with a
dominating random coil (rc) structure is in equilibrium with hetero-
geneous oligomeric states [n] with a mixed random coil/â-sheet
structure. Invisible by NMR but observable in the CD spectra, there
are heterogeneous larger aggregates or multimers [N] with a dominating
â-sheet structure. These may be considered as protofilaments. Tem-
perature induced reversible transitions were observed in this study
between [1], [n], and [N], and the average aggregate size as well as
the degree ofâ-sheet increase with temperature. After the “early” events
amyloidic fibrils, [NN], may be formed at a “late” stage (not studied
here), primarily from protofilaments and monomers.
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should be added to the readings in order to get a corresponding pD
value.47 Under these conditions, the NMR spectra were resolved and
the samples were stable over a period of several weeks, provided that
the storage was at a low temperature. NMR measurements were
performed using 5 mm tubes and standard pulse sequences on Varian
Inova 600 and 800 MHz spectrometers. Secondary chemical shifts were
calculated using reported random coil chemical shifts (see Table 6 in
ref 31).

Molecular Weight Cutoff Filtering . Centricon concentration filters
(Amicon, Inc., Beverly, MA) with cutoff at 3-100 kD were used. The
filters are specified by manufacturers to give typically 90-95% passage
of various biomolecules with a molecular weight well below the cutoff
limit. The filters were cleaned from glycerol by washing with buffer
and centrifugation four times. All samples were diluted in a 10 mM
acetate buffer, pH 5.0, and kept at 5°C until centrifugation. This was
carried out at 4125g for 10 min at 5, 25, and 45°C (Centrifuge 5403,
Eppendorf). To estimate the retention of a particular sample in a filter,
aliquots of (20µL) of the samples, before and after filtration, were
analyzed in terms of relative concentrations. The analysis was performed
by HPLC (Shimadzu LC-10A) using a gel filtration column (Superose
12 HR 10/30, Pharmacia). The absorbance was measured at 214 nm
with a Shimadzu SPD-10A unit. The mobile phase was 70 mM NaPi

buffer at pH 5.6 with 150 mM KF. The flow rate was 0.4 mL/min.
The gel filtration column was also calibrated for size exclusion
chromatography (SEC) using various relevant molecular weight mark-
ers.

CD Spectroscopy. A JASCO J-720 spectropolarimeter and a
PTC-343 temperature controller were employed. The spectral range
was 190-250 nm with a resolution of 0.2 nm and a bandwidth of 1
nm. A scan speed of 100 nm/min with 2 s response time was usually
employed. Cells with optical paths 0.05-10 mm were used. Since a
high concentration of NaCl has high absorbance in the UV-region, we
instead used KF in the salt effect experiments. The spectral contribution
from the background was subtracted and the results were expressed as
mean residue molar ellipticity [θ]. The evaluation of secondary structure
content was based on comparison with standard CD spectra as
previously described.48

NMR Diffusion Experiments. The signal intensityI recorded
in the PFG NMR experiment is given by the Stejskal-Tanner equa-
tion:49

Here Io is the signal intensity in the absence of gradients,Dt is the
diffusion coefficient for unrestricted translational diffusion of a molecule
in an isotropic medium,γ is magnetogyric ratio of the nucleus measured
(for protonsγΗ ) 26.752× 107 rad T-1 s-1), G is the magnitude, and
δ is the duration of the field gradient, and∆ is the longitudinal storage
period. Dt was evaluated from the curves based on eq 1 with an
estimated precision of 5%.

At high dilution, the translational diffusion coefficientDt will be
related to the molecular hydrodynamic radiusRh according to the
Stokes-Einstein equation:

wherekB is the Boltzmann constant,T is the absolute temperature,η is
the viscosity, andF is a shape factor.50 From the experimentally
determined radiusRh, the molecular weightM of the particle can be
estimated, assuming a partial specific volume and a hydration layer.
In the first approximationRh ∝ M1/3.

The gradient strength was calibrated using a residual proton signal
in 99.95% D2O and a literature value of 1.90× 10-9 m2 s-1 for the
HDO translational diffusion coefficient.33

For representative monomeric and dimeric forms of 0.9 mM Aâ-
(12-28) at 25°C and pH 2.9, the reported15 values are (2.48 and 1.78)
× 10-10 m2 s-1, respectively. Mansfield et al.15 calibrated their magnetic
field gradients based on a reported51 literature value (3.24× 10-10 m2

s-1 at 25°C) for the diffusion coefficient ofâ-cyclodextrin, which had
been dissolved in a 100% H2O medium. However, their NMR studies
of diffusion were made in D2O. In an attempt to calibrate the diffusion
coefficient measured by us for Aâ(12-28) on an absolute scale, we
measured the diffusion coefficients forâ-cyclodextrin at 25°C in 100%
D2O as well as in 90% H2O/10% D2O and found them to be (2.53 and
3.05)× 10-10 m2 s-1, respectively. The viscosity of pure D2O is 1.21
times that of pure H2O at 25°C,33 or 1.19 times that of 90% H2O/10%
D2O. The 1.20 ratio between the two diffusion coefficients measured
by us for â-cyclodextrin is obviously close to that expected for the
two solvents from the different viscosities. The diffusion coefficient
for â-cyclodextrin in 90% H2O/10% D2O determined by us is also in
reasonable agreement with the above-mentioned literature44 value 3.24
× 10-10 m2 s-1 (in pure H2O). Using the new value forâ-cyclodextrin
measured by us in 100% D2O as a calibration, we estimate the diffusion
coefficients of Aâ(12-28) monomers and dimers in pure D2O at 25
°C to be (1.94 and 1.39)× 10-10 m2 s-1, respectively, from the values
given in ref 15.
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Note Added in Proof. We have determined the diffusion
coefficient of [G19,20] Aâ (12-28), 0.9 mM in 10 mM sodium
acetate-d3 in D2O, pH 5.0, 25°C and foundDt ) 1.90× 10-10

m2 s-1 for this monomer form, in good agreement with the
estimate from ref 15.

Supporting Information Available: Circular dichroism
spectra of 0.9 mM Aâ(12-28) in the presence of 2, 6, 10, and
20 mM KF. 800 MHz1H NMR spectra (R-proton region) of
0.9 mM Aâ(12-28) with 40 h interval (PDF). This material is
available free of charge via the Internet at http://pubs.acs.org.
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