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The conformational transition to a P-structure and the aggregation process of Alzheimer
amyloid P-peptide (12-24) [abbreviated as Ap^^] were studied. The influence of sample
dissolution methods for the aggregate structure was examined by electron microscopy
(EM). The difference in the width of the aggregate of Ap^^ depended on the pH immedi-
ately after sample dissolution. Two types of sample dissolution methods, F and R, were
employed. For dissolution method F, the peptide sample was immediately dissolved in
water and then adjusted to pH 2.2 by adding buffer, while for dissolution method R, the
peptide was directly dissolved in the buffer solution. In the latter case, the starting pH
was 3.0. Slight fibrils (10-12 nm in diameter) were observed with method F, and wider
ribbon-like aggregates (17-20 nm in diameter) with method R, despite the same pH
range. A difference between methods F and R was also detected in the CD spectra, espe-
cially at pHs near 5.0. The CD intensity of the 214 nm band with method R changed with
pH, with the highest value at pH 3.7, whereas that with method F was unchanged at pHs
below 5.0. The temperature-dependent CD results showed that a thermostable aggregate
of Apia_24 occurs at higher pHs than 3.0. NMR analysis showed that deprotonation of the
C-terminal carboxylate group in APjj^ triggered the aggregate formation, and the tran-
sition from a random coil to a p-conformation in the C-terminal region of V18-V24 was
detected on analysis of the V ^ coupling constant in the pH range of 2.2 to 3.0.

Key words: aggregate form, amyloid beta-peptide, circular dichroism, electron micros-
copy, NMR.

Senile plaques associated with Alzheimer's disease contain and poor solubility for NMR analysis, and noncrystallinity
insoluble deposits of fibrils formed by the 39-43 amino acid for X-ray crystallography. On the other hand, from the
peptide of amyloid-p (Ap) with possible neurotoxic effects point of view of structural biology, the study of an Ap frag-
(1). Ap is known to secrete from amyloid precursor protein ment peptide is important due to the ability of polymeriza-
in soluble form (2), and the structural conversion to a tion, fibrillation, and inhibition of Ap-fibrillogenesis (6-9).
supramolecular aggregate is attributed to neurotoxic activ- Studies on a fragment peptide capable of forming fibrils
ity (3, 4). have contributed to the structural analysis of not only Ap

Structural studies on Ap have provided insights into the (10-15) but also other conformational-disease related pro-
organization of Ap assemblies and the kinetics of Ap poly- teins (16-18).
merization (5). From a pathological point of view, the study In the amino acid sequence of Ap, the region from K16 to
of a full-length peptide (such as Api-10 and A p ^ ) is most A21 (Api6_21) is known to be important for fibrillogenesis
appropriate. However, a structural study of a full-length (19-22). The region from L17 to A21, called the "hydropho-
peptide by means of high-resolution structural techniques bic core," is essential for fibrillization of full-length p-amy-
involves difficulties such as signal broadening, overlapping, loid peptide (19). Pentapeptide Api6_2o binds to full-length

Ap and prevents its assembly into amyloid fibrils (20, 21).
Short fragment peptides of Ap such as pentapeptide Ap^j,,

The nomenclature for the atoms of amino acids as to NMR signals d o n o t form fibrUs ^fag monomericaUy (22).
conform to the recommendations of Markley et al. (70). m- i ? , i J- \- _L ^ J.
•To whom correspondence should be addressed. Tel: +81-298-61- T)ernberg et al. reported regarding short fragment pep-
6136, Fax: +81-298-61-6135, E-mail: hiroshi-nakanishi@aist.gajp hdes_ oi Ap timt undecapeptaae Ap^-g and all fragment
Abbreviations: ID, 2D, one- and two-dimensional; Ap, amyloid (3- peptides longer than 11 residues formed fibrils similar to
peptide; C-terminal, carboxyl terminal; COSY, correlation spectros- full-length Ap (23). Recently, Balbach et al. reported that
copy, E-COSY, exclusive correlated spectroscopy; EM, electron mi- among Ap fragment peptides containing the central hydro-
croscopy, HMQC, heteronuclear multiple quantum coherence; N- phobic core, the shortest peptide forming fibrils is hep-
terminal, amino-terminal; NOE, nuclear Overhauser enhancement; fonpnriHp AR Od\
NOESY, nuclear Overhauser effect spectroscopy; TOCSY, total cor- "*pepnue^16-22 W).
relation spectroscopy. Several kinds of amyloid pepbde assemblies during fi-

brillogenesis have been reported for Ap and its fragment
J& 2002 by The Japanese Biochemical Society. - peptides (5, 8, 9, 25-30). A fibril structure was generally
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observed among these Ap assemblies, which exist as a mix-
ture of straight and twisted fibers (27), while for some short
fragment peptides of Ap of less than 20 amino acid resi-
dues, a ribbon-like aggregate was reported (8, 9). Electron
microscopy (EM) has shown that ribbon-like aggregates are
wider and thinner than fibrils. Recent studies on Ap
revealed that the protofibrils and soluble oligomers exhibit
higher neurotoxicity than matured fibrils (4, 28). To under-
stand how the different kinds of aggregates are formed, we
must clarify the association mechanism of Ap molecules,
which is accompanied by secondary structural conversion
from an a-helical or random-coil structure into a (3-confor-
mation (7, 13, 31).

For the present study, we chose fragment peptide A^13__2i,
VHHQ^KLVFFJOAEDV, as a useful model of Ap to study
the conformational transition and polymorphism of a pep-
tide aggregate. A p ^ ^ is highly water-soluble and NMR
detectable under acidic pH conditions, in spite of the fact
that the p-conformational feature was observed on circular
dichroism spectroscopy (CD). Interestingly, two types of
aggregate, e.g. ribbons and fibrils, were found with different
sample preparation methods, R and F, despite the same
pH. The secondary structure and dynamic behavior of the
peptide in a solution were studied by means of CD and
high-resolution NMR spectroscopy. The influence of pH on
the conformation and aggregate forms of AB^.^ is dis-
cussed.

METHODS

Peptide Synthesis—AfS^^ was synthesized by means of
the Fmoc strategy using a simultaneous multiple peptide
synthesizer, Model PSSM-8 (Shimadzu, Kyoto). Each resi-
due was coupled for 30 min with PyBOP/HOBt (Watanabe
Chemical Industries, Hiroshima). The peptide was cleaved
from the Alko-resin (Watanabe Chemical Industries) using
5% anisole and 1% 1,2-ethanedithiol in trifluoroacetic acid
for 1.5 h at room temperature. The cleaved peptide was
washed with diethyl ether and then solubilized with 25%
acetonitrile in 0.01 N HC1.

Crude A p ^ ^ was purified by reverse phase HPLC on an
ODS column (20 mm x 150 mm) heated at 40'C with a lin-
ear gradient of 25 to 35% acetonitrile in an aqueous solu-
tion of 0.01 N HC1 over 10 min at a flow rate of 9.9 ml/min.
The molecular weight of the peptide was determined by
matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry (MALDI-TOF MS). The peptide purity
was greater than 95%, as judged on analytical HPLC. The
purified peptides were lyophilized and stored at -20"C until
used.

Preparation of Peptide Samples—The samples of the syn-
thetic fragment peptide Ap^..^ used in this study were pre-
pared at a concentration of 2 mM in solvent buffered with
10 mM sodium phosphate, except for the special concentra-
tion described in the text.

All pH measurements were performed with a HM-30V
pH meter (TOA) with an electrode for 5 mm NMR tubes
(GST-5428S; TOA). Standard aqueous buffers were used for
electrode calibration at pH 4 and 7.

Sample preparation was performed by two different
methods, R and F. The pH immediately after sample disso-
lution for method R is 3.0, and that for method F is 2.2. A
lyophilized sample was used as the starting sample for

both preparation methods. A sample solutions for Method
R (pH 3.0) were prepared by dissolving Ap^.^ in a 10 mM
sodium phosphate buffer solution obtained by diluting of
the stock buffer of 100 mM sodium phosphate solution, pH
4.6. The samples were kept on ice for 30 min, and then the
pH was adjusted for each experiment with small aliquots of
a 50 or 500 mM NaOH solution, or phosphoric acid. The
sample solutions for Method F were prepared by directly
dissolving A p ^ ^ in water, the pH being controlled at 2.2
with phosphoric acid. After the samples had been kept on
ice for 30 min, 100 mM phosphate buffer, pH 1.6, was
added to 10 mM, and then the pH was adjusted similarly to
in the case of method R.

For the concentration-dependent experiments, samples of
31-125 \iM were dissolved in water at 2 mM on ice, and
then the samples were diluted to each concentration with
100 mM sodium acetate buffer to give a final 10 mM buffer
solution (pH 5.0).

Experimental errors of pH within ±0.1 were neglected
for the samples in this study.

For NMR samples, NaOD and D2O were used instead of
NaOH and H p . pH measurements for the NMR samples
were not corrected for deuterium isotope effects.

Electron Microscopy—To observe the aggregate of Ap^.^
by EM, peptide samples (2 mM) were incubated in 10 mM
sodium phosphate buffer for 6 days at 37'C.

A droplet of each sample was put on a 400 mesh copper
grid (VECO, The Netherlands) coated with collodion, and
then negatively stained with 1% uranylacetate for about 1
min, excess staining solution being removed with filter
paper. The specimens were allowed to dry, coated with car-
bon in a vacuum evaporator (JEE-400; JEOL, Tokyo), and
then observed by transmission EM (H-7000; Hitachi, To-
kyo), at 75 kV.

Electron micrographs were scanned into a personal com-
puter. The widths of aggregates were measured in 150
points for fibrils at pH 3.7 and for ribbons at pH 3.6, using
software GIMP (Peter Mattis and Spencer Kimball).

Circular Dichroism Spectra—CD spectra were recorded
with a Jasco J720 spectropolarimeter from 250 to 190 nm,
every 0.2 nm with a 2 s integration-time and a 1 nm band-
width. Four scans were averaged. The path length of the
quartz cell was 10, 1, or 0.1 mm, depending on the sample
concentration.

All spectra were corrected by subtracting the baseline of
the solvent buffer solution recorded under the same condi-
tions. The results are expressed as mean residue ellipticity
[6] in units of degrees cm2 dmol"1.

The temperature was controlled with a refrigerated bath
and circulator (HAAKE, DG-8), and read with a resistance
thermometer sensor (CHCNO DB1000). The temperature
was changed within 4—90'C with 2'C intervals every 5 min
For CD spectra at wavelengths of 230-200 nm, three scans
were averaged.

NMR Experiments—Peptide samples for NMR measure-
ments were dissolved in HJO/DJO 9:1 (v/v) or D2O with 10
mM sodium phosphate, minute amounts of phosphoric acid
being added to adjust the samples to under pH 2.6. Sodium
3-(trimethylsilyl)-propane sulfonate in a capillary tube was
used as the standard for NMR chemical shifts.

Standard DQF-COSY (32, 33), TOCSY (34), and NOESY
(35) spectra were recorded at both 5°C and 25"C with either
a Bruker DMX-500 or DMX-750 spectrometer.
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Two-dimensional NME data were transferred to an
Indigo 2_(Silicon Graphics) computer workstation and pro-
cessed using the nmrPipe/nmrDraw program (36) (Biosym/
Molecular Simulations) or XWIN-NMR (Bruker Instru-
ments). Usually, a sine-squared window function shifted by
7t/4—7t/2 was applied in both dimensions, with zero filling in
fl to 2K points. Quadrature detection in fl was achieved
with TPPI (37). HjO resonance was suppressed either by
presaturation of the solvent peak during the relaxation
delay (and the mixing time for the NOESY spectra) or by

using a pulsed-field gradient technique with a WATER-
GATE sequence (38, 39). Generally,, spectra-were collected
with 2 K points in f2 and 512 in fl.

E-COSY experiments (40) with 512 FIDs in the fl-
dimension and 4K points in f2 were zero filled to 2K points
in the fl-dimension prior to Fourier transformation. Mixing
times of 60 ms were used in TOCSY experiments. Lorentz-
to-Gauss filtering functions were applied in the second
dimension.

The "C-'H HMQC experiment at 13C natural abundance

^ -f

Fig. 1. Electron micrographs
of A^^^^. All samples were in-
cubated for 6 days at 37*C
Samples for method F were pre-
pared at pH 3.7 (a), pH 5.1 (b),
and pH 6.6 (c). Samples for
method R were prepared at pH
3.6 (d), and pH 5.1 (e). The scale
bar represents 100 nm. The pep-
tide concentrations were 2 mM
except in (c) (640 j
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was conducted with a D2O sample of A p ^ ^ at a peptide
concentration of 2 mM.

Natural abundance 13C heteronuclear HMQC spectra
(41) were recorded at 5"C with a GARP 13C-decoupUng
sequence (42). 128 scans were acquired for each of 512 t l
values. The spectral width in w2 was 8,000 Hz and that in
wl was 22,497 Hz.

The *H and 13C NMR signals of A^1J_24 were assigned
using standard sequential assignment procedures (43).

pH Titration of 'H NMR Chemical Shifts ofAp,2_24—The
dependence of proton chemical shifts of the peptide on the
pH of the sample solution was monitored by performing a
total of 10 2D TOCSY experiments at pH 2.3-7.7. Af^.^
was dissolved in 90% ^ 0 / 1 0 % D2O at a concentration of
250 |xM with 10 mM sodium phosphate, and the spectra
were recorded at 25°C with a Bruker DMX-750 spectrome-
ter.

The pH of the samples was read before and immediately
after the NMR experiments, and the latter measurement
was applied to pH titration experiments.

The chemical shifts of E22 H\ D23 IP1, D23 PF2, and
V24 Ha were analyzed to determine each carboxyl pKa

value.
pKa values were calculated by nonlinear least-squares fit-

ting of experimental pH titration curves to the following
equation,

S = [5acld + Sbm10l9H~v

where S ^ and Stxae represent the chemical shifts at low and
high pH extremes, respectively. The equation was derived
from the Henderson-Hasselbach equation assuming a rapid
equilibrium between protonated and unprotonated forms
(44).

RESULTS

To determine whether or not the sample preparation meth-
od for APj^^ influences the conformation of the peptide and
its aggregate structure, we studied two sample dissolution
methods—conventional "method R" and modified "method
F"—as follows: A method R sample was first dissolved in a
phosphate-buffered solution, resulting in an initial solution
pH of ca. 3.0, and the pH was changed for different pH
experiments. A method F sample was dissolved in water
and the pH of the solution was adjusted to 2.2 by adding
small aliquots of phosphoric acid (for details see "METH-
ODS"). Two types of aggregates of Ap,^^ due to the two dis-
solution methods were observed on EM. To obtain mole-
cular conformational information on A$l2_M and detailed
chemical environments at atomic resolution in the solution
state, we obtained CD and NMR spectra under different
sample conditions.

Electron Microscopy—The morphologies of aggregates of
(3-amyloid fragment peptide A^12_a) prepared by the two
protocols (dissolution methods F and R) were compared in
the same pH range by negative staining electron micros-
copy (Fig. 1). The distribution patterns of the width of the
aggregates in the samples at pH 3.7 with method F and at
pH 3.6 with method R are shown in Fig. 2.

An electron micrograph of A^12_24 at pH 3.7 with method
F revealed straight filamentous aggregates (Fig. la). Indi-
vidual filaments obtained with method F at pH 3.7 had a
uniform width of ca. 10 run (Fig. 2). At pH 5.1 with method

F, however, each fibril seemed to be more flexible and
twisted than at pH 3.7, so the width varied from locus to
locus even along the same fibril (Fig. lb). Consequently,
narrower fibrils appeared at pH 5.1 than at pH 3.7. These
fibrils at pH 3.7 and 5.1 are consistent with previously
reported fibrils of full-length A$ (45). There appeared to be
no sign of specific interaction between fibrils. At pH 6.6,
intensive lateral clustering of fibrils was induced, bundles
of fibrils being formed (Fig. lc). Under these conditions,
white granules in the sample solution were observable to
the naked eye.

In contrast to the results with method F, ribbon-like
assemblies of ca. 19 run in width were observed with
method R at pH 3.6 (Figs. Id and 2), similar to the struc-
ture reported by Gorevic et al. (8) and Fraser et al. (9). The
ribbons were flat and straight on the collodion film, twisted
portions being rare (Fig. Id). Although individual ribbons
initially appeared to be almost uniform in width, closer
observation showed that the width of several ribbons
changed with the position along the ribbons. It can be
pointed out that the distribution of the aggregate width
with method R is considerably larger than that with meth-
od F (Fig. 2). At pH 5.1 with method R (Fig. le), the ribbons
were clustered and twisted portions were frequent.

In brief, comparison of the aggregate structures derived
with the two dissolution methods clearly showed that
Ap^.^ assumes different aggregate structures, i.e., fibrils
or ribbons, at the same pH.

CD Spectra at Different pHs—To obtain information on
the influence of the solution pH and sample dissolution
method on the secondary structure, CD spectra of A p ^ ^
were measured at different pHs with both methods.

On CD spectral measurement at pH 2.1-3.7 with method
R (Fig. 3A), the CD spectrum at pH 2.1 showed a weak pos-
itive band near 220 nm, a distinctive feature of random
coil, while the CD spectra between pH 3.0 and 3.7 showed a
distinct minimum at 214 nm, a characteristic signature of
the p-conformation structure. The intensity of this mini-
mum band increased with increasing pH. The spectra at
pH 2.1-3.7 showed a well denned isodichroic point at 209
nm, evidence of a simple two-state conformational equilib-
rium between (J-sheet and random coil. Since no accurate
established method exists for determining the amounts of

iu-
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20-

10"

1

.Ull

- i

ILn.,
10 15 20 25

Width of aggregate (nm)

Fig. 2. The width distribution of the aggregates was plotted at
pH 3.7 with method F (•) and at pH 3.6 with method R (D) for
150 points. Each width was ranked every 1 nm.
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B-structure in peptides, we tentatively estimated the popu-
lation of the B-conformation in-A^12_2i as 0% B-conforma-
tion at pH 2.1 and 100% at pH 3.7, resulting in a B-con-
formatdon population of 27% at pH 2.7, 65% at pH 3.0, and
83% at pH 3.3 as to the CD intensity of the negative band
at 214 nm (92]4)- Increasing the pH from 3.7 to neutral

Temperature-Dependent CD Spectra ofA/312_24 at Different
pHs—Since the CD-spectra of ~ A^12_24 with method R
showed a clear two-state conformational transition from
random coil to B-sheet at pH 2.1-3.7, the thermostability of
the B-structure at pH 2.2, 3.0, 3.3, 3.6, and 5.2 was mea-
sured in the temperature range of 4 to 90'C by means of

caused a decrease in 9214 intensity with method R. It did 8214, which is a good criterion for the peptide B-structure
214

not overlap with the isodichroic point of 209 nm.
Under acidic conditions of less than ca. pH 4, CD bands

of the B-conformation with both methods R and F showed a
similar sharp negative minimum at 214 nm (data not
shown). At nearly neutral pH, however, distinct spectral
differences were seen between samples with methods R
and F at pH 5.2 (Fig. 3B). In the spectrum with method R,
another negative minimum band was observed at 226 nm,
but no such band was seen in the spectrum with method F
despite that the pH was the same. These results clearly
indicated a difference in the higher-order structure be-
tween the two samples.

At pH 5.5 with method F, the sample solution exhibited
high viscosity and, somewhat surprisingly, the negative
band shifted near 216 nm (Fig. 3B-c). At a more neutral
pH, visible aggregates appeared in the sample solution and
the CD spectrum showed very weak absorption at all wave-
lengths, probably due to generic light scattering (data not
shown).

200 210 220 230

Wavelength (nm)
240 250

40000

_ 30000

5 20000

10000

-10000

-20000
200 210 220 240 250

Wavelength (nm)

Fig. 3. (A) pH-dependent CD spectra of 2 mM A^a_lt prepared
with method R: pH 2.1 (a), pH 2.7 (b), pH 3.0 (c), pH 3.3 (d), and
pH 3.7 (e). (B) Different CD spectra of 2 mM Afl,^ prepared
with methods R and F. (a) pH 5.2 with method R, (b) pH 5.2 with
method F, and (c) pH 5.5 with method F. All spectra were recorded at
25*C. Mean residue ellipticities ([6], degrees cm2 dmol"1) were not
corrected for the effect-of sample aggregation.

(Fig. 4).
The observed temperature dependence of 0214 at pH 2.2

was small within the overall temperature range (-2,600 ±
100 deg cm2 dmol-1). Because the CD spectrum at pH 2.2
and room temperature indicated the random coil conforma-
tion, this result is reasonable. The B-conformational content
of the thermostable moiety over the pH range of 3.0-3.6
can be estimated by comparison with the 6214 intensity at
90°C at pH 2.2. Unlike the sample at pH 2.2, gradual tem-
perature dependence of the 6214 intensity was observed at
pH 3.0 within the temperature range of 30-90°C. When the
temperature reached 84"C, the intensity became similar to
that at pH 2.2, indicating that all the B-conformational
moiety at a low temperature at pH 3.0 existed as a non-
thermostable form and was converted to random coil as the
temperature increased.
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Fig. 4. Temperature-dependent CD spectral intensity of 2 mM
AP1M4 at 214 nm (8J14) over the pH range of 2J2-5.2. (a) pH 2.2
(o), (b) pH 3.0 (•), (c) pH 3.3 (•), (d) pH 3.6 (•), and (e) pH 5.2 (D).
Samples were prepared by Method R. Mean residue ellipticities
(MJH. degrees cm2 dmol"1) were plotted against temperature in the
range of 4-90*C with 2*C steps.
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Fig. 5. Concentration-dependent CD spectra of Ap,
(a> 125 pM, (b) 63 (iM, and (c) 31 (iM.

240

, at pH 5.0.
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The denatured content on conversion from the p-confor-
mation to random coil by heating, namely the non-thermo-
stable moiety with the p-conformation, could be estimated
from the difference in Q2U intensity between 4 and 90*C in
the plot in Fig. 4. Interestingly, these differences at pH 3.0,
3.3, and 3.6 were almost the same, values 4,700, 5,000, and
4,800 (deg cm2 dmol"1), respectively.

On the basis of these data, the existence of two types of
P-conformational moieties is indicated, such as non-ther-
mostable and thermostable ones. The amount of the non-
thermostable P-conformational moiety is saturated at pH
3.0. The increase in 6214 intensity over all the temperature
range at pH 3.3 and 3.6 compared to 3.0 suggests that ther-
mostable aggregates with the p-conformation begin to
appear between pH 3.0 and 3.3 under these sample condi-
tions, in addition to the non-thermostable p-conformational
moiety.

A small decrease in 8214 intensity at pH 3.0, 3.3, and 3.6

was observed on cooling from 25 to 4'C (Figs. 3A and 4).
This was not surprising because such a low temperature-
dependent decrease of the CD band near 217 run for Ap
and its fragment peptide has already been reported (31, 46,
47).

Unlike the samples at pH 3.0, 3.3, and 3.6, the negative
8214 intensity of the sample at pH 5.2 gradually increased
as the temperature increased from 4°C to ca. 40°C. Above
40°C, the intensity remained in almost the same range,
-6,900 ± 1,200 deg cm2 dmoF. This characteristic tempera-
ture dependence of the sample at pH 5.2 indicates that the
aggregate exhibits strong thermostability, even at 90"C.

Concentration Dependence of CD Spectra of Afi^^—
Since the strong tendency towards intermolecular aggrega-
tion of Ap,^^ at pH 5-6 hindered conformational analysis
by CD spectroscopy, the relationship between the secondary
structure and peptide concentration was studied by using
lower concentration peptide solutions. CD spectra of Ap]2_24

TABLE I. 'H chemical shifts and V, ,
pH 2.2, (B) pH

(A) pH 2.2

V12
H13
H14
Q15
K16
L17
V18
F19
F20
A21
E22
D23
V24
(B) pH 3 0
V12
H13
H14
Q15
K16
L17
V18
F19
F20
A21
E22
D23
V24
(C) pH 3.3

V12
H13
H14
Q15
K16
L17
V18
F19
F20
A21
E22
D23
V24

3.0, (C) pH 3.3.

NH
—

9.04
8.91
8.74
8.67
8.51
8.21
8.40
8.28
8.33
8.34
8.62
8.25

9.05
8.92
8.75
8.67
8.52
8.20
8.40
8.29
8.33
8.34
8.62
8.19

—
9.05
8.92
8.75
8.67
8.52
8.19
8.40
8.28
8.33
8.35
8.61
8.08

s coupling constants of 2 mM Afjj^^

Ha
3.76
4.70
4.70
4.30
4.26
4.34
4.03
4.58
4.53
4.18
4.29
4.75
4.25

3.76
4.70
4.70
4.31
4.26
4.34
4.03
4.58
4.53
4.18
4.30
4.74
4.22

3.77
4.70
4.70
4.31
4.26
4.34
4.04
4.57
4.54
4.19
4.31
4.74
4.18

Chemical shift (ppm)"
HP

2.13
3.18
3.10,3.21
1.98, 2.05
1.77
1.44, 1.60
1.90
2.93, 2.97
2.93, 3.05
1.34
1.96, 2.09
2.83, 2.95
2.20

2.13
3.19
3.11,3.21
1.99, 2.05
1.77
1.45, 1.61
1.91
2.93, 2.98
2.93, 3.05
1.35
1.96, 2.10
2.82, 2.94
2.18

2.13
3.19
3.11,3.21
1.99, 2.05
1.78
1.59
1.92
2.93, 2.99
2.93, 3.06
1.35
1.95, 2.10
2.80, 2.93
2.16

in water (9:1 H,O/D,0,10 mM phosphate buffer) at 5 G (A)

Others'
7 0.92
E1 8.63 82 7.28
E1 8.63 82 7.30
7 2.37 E2 7.04, 7.73
7 1.39, 1.45 8 1.69 E 2.99 £ 7.62
7 1.58 8 0.85, 0.93
7 0.76, 0.85
h13 7.17 E1'2 7.30
81-2 7.22 E u 7.32

7 2 . 4 9

7 0.94

7 0.92
e1 8.63 S2 7.28
E1 8.63 S2 7.30
7 2.37 E2 7.05, 7.73
7 1.39, 1.45 8 1.69 e 2.99 £ 7.63
7 1.58 8 0.86, 0.93
7 0.76, 0.85
8 ' - 2 7 .17E 1 - 2 7.29
81* 7.22 e13 7.32

7 2.49

7 0.93

7 0.93
E1 8.63 82 7.29
E1 8.63 82 7.31
7 2.37 e2 7.05, 7.73
7 1.38, 1.46 S 1.69 E 2.99 { 7.63
8 0.86, 0.94
7 0.76, 0.85
81-2 7.17 e u 7.29
S1-2 7.23 E1-2 7.31

7 2.48

7 0.91

6.9
7.6
6.1
6.0
6.6
8.2
7.5
7.5
6.0
6.5
7.5
8.0

7.0
7.6
6.0
5.4
6.6
8.7
7.6
7.6
6.3
6.5
7.5
8.4

"Chemical shifts in ppm were referenced to the methyl resonance of sodium 3-(trimethylsilyl)-propane sulfonate in a capillary tube ""Cou-
pling constants were read from ID or 2D E-COSY spectra. Because of signal broadening, coupling constants at pH 3.3 were not read. cIt
was not possible to distinguish the W signal for L17 at pH 3.3. The rP signals of F19 and F20 were not assigned due to the spectral over-
lap.
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Conformational Study on Amyloid fl-Peptide 869

solutions with concentrations of 31-125 |xM at pH 5.0 are
shown in Fig. 5. At 125 \iM, the spectrum shows a negative
bandTiear~214 run, a feature of the p-conformation. At 31
JJLM, however, the spectrum shows a negative band near
195 run and a maximum band near 220 run, clearly indicat-
ing the random coil conformation with 31 uM A$12_2t. The
CD spectrum with 63 uM was intermediate between those
with 125 and 31 \iM. These spectra have an isodichroic
point at 206 nm, evidence of the simple two-state (3-sheet <-
-> random coil equilibrium described earlier.

NMR Spectra ofAp!2_2<—Although the CD results for the
method R sample indicated a random coil —> p-conforma-
tional transition at pH 2.1- 3.7, it was not possible to detect
local conformational features for individual amino acid resi-
dues of A^12^.24 by CD spectroscopy. So NMR spectra were
measured using 2 mM samples of A p ^ ^ at pH 2.2, 3.0,
and 3.3 with method R. A spectrum at pH 3.0 with method
F was also measured, comparing the early conditions of
peptide aggregation between methods R and F. All mea-
surements were performed at 5°C, because for Ap and its
truncated peptides, a low temperature stabilizes the confor-
mation and delays oligomerization and/or aggregation (48).

The high water solubility of APj^,, at acidic pH enabled
even carbon NMR signals to be analyzed. This is, to our
knowledge, the first report of 13C chemical shift analysis of
the Ap-fragment peptide by solution NMR measurement.
The 'H chemical shifts and ' J ^ of A$i2_u with method R at
three pHs are summarized in Table I. Almost, all the JH and

13C NMR chemical shifts of A P j ^ did not change with a
pH change from 2.2 to-3.0,-despite-the 4istinck-random-coil
to p-conformational changes detected in CD spectra. These
NMR results may be explained by that the B and 1SC
chemical shifts of relatively shorter Api2_24 are not so much
different between the random coil and p-conformation
forms, and that the differences are averaged on the NMR
time scale.

Spin-Spin Coupling Constants—y^ coupling constants
were obtained by analysis of ID spectra or 2D E-COSY
spectra at both pH 2.2 and 3.0. The V ^ values are present-
ed in Table I.

The deviations of V ^ coupling constants from random
coil values (49) (AJ) were calculated for pH 2.2 and 3.0 (Fig.
6a). A positive AJ reflects the existence of the p-conforma-
tion in the peptide and protein. From V18 to the C-terminal
V24 in Apl2_24, successive positive AJ values were observed
at both pH 2.2 and 3.0, indicating that the region from V18
to V24 involves the P-conformation as a secondary struc-
ture at both pH 2.2 and pH 3.0 (Fig. 6a). Comparing AJ at
pH 2.2 with that at 3.0, it can be seen that the p-conforma-
tion population at pH 3.0 increases more in the C-terminal
region than that at pH 2.2. The V ^ analysis results thus
agree with the results of CD experiments at the pH given.

3J^ coupling constants were obtained by analysis of 2D
E-COSY spectra at pH 2.1 and 2.9 with a sample in 100%
D2O. The V ^ coupling constants for V12, V18, F20, D23,
and V24 at both pH 2.1 and 2.9, and for F19 at pH 2.1 were

-04 , . , ,
V H H Q K L V F F ' A ' E D V V H H Q K L V F F A E D V

Residue Residue

Fig. 6. (a) Deviations of observed NH-aH coupling constants CJ^) from random coil values (At/) (49), (b) deviations of observed
chemical shifts from random coil values (51) of H° (A5H"), (c) deviations of 8C (A8O), and (d) deviations of 8C (A6C?). (a) indicates
pH 2.2 for proton in (a) and (b), and pH 2.1 for carbon in (c) and (d). (•) indicates pH 3.0 for proton in (a) and (b), and pH 2.9 for carbon in (c)
and (d). The 0 s signals of Q15 and E22 at pH 2.9 were not assigned due to signal broadening

Vol. 132, No. 6,2002

 at Islam
ic A

zad U
niversity on Septem

ber 29, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/


870 H. Abe et al.

all within 5.9 and 8.3 Hz. These couplings suggest that the
side chains in these residues are considerably flexible, be-
cause the values were intermediate between those for 2.6-
5.1 Hz and 11.8-14.0 Hz in the well-defined staggered con-
formation (50).

Chemical Shift Deviations from the H" Random Coil
Value—The correlation between the chemical shift devia-
tion from random coil reference values (A8), and the type of
secondary structure in proteins and peptides is well known
{51). H" conformational shifts, which are upfield in helices
and downfield in (3-sheets, were used to detect and analyze
the secondary structure. The H" chemical shifts of A^i2_24 at
pH 2.2 and 3.0 at 5°C were compared with reference ran-
dom coil values (51) (A8Ha) (Fig. 6b). The patterns for the
two pH samples were similar, and no distinct P-conforma-
tional region was detected, although some positive devia-
tions were observed in C-terminal D23 and V24 on NMR
analysis of ASH".

Chemical Shifts Deviations from 13Ca and 13Cf3 Random
Coil Values—In I3Ca and 13C(3 chemical shifts of Ap^.^ at
pH 2.1 and 2.9 (Table II), the chemical shifts differences in
C° and Ce between the pH 2.1 and 2.9 samples were small,
i.e. within ± 0.2 ppm. The deviations in the chemical shifts
of 13Ca and 13Cp from random coil values (51) (A8C° and
A8CP) are shown in Fig. 6c and 6d. O resonances shift
downfield when located in helices and upfield when located
in p-strands (52, 53). Cp resonances shift downfield when
located in p-strands (54).

TABLE n. laC chemical shifts of 2 mM A£lult in D,O (10 mM
phosphate buffer) at 5'C. (A) pH 2.1, (B) pH 2.9.

(A) pH 2.1

V12
H13
H14
Q15
K16
L17
V18
F19
F20
A21
E22
D23
V24
(B) pH 2 9

V12
H13
H14
Q15
K16
L17
V18
F19
F20
A21
E22
D23
V24

Ca

61.0
55.3
55.3
55.8
56.7
55.2
62.1
57.6
57.5
52.5
55.8
53.0
61.5

61.0
55.4
55.3
55.8
56.7
55.2
62.1
57.7
57.5
52.5
55.8
53.2
61.7

Chemical shift (ppm)B

cpb

33.0
29.3
29.3
30.0
33.2
42.6
33.3
40.4
40.3
19.3
28.7
38.1
32.9

33.1
29.2
29.3
—

33.3
42.8
33.3
40.4
40.3
19.4
—

38.1
32.9

Others1"

7 20.1
82 120.2 el 136.5
82 120.3 el 136.5
7 33.6
7 25.0 S 29.4 e 42.0
7 27.2 8 23.7,25.0
7 21.4, 20.8
8 132.0 e 130.1
8 132.1 e 131.6

7 32.7

7 21.3

7 20.2
82 120.2 el 136.5
82 120.4 el 136.5
7 33.7
8 29.4 e 42.0
8 23.7, 25.0
7 21.4, 20.8
8 132.0 e 130.1
8 132.1 e 131.6

7 32.8

7 21.4
•Chemical shifts in ppm were referenced to the methyl carbon res-
onance of sodium 3-(trimethylsilyl)-propane sulfonate in a capil-
lary tube. bIt was not possible to detect the C? signals for Q15 and
E22, and the C signals for K16 and L17 at pH 2.9 due to the sig-
nal broadening. The C4 signals of F19 and F20 at both pH 2.1 and
2.9 were not assigned due to the spectral overlap.

C° chemical shift analysis of A P j ^ indicated a clear p-
conformation in the C-terminal region (Fig. 6c), however, C?
chemical shifts did not show an obvious p-conformation in
the C-terminal region (Fig. 6d). Differences on NMR analy-
sis of A8O and A6CP may reflect the conformational fea-
tures of the main and side chains of the peptide.

Since the F19-F20 moiety in Ap is known to comprise
the most important residues in the hydrophobic core (K16-
A21), it is worth noting that A8CP in F19 and F20 exceeds
0.7 ppm in Fig. 6d, indicating a distinct p-conformation at
both pH 2.1 and 2.9. pH-independent p-conformational
shifts indicate an important role for the intermolecular
interaction in aromatic side chains of F19 and F20 of
AP1 2_2 4-

A8CP of D23 showed an abnormal high field shift (Fig.
6d), and A8HP of D23 a considerably low field shift. These
findings may reflect that the side chain of D23 is situated
in an unusual magnetic environment such as deshielding
by the proximal phenyl group of F19 or F20.

pH-Dependence of ID NMR Spectra—To well understand
the local structures of amino acid residues in Apj^,,, we
obtained ID NMR spectra at pH 2.2,3.0, and 3.3.

'H NMR spectra in the regions of aromatic and amide
protons of Apu_24 are shown in Figs. 7 and 8.

Spectra in the regions of aromatic and amide protons
showed broader resonances with increasing pH, which can
be explained by considering either intermediate chemical
exchange between isomers on the NMR time scale and/or
relatively larger NMR observable aggregate sizes, and
hence slower dynamics and shorter T2.

At pH 2.2, each aromatic proton with method R showed a
very sharp signal (Fig. 7d). However, at pH 3.0, line broad-
ening was observed as a whole (Fig. 7c), especially for two
aromatic protons of F19 H*1'2 and F20 H51'2 (arrows), which
showed larger line broadening than the sharp aromatic sig-
nals of H13 H52 and H14 H82 (arrowheads). This indicates
clearly that phenyl groups of F19 and F20 are involved in
special slower molecular motions.

At pH 3.3, line broadening for these aromatic signals of
two phenylalanines became very large (Fig. 7a). Similar

pH3 3

pH3.0

_JL

pH3.0

pH2 2

78 76 7.4 72 70 Pf™
Fig. 7. pH-dependence of 'H-NMR spectra in the aromatic re-
gion for Ap lM4 at 5'C. Samples were prepared by method R at pH
3.3 (a), 3.0 (c), and 2.2 (d). Sample b was prepared by method F at
pH 3.0. The signals of F19 r P u and F20 H"-2 are indicated by ar-
rows, and those of H13 H83 and H14 H" by arrowheads.
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Confbrmational Study on Amyloid fi-Peptide 871

line broadening and loss of signal intensity were found for
K16 H^with the increase in pH (pa. 7.63 ppm). The N-ter-
minal aromatic signals (H13 and H14) and amino signals of
Q15 He2 (ca 7.05 and 7.73 ppm) showed little loss of signal
intensity.

In Fig. 8, asterisks indicate V24 NH signals. The chemi-
cal shifts of V24 NH were markedly influenced by pH. At
pH 2.2, all NH signals were relatively sharp, and the sig-
nals of H13 and V24 were much sharper, indicating faster
motions in the N- and C-terminals of the peptdde. Com-
pared to the chemical shifts at pH 2.2 and 3.0, excluding
the V24 NH shift, not so great changes in the chemical
shifts of NH signals were observed.

Under acidic conditions at such below pH 3.0, Apl2_24 has
overall four positive charges mainly on N-terminals, the N-
terminal amino group (V12), imidazole rings of H13 and
H14, and e-amino group of K16. Electrostatic repulsion
caused by N-terminal positive charges would prevent inter-
molecular interactions inducing self-aggregation, and thus
maintain high molecular motion.

When the pH exceeds 3.0, deprotonation begins at the C-
terminal carboxylate group (pKB ca. 3.5, as determined in
NME pH titration experiments; data not shown), and hy-
drophobic interaction begins to surpass the weakened elec-
trostatic repulsion. A^12r_2i thus mutually interacts, mainly
between phenyl groups of F19 and F20. The special broad-
ening of proton signals of F19 and F20 described above is
explained by the slow aggregate motion.

At pH 3.3, considerable line broadening of NH signals
was observed (Fig. 8a). The NH signals of the N-terminal
region (H13 HN = 9.05 ppm, and H14 HN = 8.92 ppm),
however, remained relatively sharper than those of other
amino acid residues, for which J coupling constants could
be read. This indicates that the N-terminal region with four
positive charges exhibits higher mobility than other parts
of the amino acid sequence of APj^^.

The NH signal of C-terminal V24 began to broaden
between pH 3.0 and 3.3, indicating that the mobility of the
C-terminal region decreased at this pH. This can be well
explained by the temperature-dependence observed in CD
spectra, which indicated that thermostable aggregates oc-

pH3 3

JLJL_1 pH2.2

9.0 8.8 8.6 8.4 8.2 ppm
Fig. 8. pH-dependence of 'H-NMR spectra in the NH region for
A$U-M a* 5'C. Samples were prepared by method R at pH 3.3 (a), 3.0
(c), and 2.2 (d). Sample b was prepared by method F at pH 3.0. The
NH signals of V24 are indicated by asterisks.

curred between pH 3.0 and 3.3. Since deprotonation at the
C-terminal-car-boxyl-group reduces the positive~charge ~of
molecules and electrostatic intermolecular repulsion among
peptide molecules, it is reasonable to consider that the
occurrence of the thermostable aggregates strongly corre-
lates with the degree of deprotonation in the C-terminal
carboxyl group.

On comparison of the NMR spectra obtained with meth-
ods R and F (Figs. 7, b and c, and 8, b and c), stronger sig-
nal broadening was observed with method F, despite the
same pH, 3.0. This suggests that polymerization, which
restricts molecular motion, in the method F sample, ex-
ceeds that with method R. The chemical shifts of the
method F sample also depend on pH, and no distinct differ-
ence was seen in the chemical shifts between the samples
with the two methods at the same pH.

DISCUSSION

Structural Analysis at Atomic Resolution in the Early
Stage of Aggregation of Afi12_24—Recently, several studies
suggested that not only amyloid fibrils but also soluble Ap
assemblies are neurotoxic (4, 28). However, there is an
intrinsic difficulty in the study of the early stage of aggre-
gation due to its scarcity and instability. Unlike full-length
Ap, Api2_24 exhibits high solubility and stability even under
the p-conformational conditions at pH 3.0. To study the
early stages of p-amyloid peptide aggregation, we focused
on the sample conditions of 2 mM A^i2_24 near pH 3.0. ha
general for Ap and Ap-fragment peptides, a low pH stabi-
lizes the peptide conformation and prevents aggregation
due to electrostatic effects. Fibrillation of full-length Ap re-
portedly occurred, for example, at pH 4—7 (55, 56). For a
truncated peptide such as A^12_2S, the acidic borderline of
aggregation at 0.9 mM concentration is ca. pH 5.0 (47). The
large difference in the borderline conditions for Api2_24 and
AP 12-28 i3 attributable to three polar residues, S-N-K, at
positions 26-28 in Apj^jg. In addition, A p ^ ^ is known to
be the most flexible region in full-length Ap (57), so for
A p , ^ , deletion of the flexible region of A P j ^ initiates
aggregation under more acidic conditions.

Under the borderline conditions for aggregation of
APi2-28> ̂  n a s been reported that a temperature-dependent
random coil <—> P-sheet transition occurred (47). In our
study on Api2_24, we showed a pH-induced conformational
transition from random coil to P-conformation at pH 2.1-
3.0 by means of CD spectra. Under these conditions, NMR
coupling constant (V^) analysis of APj^^ showed in more
detail the pH-dependent conformational transition from
random coil to p-conformation in the region of V18-V24
with increasing pH (Fig. 6a). NMR chemical shift analysis
of H* and C° of Ap,^^, however, yielded less information on
the pH-dependent conformational transition between pH
2.2 and 3.0. Such differences in interpretation of secondary
structure analysis results regarding chemical shifts and
coupling constants may reflect the shortage of interstrand
interaction of Ap,^^. A similar discussion arose on the
study of the p-hairpin 16-mer and the counterpart 8-mer,
where Maynard et al. reported that despite the p-conforma-
tion, A8H° of the 8-mer did not reflect the p-conformation
such as A V ^ and they concluded that changes in H" chem-
ical shift are mainly due to interstrand interactions (58).

As.statedT chemical shift analysis of Ha and C" for Ap^..^
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showed a p-confbrmational feature in the C-terminal re-
gion, but other results of C^ chemical shift analysis indi-
cated a p-conformational feature in central hydrophobic
residues of F19 and F20. In the central hydrophobic region
of Ap, F19, and F20 are the residues most important for
fibril formation with a hydrophobic interaction (10, 22, 59).
In our NMR study also, the deviations from random coil
values in CP chemical shifts (Fig. 6d), and the beginning of
marked broadening in aromatic proton signals of F19 and
F20 at pH 3.0-3.3 (Fig. 7) indicated the importance of the
hydrophobic interaction with these phenyl groups in early
stages of the peptide assembly.

Both pH- and concentration-dependent CD spectra of
Api2_24 show random coil-pi-conformation equilibrium (Figs.
3A and 5). Similar concentration dependence was reported
for the neurotoxic Ap-fragment peptide of A p ^ ^ (31). Since
P-structure formation depending on the peptide concentra-
tion was attributed to intermolecular interaction, these
data strongly indicate that the intermolecular hydrophobic
interaction plays a critical role in amyloid fibril formation
ofAp.

On analysis of pH-dependent NMR spectra, it became
clear that the balance of the hydrophobic interaction and
electrostatic repulsion determines the high order structure
of Ap i224. Near pH 3.0, this balance should be very sensi-
tive to pH, because the lowest pKa for the peptide (ca. 3.5 of
the C-terminal carboxyl group) is close to the solution pH,
and the degree of intermolecular electrostatic repulsion
changes considerably with pH. pH-dependent conforma-
tional transients in the C-terminal region were also indi-
cated on AJ analysis (Fig. 6a). The importance of depro-
tonation in the conformational transition has also been
reported for full-length Ap (60). Deprotonation of E22 and
D23 facilitates unwinding of the helix of ApiJ(0 in a 100 mM
SDS/HjO solution. In our experiments, deprotonation of the
C-terminal carboxylate group in Api2_24 corresponded to de-
protonation of E22 and D23 in Ap]j(0, because pKB of the C-
terminal carboxylate group in A p ^ ^ is lower than that of
the carboxylate groups of E22 and D23 in Apij40.

pH-Dependent Aggregation Pathway—To obtain a better
understanding of the mechanism of Ap assembly, recent
attention has been focused on borderline conditions for Ap
aggregation. On the basis of the nucleation-dependent poly-
merization pathway (61, 62), this condition is called "the
critical concentration for micelle formation" (25, 26, 61).
Explanation by the nucleation-dependent mechanism well
accounts for the pH dependence observed in this study with
2mMA|312_24.

Our CD results showed that almost all the A p ^ ^ pep-
tide in solution at pH 2.1 exists as random coil. This pH
condition is well explained by the nucleation-dependent
model, in which the critical concentration of micelles (c*) at
pH 2.1 exceeds 2 mM. At pH 2.1-2.7, c* of Ap^^, decreased
below 2 mM and micelles began to occur. In other words,
the pH range of 2.1-2.7 would be "the critical pH of
micelles" for 2 mM A$1Mi. Taking the NMR results into
account, the micelles have a p-conformation and are mainly
stabilized by hydrophobic core residues including F19 and
F20. The proportion of micelles in the sample solution in-
creases as a function of pH below 3.0, being saturated at
pH 3.0. At pH 3.0-3.3, the intermolecular hydrophobic in-
teraction surpasses the intermolecular electrostatic repul-
sion because deprotonation of the C-terminal carboxylate

group reduces the positive charge of the molecule and ag-
gregate formation begins irreversibly. Thus, pH 3.0-3.3 of 2
mM Api2_24 is considered to correspond to the critical pH of
thermostable aggregates.

This pH-dependent nucleation model may explain the
different aggregate forms in samples for methods R and F
under the same pH conditions as follows: The greater NMR
signal broadening for method F than method R at the same
pH, 3.0 (Figs. 7, b and c, and 8, b and c), indicates stronger
aggregate formation for method F. Increasing the pH for
method F near 2.2, i.e. strong acidic conditions, causes the
structural conversion from random coil to p-structure. This
P-structural component may play a role in the seeding of
nucleation of fibrils without the formation of micelles, and
accumulate the irreversible aggregate formation causing
the larger NMR signal broadening.

^-Structure with a Negative Shorter Wavelength Band in
CD Spectra—In general, CD spectra of p-sheet in peptides
and proteins, including Ap and its fragment peptides, are
characterized by a broad negative band at 217 nm and a
positive band near 195 nm (6, 31, 63, 64). Interestingly, for
our Ap^j,,, CD spectra of p-sheet conformation showed a
relatively sharp negative minimum band near 214 nm.
Such non-typical p-structural CD spectra had previously
been reported for Ap and its fragment peptides. Freshly iso-
lated protofibrils of Api-)0 showed a relatively sharp nega-
tive minimum near 215 nm {29), and C-terminal PEG-
derivatized Ap^^ , which forms an oligomeric P-aggregate,
gave CD spectra of p-conformation with a minimum band
near 215 nm (65). Since these CD spectra of p-conformation
characterized by a relatively sharp negative minimum near
214 nm were found beyond the peptide sequence, these CD
spectra are conceivably reflected by the intrinsic secondary
structure, which differs from the typical p-structure in pep-
tides.

Formation of Ribbons and Fibrils in A(lia_24—In studies
on Ap and its fragment peptides, in addition to amyloid
fibrils, wider ribbon-like aggregates were observed (8, 9).
Such ribbon-like aggregates of 20-30 nm in width are
wider than fibrils (8-10 nm).

Such diverse aggregate morphology has been attributed
to a difference in the pH of the sample solution (9, 56, 66-
68) or the peptide sequence (9, 19, 23, 66). Afi^^ forms
amyloid-like fibrils at pH 6 and ribbons at pH 9 (9). Diverse
polymer morphology was observed with substitutions and
deletions in A^li^23 (23). Lashuel et al. reported a peptido-
mimetic compound that forms filaments at pH 4.8 and rib-
bons at pH 5.7 (68).

Unlike the results in these reports, we have proven that
Api2_24 forms both fibrils and ribbons at the same pH with
different preparation methods, R and F. Because the only
difference between these methods is the sample dissolution
protocol, variations in aggregate morphology are ascribable
to the method of sample dissolution.

The solution pH immediately after sample dissolution for
method R (pH 3.0) corresponds to the saturation point of
micelles with p-conformation, but the conformation of the
peptide with method F (pH 2.2) is random coil. This differ-
ence provides a rationale for the difference in aggregate
structure despite the pH being the same. Considering that
the diameter of Ap,^,, micelles (14 nm) is greater than the
width of fibrils of 8 nm (25), the micelles probably act
nuclei for ribbon-like aggregates (ca. 19 nm in width) of
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-APi3-24 rather than fibrils (ca. 10 run).
As far as we know, the longest fragment peptide of Aj3

that forms ribbon-like aggregates is Afî jg (20 residues),
and no ribbon-like aggregate of full-length AB has been
reported. This indicates that, unlike fibrils, ribbon-like ag-
gregates appear to be constructed only from shorter pep-
tides. For this reason, it may be considered that for the A|3
fragment peptide, micelles with more than 20 residues are
too unstable to form a nucleus for aggregate formation.

As described in the above discussions, the present work
proved that subtle differences in the solution conditions in
the early stage of aggregation of A^12_2^ determine whether
the aggregates are fibrils or ribbons. The equilibrium be-
tween random coil and p-conformation in the solution at
the early stage of aggregation is a very important factor in
the process of nucleation, which causes A^ia_24 to grow into
more highly polymerized fibrils or ribbons. The conforma-
tional equilibrium was observed not only with 2 mM A p ^ ^
over the pH range of 2.2-3.7, but also in the concentration
range below 125 JJLM at the near physiological pH of 5.0.
The results indicate that the equilibrium exists in different
solution conditions as to pH and concentration. Since it is
supposed that AB is generated in endosomes or other low
pH organelles (69), further study of aggregate morphology
by EM and CD spectroscopy like that described in this
paper may be applicable to characterization of the early
stage of aggregation under more physiological conditions
than those of our experimental model system.
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