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Abstract: The formation of aggregates including amyloid fibrils in the peptide fragment of non-amyloid-
β component (NAC(1–13)) was investigated under a variety of solution conditions. Two types of sample
preparation method from neutral and acidic conditions were examined. Electron microscopy observation
showed amorphous aggregates in the sample at pH 4.5 adjusted from the neutral condition. The CD and
HPLC quantitative analyses indicated that the formation of the amorphous aggregate did not accompany a
conformational conversion from a random coil in the sample solution. The analyses of pKa values determined
by pH titration experiments in NMR spectroscopy indicated that the protonation of the carboxyl group of
the N-terminal glutamic acid triggers the aggregation of NAC(1–13). On the other hand, electron microscopy
observation showed that the samples at pH 2.2 and 4.5 adjusted from an initial pH of 2.2 form fibrils. A β-
structure was detected by CD spectroscopy in the 1 mM NAC(1–13) at pH 2.2 immediately after preparation.
The CD analyses of samples at different concentrations and temperatures indicated that 1 mM NAC(1–13)
immediately after preparation at pH 2.2 was oligomerized. The quantity of the β-structure was increased
depending on the incubation time. The results strongly suggested that the β-conformational oligomers play a
critical role for the fibril nucleus. Copyright  2003 European Peptide Society and John Wiley & Sons, Ltd.
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INTRODUCTION

A number of diseases are known as conformational
diseases and seem to be characterized by the slow
conformational conversion of peptides and proteins
into an insoluble β-sheet form [1,2].

A non-amyloid component (NAC) is one of the
fibrous peptides [3–6] that was identified as the
second major component in the amyloid purified
from the brain tissue of Alzheimer’s disease patients
[7]. NAC is also known as a peptide fragment of
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α-synuclein (residues 61–95) [7]. In addition to its
role as a seed for amyloid formation of amyloid
β-peptide (Aβ) [8], NAC is supposed to be a region
responsible for the aggregation and neurotoxicity of
α-synuclein as the major constituent of the Lewy
body in patients with Parkinson’s disease [9–12].

NAC has a hydrophobic amino acid sequence
of the GAVV motif within NAC(8–11). The GAXX
motif, in which X is an amino acid residue with an
aliphatic side chain, has been identified not only
in NAC but also in several amyloidogenic proteins
[5,8] that is, GAVV in prion protein (119–122), GAII
in Aβ(29–32) and GAIL in islet amyloid polypeptide
(24–27). These analogies in the peptide sequences
suggest the ability to form fibril by the fragment
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peptide of NAC with a GAVV sequence. But an
earlier study by Bodles et al. [6] reported that
the CD spectra of trideca-peptide NAC(1–13) and
nona-peptide NAC(6–14) with a GAVV motif did
not indicate a β-sheet secondary structure, and
electron microscopy (EM) observation showed few
fibrils. In their study, however, the pH condition was
not changed. For the study of peptide and protein
aggregation, extremely low pH conditions have often
been used [13–15], and it is also well known that
the pH of the solution plays a critical role in the
construction of the higher-order structure of fibrous
proteins [16–18].

In this study, our attention was focused on the
relationship between the pH of the solution and
the higher-order structure of NAC(1–13) (EQVT-
NVGGAVVTG) as a model peptide of aggregation
and fibril formation. The aggregation mechanism
of NAC(1–13) was discussed based on two sample
conditions adjusted from acidic or neutral solutions.

METHODS

Peptide Synthesis

NAC(1–13) was synthesized by Fmoc strategy using
a simultaneous multiple peptide synthesizer, Model
PSSM-8 (Shimadzu Corp, Kyoto Japan). Each
residue was coupled for 30 min with PyBOP/HOBt
(Watanabe Chemical Industries, Hiroshima, Japan).
The peptide was cleaved from an Alko-resin (Watan-
abe Chemical Industries, Hiroshima Japan) using
5% anisole and 1% 1,2-ethanedithiol in trifluo-
roacetic acid for 1.5 h at room temperature. The
cleaved peptide was washed with diethyl ether and
solubilized with 25% acetonitrile in 0.01 N HCl.

Crude NAC(1–13) was purified by reverse-phase
HPLC using an ODS column (20 mm × 150 mm)
heated at 40 °C with a linear gradient of 20% to 25%
acetonitrile in an aqueous solution of 0.01N HCl for
10 min at a flow rate of 9.9 ml/min. The molecular
weight of the peptide was determined by a matrix-
assisted laser desorption/ionization time-of-flight
mass spectrometry (MALDI-TOF MS). The (M + H)+

value of NAC(1–13) was calculated to be 1231.4, and
found to be 1231.7. The peptide purity was greater
than 95% by analytical HPLC. Purified peptides were
lyophilized and stored at −20 °C until used.

Preparation of Peptide Samples

The sample of the synthetic fragment peptide
NAC(1–13) in this study was dissolved in 10 mM

phosphate-buffered solution, because the pKa1 (2.1)
and pKa2 (7.2) of phosphoric acid are convenient
for setting the initial pH of the solution at acidic
and neutral conditions. Moreover, there is an
advantage for NMR measurement in using the
phosphate solution because the proton signals of
phosphoric acid are not observed in the spectra.
Although pH 4.5 is out of the buffer range of
phosphoric acid, 10 mM phosphate solution was
used for all examinations to avoid any effect on
peptide conformational change resulting from using
different buffers [18]. After incubation for 1 week
at 37 °C, the pH of the sample at 4.5 was shifted
+0.02 for the sample with the pH adjusted from
acidic pH, and +0.16 from neutral pH. The pH
values immediately after sample preparation are
described in the electron microscopy (EM), CD and
HPLC measurements.

Concentrated phosphate solutions (100 mM) at
pH 1.6 and 9.2 were used as the buffer for the
sample preparations. For the acidic sample, 100 mM

phosphate buffer of pH 1.6 was used, and the
solution was centrifuged at 2300 × g for 10 min
to remove debris. For the neutral sample, 100 mM

sodium phosphate buffer of pH 9.2 was used
because the synthesized peptide is acidic due to the
hydrochloride salt form. The sample solution was
filtered with a 450 nm membrane filter (Millex-HV,
Millipore).

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

Electron Microscopy

To observe the aggregate of NAC(1–13) by EM,
peptide samples (1 mM) in 10 mM sodium phosphate
buffer were incubated for 1 week at 37 °C.

A droplet of each sample was put on a 400 mesh
copper grid (Veco, The Netherlands) coated with
collodion, negatively stained with 1% uranylacetate
for about 1 min, and excess staining solution was
removed with filter paper. The specimens were
allowed to dry, then coated with carbon in a vacuum
evaporator (JEE-400, Jeol, Japan) and observed by
transmission EM (JEM-1230, Jeol, Japan) operated
at 75 kV.

Congo Red Staining and Birefringence

A sample of 1 mM NAC(1–13) dissolved immediately
at pH 2.2 was incubated for 1 week at 37 °C. The
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aggregated peptide was washed three times by pure
water with a centrifugal filter with a cut-off at
100 kDa (Ultrafree-MC, Millipore), and then freeze-
dried. Staining was performed by the addition of
a solution of 500 µM Congo red in 100 mM NaCl
and 10 mM sodium phosphate buffer (pH 7.4). The
mixture was incubated for 30 min at 37 °C and then
centrifuged. The resultant pellet was placed on a
slide and examined under polarizing light using a
Nikon Optiphot-pol microscope under a 10× lens.

Circular Dichroism Spectra

The CD spectra were recorded on a Jasco J720
spectropolarimeter from 250 to 180 nm, taking
points every 0.2 nm with a 2 s integration-time and
a 1 nm bandwidth. Four scans were averaged. All
spectra were corrected by subtracting the baseline
of the buffer solution recorded under the same
condition. Quartz cells with 0.1–1 mm pathlengths
were used. The CD absorbances were expressed as
the mean residue ellipticity [θ ] in units of degrees
cm2 dmol−1.

Temperatures were controlled with a refrigerated
bath and circulator (Haake, DG-8), and read by
a resistance thermometer sensor (Chino DB1000).
Temperatures were changed within 25° –90 °C at 5 °C
intervals every 15 min.

Quantification of Solute in Sample Solution

To quantify the solute in the sample solution,
samples were filtered with a 220 nm centrifugal filter
(Ultrafree-MC, Millipore) at 4500 × g for 20 min.
The θ198 intensities in CD spectra were obtained
by averaged θ values over the wavelength range of
199 to 197 nm to reduce the experimental errors.
Filtrates were applied to HPLC under the same
condition as peptide purification. Peak areas were
calculated by an adjunctive computer unit of C-R7A
plus (Shimadzu, Japan).

Dynamic Light Scattering Experiments

Measurements of dynamic light scattering were
performed at 25 °C with a submicron particle sizer
Nicomp model 370 (Nicomp, CA, USA) and a helium-
neon laser (632.8 nm). The scattering angle was 90°.
Measurements were performed within 2–5 min.

NMR Experiments

Peptide samples for NMR measurements were
dissolved in H2O/D2O 9 : 1 (v/v) with 10 mM sodium

phosphate and a minute amount of phosphoric
acid was added to adjust the samples for acidic
pH. Sodium 3-(trimethylsilyl)-propane sulfonate in
a capillary tube was used as the standard for NMR
chemical shifts.

The NMR spectra were acquired using a Bruker
DMX750 spectrometer. The resonance peaks of the
peptide were assigned using the usual 2D-NMR
techniques [19].

pH Titration of 1H NMR Chemical Shifts of
NAC(1–13)

Chemical shifts of E1 Hα, E1 Hγ and G13 Hα in
NAC(1–13) were analysed to determine pKa values
for the N-terminal amide group of E1, the carboxyl
group of E1 and the C-terminal carboxyl group,
respectively.

2D TOCSY experiments were performed at twelve
different pH values between 2.1 and 10.0. Twelve
E1Hα resonances between pH 2.1 and 10.0, nine
E1Hγ resonances between pH 2.1–6.7 and eleven
G13Hα resonances between pH 2.1–9.4 were used
for nonlinear least-squares analysis. The NMR
spectra were recorded at 25 °C. The pH of the
sample was read before and immediately after the
NMR experiments, and the latter measurement was
applied to pH titration calculations.

pKa values were calculated by nonlinear least-
squares fitting using the data analysis program
Origin (Microcal Software, Inc.) of experimental pH
titration curves to the following equation:

δ = [δacid + δbase10(pH−pKa)]/[1 + 10(pH−pKa)] (1)

where δacid and δbase represent chemical shifts at low
and high extremes of pH, respectively. The equa-
tion was derived from the Henderson–Hasselbach
equation assuming a rapid equilibrium between pro-
tonated and unprotonated forms [20].

RESULTS AND DISCUSSION

The Morphology of the NAC(1–13) Aggregate
Depending on the pH of the Sample Immediately
after Dissolution and Incubation

Two different pH solutions were used for the
sample in the experiments. One solution, the pH
immediately after the sample dissolution was ca. 2.2
and another solution, the pH immediately after the
sample dissolution was ca. 7.5.
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Figure 1 Electron micrographs of NAC(1–13). 1 mM sample solutions were incubated for 1 week at 37 °C. (A, B) Solution
pH immediately after sample dissolution is pH 2.2. Figure (A) contains twisted fibril and (B) flat ribbons. (C) Solution pH
was adjusted to pH 4.5 with small aliquots of NaOH solution from pH 2.2. (D) Solution pH was adjusted to pH 4.5 using
small aliquots of phosphate from pH 7.5. Scale bars represent 100 nm.

Figure 1 shows the electron micrographs of 1 mM

NAC(1–13) after incubation at 37 °C for 1 week.
The acidic samples dissolved immediately at pH 2.2
showed twisted and untwisted fibrils (Figure 1A),
and a flat ribbon structure with a variety of widths
(5–60 nm, Figure 1B). These fibrils and ribbons
seem to be composed of narrower protofilament
(ca 5 nm). The result showed that the NAC(1–13)
is the shortest fibril-forming peptide among the pre-
viously reported NAC fragments [5,6]. Some fibrils
and ribbons were twisted. Although no constant
axial periodicity was found in the twisted fibrils, a
positive correlation was displayed between a helical
pitch (including two twists) of fibrils and the average
width of the fibrils as shown in Figure 2. The widths
of fibrils were measured in the middle of twist, and
the width values in a helical pitch were averaged.

The Congo red stained sample exhibited yel-
low–green birefringence under polarized light, indi-
cating that the aggregate of 1 mM NAC(1–13) imme-
diately dissolved at pH 2.2 is amyloid fibril (data
not shown).

The sample at pH 4.5, adjusted from the acidic
condition at pH 2.2, showed untwisted and typically
shorter fibrils (Figure 1C) than those which were
observed at pH 2.2 (Figure 1A,B). In spite of the
same pH condition at 4.5, the samples whose pHs
were adjusted from the neutral condition showed
amorphous precipitates in EM (Figure 1D) and
visible aggregates in the solution were seen by the
naked eye. Almost no fibrils were observed. The
result of EM observation of the sample prepared
from the neutral condition probably corresponds to
the previous report of Bodles et al. [6]. These results
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Figure 2 A total of 52 average widths of fibril were
plotted as a function of helical pitch (including two
twists). The line corresponds to the average width of
fibril = (0.0183 × helical pitch of fibril) + 11.9 (χ2 = 0.63).

described above indicate that the aggregate forms
of NAC(1–13) strongly depend on the pH conditions
immediately after the sample dissolution.

Aggregation Process of NAC(1–13) with the pH
Adjusted from Neutral Condition

In order to elucidate the difference in aggregation
mechanisms between the samples with the pHs
adjusted from neutral and more acidic pH, detailed
CD analyses of NAC(1–13) were performed using two
different sample conditions.

The neutral sample solution of NAC(1–13)
(pH 7.5) was prepared using 10 mM sodium phos-
phate as a buffer. Then the pH of the solution
was adjusted by the addition of minute amounts
of diluted phosphoric acid. The CD spectra imme-
diately after sample preparation for the whole pH
range examined (7.5–2.2) showed quite similar spec-
tra with a large negative band around 198 nm,
characteristic of a random coil conformation [21]
(Figure 3A). After incubation at 37 °C for 1 week,
the CD spectra of samples above pH 5.0 remained
unchanged (Figure 3B). On the other hand, at
pH 4.5 and 4.1, the CD absorbance was reduced
along the measured wavelength by the incubation,
although random coil features in the CD spectrum
were unchanged.

The decreases in the CD absorbance with incu-
bation time can be considered to have arisen from
the occurrence of large peptide aggregates which are
undetectable by CD spectra. Since CD spectra could
not determine the quantity of the aggregates, HPLC

-15

-10

-5

0

5

190 200 210 220 230 240 250

A

wavelength (nm)

M
ea

n 
re

si
du

e 
el

lip
tic

ity
 (

[θ
] *

10
−3

)

-15

-10

-5

0

5

190 200 210 220 230 240 250

B

wavelength (nm)

M
ea

n 
re

si
du

e 
el

lip
tic

ity
 (

[θ
] *

10
−3

)

Figure 3 CD spectra of 1 mM NAC(1–13) with the pH
adjusted from the neutral condition at 7.5. pH 7.5(°),
5.0(∆), 4.5(�), 4.1(×) and 2.2(ž). CD spectra of (A) were
measured immediately after pH adjustment, and (B) were
measured after 1 week of incubation at 37 °C.

analyses were combined with CD measurements.
The solute quantities were determined by HPLC
peak area of filtrate samples through a 220 nm cen-
trifugal filter. The CD intensity value at 198 nm
(θ198) and the HPLC peak area of the filtrate sample
at pH 7.5–4.1 were plotted against the incubation
time in Figure 4A and B, respectively. The inten-
sities immediately after the preparation at pH 7.5
were used as calibration values of 100%. The time
dependence of θ198 was in good agreement with the
solute quantity determined by HPLC (Figure 4A, B),
indicating that over the pH range (7.5–4.1), the
quantity of the random coil conformation correlates
with the quantity of the soluble sample detected
by HPLC. These results suggest that conformation
of NAC(1–13) above pH 4.1 is only random coil, in
spite of the aggregate occurrence.
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Figure 4 Comparison of CD intensity [θ198] and HPLC
peak area of NAC(1–13). Each pH was adjusted from the
neutral condition; pH 7.5(°), pH 5.0(∆), pH 4.5(�) and
pH 4.1(×). (A) θ198 intensity of the CD spectrum, and (B)
solute quantity determined by HPLC are plotted against
the incubation time of 0 h, 6 h, 1 day, 3 days and 7 days.

Unlike the samples above pH 4.1, some β-
conformational features were observed in the CD
spectrum for the sample at pH 2.2 during incuba-
tion (Figure 3B). This suggests that the secondary
structure and aggregation process of NAC(1–13) are
determined by the pH condition of the solution.

NAC(1–13) contains only three polar groups, the
N-terminal amino group, the carboxyl group of E1
and the C-terminal carboxyl group of G13, whose
polarity depend on the pH of the solution. To eluci-
date the cause of the pH-dependent aggregation of
NAC(1–13), the three pKa values were determined
by calculation of pH titration curves of 1H NMR
chemical shifts (Figure 5). These pKas were deter-
mined to be 7.90 ± 0.10 for the N-terminal amino
group, 4.10 ± 0.03 for the E1 carboxyl group and
3.62 ± 0.03 for the C-terminal carboxyl group.

Taking the CD and HPLC analyses into account,
the conformation and aggregation process of
NAC(1–13) according to the pKa value can be
explained as follows: under the pH condition above
the pKa of the E1 carboxylate group (>4.1), aggrega-
tion proceeds without obvious conformational con-
version from the random coil in the sample solution.
But under the pH condition with both carboxylate
groups protonated at pH 2.2, β-conformational moi-
ety slowly occurs in the sample during incubation
(Figure 3A, B).

Under the neutral condition, NAC(1–13) did not
aggregate despite incubation at 37 °C for 1 week,
whereas NAC(1–18) in PBS solution formed fibrils
and showed β-conformational CD spectra after
a few days incubation at 37 °C [5]. Deletion of
the hydrophobic C-terminal sequence VTAVA from
NAC(1–18) may prevent NAC(1–13) from forming
amyloid fibrils under the neutral condition.

Aggregation Process of NAC(1–13) with the pH
Adjusted from Acidic Condition

The CD spectra of NAC(1–13) directly set at acidic
pH 2.2 showed a negative band near 218 nm and
a positive band near 195 nm as evidence of β-
conformation [21] (Figure 6), in contrast to the
CD results with the pH adjusted from the neutral
condition. On the other hand, the CD spectrum of
the filtrate of a fresh solution at pH 2.2 through
a 450 nm filter exhibited a random coil (Figure 6).
The results revealed the co-existence of a random
coil conformer and oligomerized β-conformational
moiety in the 1 mM NAC(1–13) at pH 2.2.

Oligomerization of 1 mM NAC(1–13) at pH 2.2
was also verified by dynamic light scattering exper-
iments. The mean diameter of the fresh solution
of 1 mM NAC(1–13) at pH 2.2 was determined at
83.2 nm by volume-weighted gaussian analysis. The
detailed data will be reported elsewhere.

The CD intensity at 218 nm (θ218), which is a good
criterion for the peptide β-structure increased with
incubation time (Figure 6). In contrast, θ198 and the
HPLC peak area of filtrate of 1 mM NAC(1–13) at pH
2.2 decreased with the incubation time (data not
shown). The results suggest that the increase of θ218

during the incubation results from the conversion of
the random coil conformer to the β-conformation.

Temperature-melt CD spectra of freshly prepared
1 mM NAC(1–13) at pH 2.2 showed an isodichroic
point at 203 nm, which provided evidence for a
simple two-state β-sheet ⇔ random coil equilibrium
(Figure 7).
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Figure 5 pH titration curves of (A) Glu1Hα , (B) Glu1Hγ and (C) Gly13Hα resonances. Chemical shifts extracted from 2D
TOCSY experiments are plotted against the pH. The solid line was determined by nonlinear least-fitting of the experimental
data to Eqn 1.
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Figure 6 CD spectra of 1 mM NAC(1–13) with the
pH immediately adjusted at 2.2, incubated at 37 °C.
Incubation time was (°) 0 h, (∆) 6 h, (�) 1 day, (×) 3 days
and (ž) 7 days. CD spectrum of the filtrate immediately
after preparation through 450 nm filter was shown (�).
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Figure 7 Temperature-melt CD spectra of 1 mM

NAC(1–13) at pH 2.2 immediately after preparation
between 25 °C and 90 °C. (°)25 °C, (∆)35 °C, (�)45 °C,
(×)55 °C, (ž)65 °C, (�) 75 °C and (�) 90 °C.
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Figure 8 CD spectra of NAC(1–13) for the concentration
range of 1000–31 µM at pH 2.2. (A) Immediately after
sample preparation. (B) After incubation for 1 week at
37 °C. (°) 1 mM, (∆) 500 µM, (�) 250 µM, (×) 125 µM, (ž)
63 µM and (�) 31 µM.

Concentration-dependent CD spectra of NAC-
(1–13) at acidic conditions at pH 2.2 immedi-
ately after preparation and incubated at 37 °C
for 1 week are shown in Figure 8A and B. The
CD spectra immediately after preparation also
showed an isodichroic point at 207 nm indicat-
ing a concentration-dependent β-sheet ⇔ random
coil equilibrium (Figure 8A). Although CD spec-
tra over the concentration of 31–125 µM remained
unchanged despite 1 week of incubation at 37 °C
(Figure 8B), the CD spectrum of the 250 µM sam-
ple was distinctly converted from the random coil to
β-conformation during incubation. At 500 µM, a con-
siderable increase of θ218 was observed. The observed
secondary structures are concentration-dependent,
indicating that the oligomerization of the NAC(1–13)
sample directly set to acidic pH 2.2 is responsible
for the β-structure formation.
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Figure 9 CD spectra of 1 mM NAC(1–13) with the pH
adjusted from 2.2, incubated at 37 °C. (A) pH 4.5. (B) pH
7.0. Incubation time was (°) 0 h, (∆) 6 h, (�) 1 day, (×)
3 days and (ž) 7 days.

Unlike the sample at pH 4.5 adjusted from
the neutral condition, the CD spectra of 1 mM

NAC(1–13) at pH 4.5 adjusted from a more acidic
condition pH 2.2 did not show the random coil
feature (Figure 9A). The negative minimum near
225 nm and the positive maximum near 203 nm
indicate the existence of β-conformation. The spec-
tral intensity was distinctly reduced by incubation
all along the observed wavelength probably due to
the occurrence of the aggregation. The CD spectrum
at pH 7.0 adjusted from pH 2.2 did not change after
1 week of incubation at 37 °C (Figure 9B), similar to
the samples above pH 5.0 with the pH adjusted from
the neutral condition.

pH-dependent Aggregation Mechanism of
NAC(1–13)

The concentration dependent CD spectra showed
that the β-conformational moiety is rapidly
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generated under conditions of 1 mM at pH 2.2, and
the β-conformational moiety is easily destabilized
by dilution below 125 µM. These results indicate
that oligomerization is necessary to stabilize the
β-conformational moiety. In the studies of the
molecular mechanism of the amyloid formation,
it has been established that the polymerization
process comprises two distinct processes that
is, the nucleation and elongating growth of the
fibrils [22,23]. Considering that the CD spectrum
of NAC(1–13) at a concentration below 125 µM

did not change despite 1 week of incubation at
37 °C, it is suggested that the oligomerized β-
conformational moiety functions as a nucleus for
the fibril formation.

Since the aggregate forms are strongly influenced
by the sample dissolution condition in spite of
the same pH condition at 4.5, it is reasonable to
consider that the β-conformational oligomers are
responsible for fibril formation under the acidic
condition. Under the solution condition of 1 mM

NAC(1–13) directly set to pH 2.2, pre-existing β-
conformational oligomer can play a role in the
nucleus, and protofibrils grow by binding of random
coil monomers to oligomer or protofibril ends.
However, it is not clear at present whether the
fibrils and ribbons are formed via the protofibril
or not.

Recent studies on fibril-forming protein showed
that the partially unfolded protein is ascribed to
the nucleus of the amyloid formation [14,24,25]. In
the study of Aβ fibrillogenesis, the peptide micelle
was proposed as another nucleus species due to
its surfactant properties [13,26]. The micelle occurs
when the peptide concentration is higher than the
critical micelle concentration. Under this condi-
tion, a reversible equilibrium between monomers
and micelles is rapidly established. When the pep-
tide concentration is lower than the critical micelle
concentration, no micelles are formed. Consider-
ing the property of fibril nucleus and sensitivity of
the secondary structure to the sample concentra-
tion, the β-conformational oligomers of NAC(1–13)
may be micelle-like as shown in the literature
[13,26,27].

Unlike the samples prepared from a more acidic
condition, the sample solutions of NAC(1–13) at pH
4.5 and 4.1 prepared from the neutral condition
formed aggregates without fibril formation and
without distinct conformational conversion from the
random coil. Taking the EM results into account, it
can be concluded that the aggregates of NAC(1–13)
formed in the sample with the pH adjusted from

the neutral condition to 4.1 and 4.5 are unable to
function as a nucleus of the fibril formation. Since
the pKa of the carboxyl group of E1 is 4.1, the
occurrences of the aggregate at pH 4.5 and 4.1 are
attributed to protonation of the carboxyl group of
E1. Thus, it is reasonable to consider that the E1
protonated NAC(1–13) (the N-terminal amide and
C-terminal carboxylate group are charged) can play
a role as the nucleus in the amorphous aggregate
formation, but can not do so in the fibril formation.

In this study of NAC(1–13), it has been shown that
the aggregate morphology of NAC(1–13) strongly
depended on the pH condition immediately after
sample dissolution. A similar difference of aggregate
morphology depending on the solution pH was
also reported for an other fibril-forming peptide.
Wood et al. showed that the aggregate of Aβ at
pH 5.8 was incapable of seeding for fibril growth
at pH 7.4 [16]. From the viewpoint of physiology,
it is important to consider the influence of pH on
fibrillogenesis because there is a subtle difference of
pH in each organelle.

For the sample of 1 mM NAC(1–13) at pH 2.2, the
CD data indicated the existence of β-conformational
oligomers immediately after preparation, and EM
and Congo red birefringence experiments revealed
the amyloid fibril after 1 week of incubation. On the
studies of fibril-forming protein, partially unfolded
protein is ascribed to the nucleus of the amyloid
formation [14,24,25]. Unlike protein, peptide is
unfolded by nature. Thus, it can be suggested that
the formation of β-conformational oligomer is an
essential process for the fibril formation of a peptide
such as NAC(1–13).
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