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ABSTRACT: RA-Crystallin (RAC), a major component of eye lens, exhibits chaperone-like activity and is
responsible for maintaining eye lens transparency. Synthetic peptides which corresponded to the putative
substrate-binding site of RAC have been reported to prevent aggregation of proteins [Sharma, K. K., et
al. (2000) J. Biol. Chem. 275, 3767–3771]. In this study, we found that these peptides, RAC(70–88), the
peptide corresponding to amino acids 70-88 of RAC (KFVIFLDVKHFSPEDLTVK), and RAC(71–88),
suppressed the amyloid fibril formation of amyloid � protein (A�). On the other hand, while RAC(71–88)
exhibited chaperone-like activity toward insulin, RAC(70–88) and RAC(70–88)K70D promoted rapid
growth of aggregates consisting of insulin and these peptides in their solution mixtures. Interestingly, we
found that RAC(71–88) itself can also form amyloid fibrils. It is possible that the chaperone-like activity
of the RAC peptides is potentially related to their propensity for amyloid fibril formation. Analysis of
variants of the RAC peptides suggested that F71 is important for amyloid formation, and interestingly,
this same residue has previously been found to be essential for chaperone-like activity. Amyloid fibril
formation was also observed with the shorter peptide, RAC(70–76)K70D, showing that the ability to
form amyloid fibrils is maintained even with significant deletion of the C-terminal sequence. The formation
of amyloid fibril was suppressed in RAC(70–88), suggesting that the K70 in the substrate binding site
may play a role in suppressing the amyloid fibril formation of RAC, which agreed with recent proposals
about the presence of an aggregation suppressor in the region flanking aggregation-prone hydrophobic
sequences.

R-Crystallin (RC)1 is the most abundant eye lens protein
and is involved in maintaining eye lens transparency through
its ability to prevent protein aggregation (1, 2). RC is a
member of the family of small heat shock proteins (sHSP)
which prevent protein aggregation and have received much
recent interest as they have been implicated in many protein
folding-related diseases such as Alzheimer’s disease and
Parkinson’s disease (3–6). In eye lens, RC consists of two
closely related 20 kDa subunits, RA-crystallin (RAC) and
RB-crystallin (RBC) (7, 8). They form highly heterogeneous
multimers with a molecular mass of ca. 800 kDa (9). The
results from CD and IR spectroscopic measurements indi-

cated that 60-70% of the RC polypeptide is arranged in
�-strands and there is very little or no R-helix (10).

RC chaperone-like activity correlates with the extent of
hydrophobicity of its molecular surface, and hydrophobic
interaction has been proposed to be involved in substrate
binding of RC (11, 12). On the basis of this idea, Sharma et
al. suggested that hydrophobic sites of RC, residues 79–88
(HFSPEDLTVK) of RAC, residues 73–82 (DRFSNVL-
NVK), and residues 93–103 (VLGDVIEVHGK) of RBC,
are involved in substrate binding (13). Substitution of F71
of RAC, which is highly conserved among the sHSP family,
with glycine suppressed its chaperone-like activity (14),
suggesting that this residue is also involved in substrate
binding of RAC. Interestingly, synthetic peptides which have
amino acid residues 70–88 of RAC [RAC(70–88)] or residues
73–92 of RBC have been reported to prevent aggregation of
various proteins (15, 16). Chaperone-like activity was also
observed for RAC(71–88), but it was significantly decreased
by the removal of F71 from RAC(71–88), i.e., RAC(72–88),
indicating that F71 is essential for the chaperone-like activity
of the RAC(71–88) peptide (15). The K70D substitution of
RAC(70–88) [RAC(70–88)K70D (DFVIFLDVKHF-
SPEDLTVK)] enhanced its chaperone-like activity (15) and
suppressed the amyloid fibril formation of amyloid � protein
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(A�) (17). To reveal the mechanism of chaperone-like
activity of the peptides from RAC (RAC peptides), we
studied their effects on the kinetics and morphology of
protein aggregation. We chose A�(1–40) and insulin as
substrates because both of them form amyloid fibril at 37
°C and neutral pH within the time frame for in situ
spectroscopic measurements (18–22). The effects on the
kinetics of protein aggregation were analyzed by spectro-
scopic measurements, and the effects on morphology were
examined by AFM measurements. We further investigated
the self-aggregation potential and secondary structures using
variants of the RAC peptides.

EXPERIMENTAL PROCEDURES

Peptides and Proteins. All peptides used in this study were
synthesized and purified by Genescript. The purities of the
peptides are >95% according to HPLC and mass spectros-
copy. Bovine insulin was purchased from Sigma, and
A�(1-40) (TFA type) was obtained from Peptide Institute
(Osaka, Japan); 50 mM sodium phosphate buffer (pH 7.5)
with 100 mM NaCl was used as the solvent for all
experiments in this study.

Atomic Force Microscopy (AFM). The polypeptide solu-
tion in 50 mM sodium phosphate buffer (pH 7.5) with 100
mM NaCl was incubated, and an aliquot of 20 µL was diluted
20-fold in the same buffer. Twenty microliters of the diluted
sample was deposited on freshly cleaved mica and dried
immediately with nitrogen gas. The samples were imaged
with a Nanoscope IIIa (Digital Instrument) in tapping mode,
and the cantilever was set vibrating in the z direction at a
resonance frequency of 290 kHz. The images were taken in
air under ambient conditions using silicon tips.

ThT Fluorescence Assays. The ThT fluorescence assay was
performed for A�(1–40), insulin, and RAC peptides in 50
mM sodium phosphate buffer (pH 7.5) with 100 mM NaCl.
ThT (20 µM) was added to each of the 200 µL polypeptide
solutions, which were incubated in 96-microwell plates at
the indicated temperature with shaking with a ThermoStat
Plus apparatus (Eppendorf). A Genios plate reader (TECAN)
was used for fluorescence intensity measurement with
excitation at 450 nm and emission at 485 nm as described
previously (20). A Confort thermomixer (Eppendorf) was

used for the incubation of the solution in the plate at 37 °C
with a rotation rate of 200 rpm shaking for A�(1–40), and
the incubation with a rotation rate of 900 rpm shaking for
insulin.

Gel Electrophoresis. SDS-PAGE was carried out on
16.5% Tricine gels as described previously (23). Twenty
microliters of peptide solutions was mixed with 6× SDS
sample buffer and boiled for 5 min. Gels were silver-stained
using the EzStain silver kit from ATTO (Tokyo, Japan).

CD Spectroscopy. The peptide secondary structure was
monitored by CD spectroscopic measurement using a Jasco
(Tokyo, Japan) J-720 spectrometer. An optical cell with a
path length of 1 mm was used. Far-UV spectra at 25 °C
were measured with a scan speed of 20 nm/min. The time-
dependent CD spectral change at 60 °C was measured using
a single scan with a scan speed of 100 nm/min.

RESULTS

Effect of RAC Peptides on the Aggregation of A�(1–40).
We investigated the effects of RAC(70–88) and RAC(71–88)
on the amyloid formation of A�(1–40). Aggregation of
A�(1–40) was monitored using the ThT fluorescence inten-
sity at 485 nm. When A�(1–40) was incubated at a
concentration of 0.1 mg/mL, 37 °C, and pH 7.5 with shaking
at a rotation rate of 200 rpm, the time trace of ThT
fluorescence showed a characteristic sigmoidal curve (18, 19)
with a lag phase of ∼2 h followed by a rapid fibril growth
phase (O plot in Figure 1). Our result matches a previous
observation of the formation of amyloid fibrils of A�(1–40),
which can be approximated by a nucleation-dependent
process. Atomic force microscopy (AFM) also showed the
presence of fibrillar aggregates in this solution (data not
shown). When 0.1 mg/mL A�(1–40) was incubated in the
presence of 0.5 mg/mL RAC(70–88) (molar ratio of ca. 1:10),
ThT fluorescence did not increase throughout the incubation
period (b plot in Figure 1). A similar result was obtained
for 0.1 mg/mL A�(1–40) in the presence of 0.5 mg/mL
RAC(71–88) (0 plot in Figure 1). We could not find any
large fibrils in the solution mixture of A�(1–40) and these
RAC peptides by AFM, indicating that amyloid formation
of A�(1–40) had been suppressed by these peptides from
RAC because of their chaperone-like activities. These results
are consistent with previously published results which
showed that RAC(70–88)K70D suppressed the fibril forma-
tion of A�(1–40) (17). While the ThT fluorescence of the
RAC(70–88) solution remained at the same intensity under
this condition (] plot in Figure 1), the ThT fluorescence
intensity of the RAC(71–88) solution on its own showed a
gradual increase when incubated at 37 °C with shaking (×
plot in Figure 1). We confirmed that fibrillar aggregates as
shown in Figure 2a were formed in this solution by AFM
measurement. Therefore, RAC(71–88) itself forms amyloid
fibril, but it is suppressed in the solution mixture of
RAC(71–88) and A�(1–40).

Effect of RAC Peptides on the Aggregation of Insulin. We
further investigated the chaperone-like activity of RAC
peptides to see if this peptide could prevent the aggregation
of other aggregation-prone proteins, e.g., insulin. To observe
an increase in the intensity of ThT fluorescence within the
time frame of this experiment, the insulin solution was
shaken with a much faster rotation rate (900 rpm) than in

FIGURE 1: ThT fluorescence assay for the effect of RAC peptides
on the amyloid fibril formation of A�(1–40). The time trace of the
ThT fluorescence intensity of the peptide solutions incubated at 37
°C with 200 rpm shaking was monitored: (O) 0.1 mg/mL A�(1–40)
alone, (b) 0.1 mg/mL A�(1–40) in the presence of 0.5 mg/mL
RAC(70–88), (0) 0.1 mg/mL A�(1–40) in the presence of 0.5 mg/
mL RAC(71–88), (]) 0.5 mg/mL RAC(70–88) alone, and (×) 0.5
mg/mL RAC(71–88) alone.
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the case of A�(1–40) (200 rpm). The time trace of ThT
fluorescence intensity of the 2 mg/mL insulin solution at 37
°C with 900 rpm shaking showed a rapid increase after an
initial lag phase of 8 h (O plots in Figure 3). AFM
measurement of the solution indicated the presence of
spherical aggregates rather than fibrils in this solution (Figure
2b). Therefore, the ThT fluorescence intensity shown in O
plots in Figure 3 is monitoring the growth of spherical
aggregates of insulin. The distinct morphology of insulin
aggregates from that reported in previous studies (20–22)
would be due to differences in experimental conditions such
as the solvent and sample rotation system for shaking. The
× plot of Figure 3a shows that the ThT fluorescence intensity
of the RAC(71–88) solution gradually increased during the
incubation with 900 rpm shaking. AFM measurement of this
solution indicated that fibrillar aggregates were formed as
shown in Figure 2a. On the other hand, the ThT fluorescence
intensity of the solution mixture of 2 mg/mL insulin and
0.5 mg/mL RAC(71–88) (molar ratio of ca. 1.5:1) showed
only a subtle increase after 4 h of lag time (b plot in Figure
3a), suggesting that the level of aggregation of both
RAC(71–88) and insulin was reduced as in the case of
solution mixtures of RAC peptides and A�(1–40). AFM
measurement revealed a small amount of amyloid fibrils as
shown in Figure 2c in the solution mixture. It is possible
that this amyloid fibril is composed of RAC(71–88) alone
since its morphology is similar to that obtained from the
RAC(71–88) solution shown in Figure 2a.

The ThT fluorescence intensity of the RAC(70–88)K70D
solution on its own showed a rapid and small increase in
the initial stage as shown in the × plot in Figure 3c. AFM
measurement indicated that amorphous aggregates were
formed in this solution (image not shown). While the ThT
fluorescence of the RAC(70–88) solution remained at the
same low intensity during the incubation at 37 °C and 900
rpm (× plot in Figure 3b), AFM measurement indicated that

a small amount of amorphous aggregate was also formed in
this solution (image not shown). When the solution mixture
of 0.5 mg/mL RAC(70–88) and 2 mg/mL insulin was
incubated under the same condition, a rapid increase in the
ThT fluorescence was observed after the 4 h lag time (b
plot in Figure 3b). A similar result was obtained when the
solution mixture of 0.5 mg/mL RAC(70–88)K70D and 2 mg/
mL insulin was incubated under this condition (b plot in
Figure 3c). AFM measurement indicated that large spherical
aggregates were formed in these solutions as shown in Figure
2d, which have a morphology distinct from the one obtained
from the solution mixture of RAC(71–88) and insulin as
shown in Figure 2c. These results suggested that the self-
association of RAC(70–88) and RAC(70–88)K70D is distinct
from that of RAC(71–88).

To study the interaction between insulin and the RAC
peptide, we performed SDS-PAGE analysis of the solution
mixture after incubation for various length of time, as it has
been reported previously that SDS-stable aggregates may be
formed in the process of aggregation for amyloid �-protein
(23, 24). The solution mixture was incubated at 37 °C with
900 rpm shaking for 0-6 h and then analyzed by SDS-PAGE
using a slab gel with a concentration of 16.5% and a Tricine
buffer system. After incubation of the solution mixture for
4 h, a high-molecular mass band appeared accompanying
the reduction in the band intensities corresponding to
RAC(70–88)K70D and insulin (A and B chains) as shown
Figure 4. These results indicate that the SDS-stable ag-
gregates comprising RAC(70–88)K70D and insulin were
formed in the solution mixture, and a similar result was also
obtained for the solution mixture of RAC(70–88) and insulin.
Therefore, rapid increases in the ThT fluorescence intensities
shown in b plots in panels b and c of Figure 3 are monitoring
the growth of an aggregate comprising insulin and RAC
peptide. We performed Tricine SDS-PAGE analysis for the
solution mixture of insulin and RAC(71–88) incubated with

FIGURE 2: AFM images of the aggregates. (a) Amyloid fibrils obtained by incubation of 0.5 mg/mL RAC(71–88) at 37 °C with 900 rpm
shaking for 12 h. Similar amyloid fibrils were obtained also by incubation with 200 rpm. (b) Aggregates obtained by incubation of the 2
mg/mL insulin solution at 37 °C with 900 rpm shaking for 12 h. (c) Amyloid fibril obtained by incubation of the solution mixture of 2
mg/mL insulin and 0.5 mg/mL RAC(71–88) at 37 °C with 900 rpm shaking for 12 h. (d) Aggregate obtained by incubation of the solution
mixture of 2 mg/mL insulin and 0.5 mg/mL RAC(70–88)K70D at 37 °C with 900 rpm shaking for 6 h. (e) Amyloid fibril obtained by
incubation of 0.5 mg/mL RAC(70–76)K70D at 60 °C without shaking for 24 h. (f) Amyloid fibril obtained by incubation of 0.5 mg/mL
RAC(70–88)K70D at 60 °C without shaking for 24 h.
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900 rpm shaking for 0-12 h. In contrast to the results
described above, the intensities of the bands corresponding
to RAC(71–88) and insulin did not change, and the band
corresponding to the SDS-PAGE-stable aggregate was not
observed during this incubation period (data not shown).
Therefore, the majority of RAC(71–88) and insulin did not
form SDS-stable aggregates in the solution mixture, which
is consistent with the result from the ThT fluorescence assay
that the aggregation of insulin and RAC(71–88) was sup-
pressed in their solution mixture.

It is interesting that RAC(70–88) and RAC(70–88)K70D
promoted rapid growth of aggregates comprising insulin and
RAC peptide in their solution mixture, while RAC(71–88)

suppressed the aggregation of insulin. These findings may
be similar to what happened with a cross-seeding effect,
where the sonicated preformed amyloid fibrils act as the
“nuclei” or “seeds” to promote the amyloid formation of
other protein (22, 25). To see whether the RAC peptide can
act as the nuclei of aggregation for other polypeptides, the
cross-seeding effect of amyloid fibrils of RAC(71–88) was
examined. We performed a ThT fluorescence assay for
insulin aggregation in the presence of sonicated fibrils of
RAC(71–88), which were prepared as previously reported
(22). As shown in the 0 plot in Figure 3a, the ThT
fluorescence intensity increased rapidly after the ca. 1 h lag
phase in the presence of sonicated fibrils of RAC(71–88),
and AFM measurement of this solution showed the presence
of a mixture of large aggregates and amyloid fibrils (data
not shown). Therefore, the sonicated fibril of RAC(71–88)
can promote the aggregation of insulin by a cross-seeding
effect. We performed a ThT fluorescence assay for amyloid
fibril formation of A�(1–40) in the presence of sonicated
fibrils of RAC(71–88) to examine its cross-seeding effect
on A�(1–40). The ThT fluorescence intensity of this solution
mixture showed a sigmoidal curve with a lag time of ca.
9 h, followed by a rapid fibril growth phase (data not shown).
This lag phase was much longer than the 2 h lag time for
fibril formation of A�(1–40) alone, indicating that the
sonicated fibril of RAC(71–88) decelerated A�(1–40) amy-
loid formation. Therefore, RAC(71–88) exhibits chaperone-
like activity against A�(1–40) even in the sonicated fibril
form.

Residues Required for or Suppressing Amyloid Fibril
Formation of RAC Peptides. We further investigated the
RAC peptides to find the region that is important for amyloid
fibril formation. We prepared a range of variants of
RAC(71–88) and RAC(70–88) (Table 1) and examined their
aggregation propensities. In these assays, we used the same
solvent condition as before but at a higher temperature (60
°C) since the aggregation of these peptides became faster at
60 °C and this would enable us to study and compare the

FIGURE 3: ThT fluorescence assay for the effect of RAC peptides
on the aggregation of insulin. The time trace of the ThT fluorescence
intensity of the peptide solutions incubated at 37 °C with 900 rpm
shaking was monitored. (a) Samples of (O) 2 mg/mL insulin, (b)
2 mg/mL insulin in the presence of 0.5 mg/mL RAC(71–88), (×)
0.5 mg/mL RAC(71–88) alone, and (0) 2 mg/mL insulin in the
presence of the sonicated preformed fibril of RAC(71–88). The
amyloid fibril obtained by incubation of 0.5 mg/mL RAC(71–88)
at 37 °C with 900 rpm shaking for 24 h was sonicated and then
diluted 10-fold into the insulin solution. (b) Samples of (O) 2 mg/
mL insulin, (b) 2 mg/mL insulin in the presence of 0.5 mg/mL
RAC(70–88), and (×) 0.5 mg/mL RAC(70–88) alone. (c) Samples
of (O) 2 mg/mL insulin, (b) 2 mg/mL insulin in the presence of
0.5mg/mLRAC(70–88)K70D,and(×)0.5mg/mLRAC(70–88)K70D
alone.

FIGURE 4: SDS-PAGE analysis of the solution mixture of insulin
and RAC(70–88)K70D. A slab gel with a concentration of 16.5%,
a Tricine buffer system, and silver staining were used. The solution
mixture of 2 mg/mL insulin and 2 mg/mL RAC(70–88)K70D in
50 mM sodium phosphate buffer (pH 7.5) with 100 mM NaCl was
incubated at 37 °C with 900 rpm shaking for the indicated period
and then analyzed. Insulin is separated into the A and B chains
under the reducing condition of SDS-PAGE sample buffer. The
molecular mass of the SDS-stable aggregates was estimated to be
higher than 100 kDa by SDS-PAGE of a slab gel with a
concentration of 12% (data not shown).
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aggregation propensities of these peptides in a reasonable
experimental time frame. For RAC(71–88), an increase in
ThT fluorescence can be observed within 2 h, and AFM
measurement indicated that the morphology of RAC(71–88)
fibrils formed at 60 °C is similar to that formed at 37 °C.
The increase in ThT fluorescence for RAC(70–88) is
significantly smaller compared to that of RAC(71–88) (ca.
10%). Interestingly, the removal of F71 from RAC(71–88),
i.e., RAC(72–88), significantly decreased the propensity to
form amyloid fibrils according to both ThT fluorescence and
AFM. This result suggested that F71 is crucial for amyloid
fibril formation of the RAC peptides. The same amino acid
(F71) has also been shown to be essential for the chaperone-
like activity of RAC (14) and RAC peptide (15).

To further characterize the aggregation potential of the
RAC peptides, we have also made RAC(70–83), but it has
very low solubility, preventing us from further characterizing
its aggregation potential. Other shorter peptides prepared,
including RAC(70–83), RAC(71–83), RAC(70–76), and
RAC(71–76), have all been found to be insoluble, preventing
further detailed characterization. On the other hand, we were
able to recover the solubility of these peptides by introducing
thesubstitutionK70D[RAC(70–83)K70DandRAC(70–76)K70D],
allowing us to study the aggregation propensities of the
shorter peptides (Table 1). AFM revealed that both of these
shorter peptides formed amyloid fibrils [RAC(70–83)K70D
(data not shown) and RAC(70–76)K70D (Figure 2e)]. The
FVIFLD sequence is commonly found in the peptides with
the ability to form amyloid fibrils as shown in Table 1.
Therefore, it is likely that the amino acids important for the
amyloid fibril formation of RAC(71–88) would be located
in the FVIFLD sequence.

To further study the effect of having the additional
N-terminal amino acid on the self-aggregation of the RAC
peptides, we investigated the effect of heat treatment on

RAC(71–88), RAC(70–88), and RAC(70–88)K70D. AFM
indicated the heat treatment of RAC(70–88) at 60 °C for
24 h induced the formation of the amorphous aggregates
(data not shown). On the other hand, heat treatment of
RAC(70–88)K70D at 60 °C for 24 h induced amyloid fibril
formation as shown in the AFM image in Figure 2f. To study
the effect of K70 and K70D on the conformation of
RAC(71–88), we monitored their secondary structure by
measuring the far-UV CD spectra. The O plot in Figure 5a
indicates that RAC(70–88) is in a �-sheet rich conformation
at 25 °C, while RAC(71–88) (b plot in Figure 5a) and
RAC(70–88)K70D (solid line in Figure 5a) are very close
to a random conformation. When the temperature was
increased to 60 °C, the CD spectrum of RAC(71–88)

Table 1: Sequence of RAC Peptide Variants and Morphology of
Aggregates Obtained by Incubation at 60 °C without Shaking for 24 h

a Amorphous aggregates were formed when the solution was
incubated at 37 °C with 900 rpm shaking. Insoluble means the peptide
is insoluble in 50 mM sodium phosphate buffer (pH 7.5) and 100 mM
NaCl.

FIGURE 5: CD spectra of the RΑC peptides at 0.5 mg/mL. (a)
RAC(70–88) (O), RAC(70–88)K70D (s), and RAC(71–88) (b)
at 25 °C. (b) Effect of temperature on the secondary structure of
RAC(71–88): at 25 °C (b), measured at 60 °C after incubation for
the indicated period ( · · · ); and measured at 25 °C after incubation
for 24 h at 60 °C (0). (c) Effect of temperature on the secondary
structure of RAC(70–88)K70D: at 25 °C (–), measured at 60 °C
after incubation for the indicated period ( · · · ), and measured at 25
°C after incubation for 24 h at 60 °C (9).
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gradually changed to a �-sheet rich profile (dotted lines and
0 plot in Figure 5b), which is consistent with our experi-
mental result in which RAC(71–88) formed amyloid fibril
readily with heat treatment at 60 °C. On the other hand, as
showninFigure5c,therandomconformationofRAC(70–88)K70D
did not change much shortly after the temperature was
increased to 60 °C (dotted line in Figure 5c) but was later
transformed to the �-sheet rich conformation on heat
treatment at 60 °C for 24 h (9 plot in Figure 5c). This result
together with the AFM result indicated that the K70D residue
at the N-terminus of the RAC peptide decelerated amyloid
fibril formation of the RAC(71–88) peptide at 60 °C. For
RAC(70–88), the �-sheet rich conformation remained un-
changed when the temperature was elevated to 60 °C. These
results suggested that K70 may suppress amyloid fibril
formation by having the �-sheet rich conformation at 25 °C.
These results from CD spectroscopic measurements indicate
that an additional N-terminally charged amino acid reduces
the potential to form amyloid fibrils in RAC peptides, which
may account for the reduced chaperone-like activity for
RAC(70–88) and RAC(70–88)K70D.

DISCUSSION

We found that RAC(71–88) exhibits chaperone-like activ-
ity against amyloid fibril formation of A�(1–40) and the
aggregation of insulin. RAC(71–88) suppressed amyloid fibril
formation of A�(1–40) even in the sonicated fibril form,
while insulin aggregation was accelerated under the same
condition. A small amount of amyloid fibril was also formed
in the solution mixture of insulin and RAC(71–88). A
previous study of peptide mapping and alanine substitution
on A�(1–40) revealed that the KLVFF amino acid sequence,
the residues from position 16 to 20, is essential for the self-
association of A�(1–40) monomer to form amyloid fibrils
(26). On the basis of this result, Sharma et al. further
suggested that the DFVIF sequence of RAC(70–88)K70D,
which is homologous to the KLVFF sequence of A�(1–40),
may be competing with the binding site in A�(1–40) to
prevent it from forming fibrils (17). This suggestion is
consistent with our finding that the FVIFLD sequence of the
RAC peptide is important for its own amyloid fibril forma-
tion, which is also prevented in the solution mixture of
RAC(71–88) and A�(1–40). Therefore, the stronger binding
of the RAC peptides to A�(1–40) through the homologous
sequence could potentially be responsible for their chaperone-
like activities. Insulin does not possess a sequence homolo-
gous to that of RAC(71–88), and the interaction between
RAC(71–88) and insulin may not be sufficiently strong to
completely suppress amyloid formation.

On the other hand, the aggregation of insulin was
accelerated in the presence of RAC(70–88) and RAC(70–88)-
K70D. CD spectroscopic measurements indicated that the
propensity for amyloid fibril formation of these peptides was
reduced compared with that of RAC(71–88). AFM measure-
ments also showed that RAC(70–88) and RAC(70–88)K70D
have a tendency to form amorphous aggregate but not
amyloid fibrils. It is possible that the chaperone-like activity
of the RAC peptides could be correlated with their propensity
to form amyloid fibrils. RAC(70–88) and RAC(70–88)K70D
may promote the growth of aggregates composed of RAC
peptide and insulin by a mechanism similar to that of the
sonicated fibrils of RAC(71–88).

We also found that RAC(71–88) itself can form amyloid
fibrils on its own under our incubation conditions at pH 7.5
with 900 rpm shaking. The analysis for the variants of
RAC(71–88) suggested that the amino acids important for
amyloid fibril formation of RAC(71–88) would be located
in the FVIFLD sequence. These findings could potentially
be explained by the possible mechanism of how molecular
chaperones prevent the aggregation of other proteins. Ag-
gregation-prone substrates for molecular chaperones such as
partially folded or misfolded proteins expose hydrophobic
clusters to water or solvents. Molecular chaperones prefer-
entially bind to such exposed hydrophobic clusters and
prevent self-association of the substrates by forming inter-
molecular interactions with the solvent-exposed hydrophobic
regions. Therefore, the substrate binding sites of molecular
chaperons tend to possess a significant amount of hydro-
phobic residues. However, such a high hydrophobic property
required for molecular chaperones could also increase the
potential to form aggregates or amyloid fibrils by the
molecular chaperones themselves.

The removal of F71, which is essential for the chaperone-
like activity of RAC peptide (15), from RAC(71–88)
significantly decreased the propensity to form amyloid fibrils,
suggesting that F71 is essential also for amyloid fibril
formation of the RAC peptides. Recently, RAC protein has
been shown to form amyloid fibril under mildly denaturing
conditions (27). Our results suggest that F71 not only is
essential for the chaperone-like activity of RAC as previously
suggested (14) but also may play an important role also in
the amyloid fibril formation of RAC. We have also found
that charged residues present in the region flanking the
hydrophobic sequence [RAC(70–88) and RAC(70–88)K70D]
reduced the �-aggregation propensity of the RAC peptides.
The presence of such an aggregation suppressor in the protein
amino acid sequence has recently been proposed since the
region flanking the aggregating hydrophobic sequence has
been observed to be enriched in proline or charged residues
such as lysine, arginine, aspartic acid, and glutamic
acid (28, 29).

Inconclusion,weshowedthatRAC(71–88)andRAC(70–88)
suppressed the amyloid fibril formation of A�(1-40).
RAC(71–88) also exhibited chaperone-like activity against
insulin, but the formation of fibrils was not completely
suppressed in their solution mixture. On the other hand,
RAC(70–88) and RAC(70–88)K70D promoted the growth
of aggregate comprising the RAC peptides and insulin,
suggesting that the chaperone-like activities of these peptides
were significantly reduced. Interestingly, we found that
RAC(71–88) also formed amyloid fibrils on its own, and the
potential for fibril formation was reduced in RAC(70–88)
and RAC(70–88)K70D. F71, which is essential for the
chaperone-like activity of RAC(71–88), is found to be
important for its self-aggregation. The charged residues K70
and K70D in the region flanking the aggregating hydrophobic
sequence reduced the �-aggregation propensity of RAC
peptide, supporting the recent proposal about the presence
of an aggregation suppressor in the region flanking pro-
aggregating hydrophobic sequences in proteins. Our results
provide important insight into amyloid fibril formation and
chaperone-like activity of peptides from RAC.
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