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aggregates formed above the solubility.

(Background: Amyloid fibrils form in supersaturated solutions via a nucleation-growth mechanism.
Results: pH and alcohol concentration-dependent phase diagrams showed a marked difference before and after the ultrasonic

Conclusion: Persistent metastability of supersaturation determined the conformations of insulin.
Significance: The results indicate the importance of an alternative view of amyloid fibrils as supersaturation-limited crystal-like

N
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Amyloid fibrils form in supersaturated solutions via a nucle-
ation and growth mechanism. We proposed that ultrasonication
may be an effective agitation to trigger nucleation that would
otherwise not occur under the persistent metastability of super-
saturation. However, the roles of supersaturation and effects of
ultrasonication have not been elucidated in detail except for
limited cases. Insulin is an amyloidogenic protein that is useful
for investigating the mechanisms underlying amyloid fibrilla-
tion with biological relevance. We studied the alcohol-induced
amyloid fibrillation of insulin using various concentrations of
2,2,2-trifluoroethanol and 1,1,1,3,3,3-hexafluoro-2-propanol at
pH 2.0 and 4.8. Ultrasonic irradiation effectively triggered fibril-
lation under conditions in which insulin retained persistent
supersaturation. Structural analyses by circular dichroism, Fou-
rier transform infrared spectroscopy, transmission electron
microscopy, and atomic force microscopy revealed that the
dominant structures of fibrils varied between parallel and
antiparallel f3-sheets depending on the solvent conditions. pH
and alcohol concentration-dependent phase diagrams showed a
marked difference before and after the ultrasonic treatment,
which indicated that the persistent metastability of supersatu-
ration determined the conformations of insulin. These results
indicate the importance of an alternative view of amyloid fibrils
as supersaturation-limited crystal-like aggregates formed above
the solubility limit.

Amyloid fibrils are misfolded and self-assembled aggregates
of proteins that are ~10 nm in diameter and several microme-
ters in length, and have a characteristic cross-B structure in
which the B-strands are arranged perpendicularly to the fibril
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long axis (1-4). They have been associated with the pathology
of more than 30 serious disorders such as Alzheimer disease,
prion disease, type II diabetes, and dialysis-related amyloidosis
(2, 5). On the other hand, amyloid-like structures are also uti-
lized for beneficial purposes in nature, and these are known as
functional amyloids (2, 6, 7). Because many structurally unre-
lated proteins can form amyloid fibrils, amyloid fibrillation (i.e.
the formation of amyloid fibrils) is considered to be a generic
property of polypeptide chains (2).

There are two distinct, but complementary views to explain
why and how amyloid fibrils form. One assumes that fibrils
form by specific interactions distinct from those stabilizing
native structures (3, 8, 9). The atomic structures of amyloid
microcrystals revealed that registered and tightly packed inter-
molecular interactions constitute dry steric zippers. Genome-
wide searches of potential sequences with the ability to make
such amyloidogenic structures have coined the term “amy-
lome,” which suggests that most proteins have hidden amy-
loidogenicity (10). Main chain-dominated amyloid structures
have focused on the importance of ordered hydrogen bond net-
work (11-13). These studies have been useful for developing
drugs that can prevent the tight intermolecular interactions of
amyloidogenic proteins (3, 4).

The other view originated from the similarities observed in
prion propagation and the crystallization of substances (14—
16), and later extended to explain the propagation of amyloid
fibrils and mechanisms underlying amyloidoses (17, 18). Both
prion diseases and crystallization occur after a long latent
period and propagate rapidly. Thus, seeding is an efficient
approach that escapes nucleation and accelerates the propaga-
tion of various types of amyloidoses including prion diseases
and crystallization. Moreover, the presence of multiple prion
strains can be explained by the same mechanism as that used for
the various morphologies of crystals. On the basis of this anal-
ogy, one of the critical factors for determining amyloidogenicity
is solubility or the critical concentration of the responsible pro-
teins, which is equal to the equilibrium solubility of monomers.

Because both views are linked and complementary, specific
interactions that stabilize amyloid structures as well as the con-
centration of amyloidogenic proteins that determines the
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strength of interactions have to be considered. On the other
hand, one of the most important factors associated with solu-
bility, but not specific interactions is “supersaturation” (16—
19). Supersaturation, an established concept in solution chem-
istry and crystallography (20-23), refers to a non-equilibrium
phase in which proteins remain soluble for an extended period
because of a high free energy barrier to nucleation even though
the solute concentration is higher than the thermodynamic sol-
ubility. Supersaturation is remarkably stable under metastable
conditions in which the solute concentration is slightly above
the solubility, and seeding is essential to break supersaturation.
Under labile conditions in which the driving forces of precipi-
tation increase, spontaneous crystallization can occur after a
certain period of lag time. Further increases in driving forces
have been shown to result in the rapid breakdown of supersat-
uration, leading to the formation of glassy amorphous aggre-
gates (19). The importance of supersaturation has recently been
reported in the context of widespread aggregation and neuro-
degenerative diseases (24). Although the physicochemical
mechanism of supersaturation remains unclear, we have sug-
gested that ultrasonication is one of the most powerful agita-
tions breaking the otherwise persistent metastability of super-
saturation (19, 23, 25-27).

Alcohols are moderately hydrophobic solvents useful for
addressing the role of water in the conformation and stability of
proteins (28). In the past decade, studies have focused on the
alcohol-induced formation of amyloid fibrils (29-34). The
properties elucidated under those non-physiological condi-
tions are valuable for understanding the driving forces of amy-
loid fibrillation under physiological conditions, once they are
extrapolated back to the physiological conditions. Moreover,
strongly amyloidogenic conditions in the presence of alcohols
are likely to mimic the local amyloidogenic environments in
biological systems such as phospholipid membrane surface
or highly crowded cytoplasm, where solubility of proteins
decreases markedly.

We previously used hen egg white lysozyme and water/alco-
hol mixtures to demonstrate the role of supersaturation for
determining amyloidogenicity (35). Insulin fibril is one of the
most extensively studied fibrils because of its biological rele-
vance (31, 36-38). In the present study, we showed that solu-
bility and supersaturation-limited amyloid fibrillation was true
for human insulin, addressing the alternative view of amyloid
fibrils.

EXPERIMENTAL PROCEDURES

Materials and Protein Preparation—Recombinant human
insulin (Roche Diagnostic GmbH) was purchased from Nacalai
Tesque (Kyoto, Japan) and used without further purification.
ThT* was obtained from Wako Pure Chemical Industries,
Ltd. TFE, HFIP, and other reagents were obtained from Nacalai
Tesque (Kyoto, Japan).

Insulin was dissolved in Milli-Q water at 15 and 30 mg ml ™~ ".
The protein solutions were then diluted with alcohols to the
desired alcohol concentrations with a final sodium acetate con-

“The abbreviations used are: ThT, thioflavin T; AFM, atomic force microscopy;
TFE, 2,2,2-trifluoroethanol; HFIP, 1,1,1,3,3,3-hexafluoro-2-propanol.
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centration of 25 mum (pH 4.8 without alcohols) or a hydrochloric
acid concentration of 10 mm. Although alcohols increased the
pH because of their hydrophobicity, we did not adjust the pH.
The apparent pH values in 25 mMm sodium acetate buffer in 10%
TFE and HFIP were all 4.9, and in 50% TFE and HFIP were 5.1
and 4.9, respectively. The apparent pH values in 10 mm hydro-
chloricacid solution in 10% TFE and HFIP were all 2.2. It should
be noted that the alcohol concentrations in this article are (v/v)
percentages. The concentration of insulin was determined
spectrophotometrically using absorbance at 276 nm with an
extinction coefficient of 1.0 mg ml~"' (37). The final concentra-
tions of insulin used were 1.5 and 3.0 mg ml~". Unless other-
wise mentioned, the insulin concentration was 1.5 mg ml™".

Chemical modification of insulin after ultrasonication treat-
ment was checked by HPLC. After a 3-h ultrasonic treatment
with cycles of 1-min ultrasonication and 2-min quiescence, the
elution time of insulin did not change although a slight change
of peak shape was noted. The results indicate that chemical
degradation of insulin induced by ultrasonication was minimal
and does not affect our interpretation.

Monitoring of Fibrillation with Microplates—Protein solu-
tions with a total volume of 200 pl, containing 1.5 mg ml~*
insulin, 5 uM ThT, and TFE or HFIP at various concentrations
(0-70%), were incubated in each well of a microplate at 37 °C in
the absence or presence of agitation. Using the method
established in our previous studies (25, 27), the microplate
placed at the center of a water bath-type ultrasonic transmit-
ter (ELESTEIN SP070-PG-M; Elekon, Chiba, Japan) was ultra-
sonicated from three directions. The microplate was subjected
to ultrasonication cycles for 1 min at 9-min intervals, and main-
tained at 37 °C throughout the experiment. The power and out-
put of sonication were set to 17-20 kHz and 350 W, respec-
tively. ThT fluorescence was measured at suitable times using a
MTP810 microplate reader (CORONA ELECTRIC, Ibaragi,
Japan) with excitation wavelengths at 450 nm.

Regarding the real-time monitoring of seed-dependent
fibrillation, protein solutions with a total volume of 200 wul,
containing 1.5 mg ml ™" insulin, 5 um ThT, and 20% TFE or 10%
HFIP were incubated in each well of a microplate at 37 °Cin the
absence of agitation. Fibrillation in the absence and presence of
1% (w/w) seed fibrils was examined using a SH9000 microplate
reader (CORONA ELECTRIC, Ibaraki, Japan) with an excita-
tion wavelength at 445 nm. Fibril seeds, i.e. short insulin fibrils,
were prepared by the fragmentation of mature fibrils with a
manual sonication treatment. The microplates were sealed
tightly to prevent the volatilization of alcohols.

Circular Dichroism Measurements—CD measurements of
insulin solutions were performed at 0.15 mg/ml in 10 mm HCI
or 25 mM sodium acetate buffer (pH 4.8) containing various
alcohol concentrations using a Jasco J820 spectropolarimeter at
37 °C. The sample solution (1.5 mg ml™') was diluted 10-fold
for far-UV CD experiments. Far-UV CD spectra were recorded
using a quartz cuvette with 1-mm path length. The spectra were
expressed as the mean residue ellipticity, [0] (deg cm® dmol '),
after subtracting the solvent background.

Thioflavin T Assay at Neutral pH—Aliquots (5 ul) of the
sample solutions after reactions at pH 2.0 or 4.8 were added to
1 ml of the 50 mm glycine-NaOH buffer (pH 8.5) containing

JOURNAL OF BIOLOGICAL CHEMISTRY 18229

6T0C ‘S A%eniop- Uo A LISHIAINN YIVSO ' /B10-0g [ mmmy/:dny wouy pepeojumoq


http://www.jbc.org/

Supersaturation-limited Insulin Fibrillation

5 uM ThT. Fibril formation was assayed based on the ThT
intensity at 485 nm excited at 445 nm using a Hitachi F4500
fluorescence spectrophotometer.

Determination of Concentrations of Residual Monomers—
After reactions, sample solutions were centrifuged at 15,000 X
g and 37 °C for 30 min. The concentrations of residual mono-
mers in the supernatant were then determined spectrophoto-
metrically after filtration using a Millex-LG Sterilizing Filter
Unit obtained from Millipore Corp. (Billerica, MA).

Atomic Force Microscopy—Regarding the AFM measure-
ments, sample solutions of 1.5 mg ml™" insulin after reactions
were diluted 10-fold and a 15-ul aliquot was spotted on a freshly
cleaved mica plate. The residual solution was removed with
compressed air and air dried for 10 s. AFM images were
obtained using a Nano Scope IIla (Digital Instruments), as
reported previously (23, 39).

Transmission Electron Microscopy—Transmission electron
microscopy measurements were performed on a HITACHI
H-7650 transmission microscope (Tokyo, Japan). Samples were
dripped on copper grids (400-mesh) covered by a carbon-
coated collodion film (NISSHIN EM Corporation, Tokyo,
Japan) with no dilution, and were then negatively stained with
2% (w/v) uranyl acetate solution. The observation magnifica-
tion was X20,000.

Fourier Transform Infrared Spectroscopy—FTIR measure-
ments were carried out on a Bruker Equinox 55 (Bruker, Ger-
many) instrument equipped with a MCT detector in CaF, cells
with 100-um Teflon spacers at 1 cm ™~ ' resolution. To avoid the
contribution of water vapor peaks to the spectra, the instru-
ment was purged with dry air. Two stock solutions were pre-
pared by dissolving the lyophilized insulin powder at a concen-
tration of 15 mg ml~'. In pD 2.0 samples, insulin was dissolved
in D,O containing ~10 mm DCl with the pD adjusted to 2.0 by
taking into account the isotope effect (pD = pD* + 0.4, where
pD*is the pH meter reading). In the pD 4.8 experiments, insulin
was dissolved in pure D, O to avoid the immediate precipitation
observed in acetate buffer at pH 4.8 at high protein concentra-
tions. Insulin samples were prepared from stock solutions by
mixing with appropriate volumes of D,O buffers, NaCl, and
TFE or HFIP. The recorded spectra were corrected by subtract-
ing of the appropriate buffer spectra and removing the remain-
ing vapor peaks.

To estimate the secondary structure, peak fitting of the
amide I’ band (1600 -1700 cm ') by Gaussian-shaped compo-
nents was performed on the non-deconvoluted spectra (40).
The positions and number of the components were determined
from second derivative analysis of the spectra. To treat the bor-
ders of the amide I region appropriately, the fitting was carried
outin the 1570-1730 cm ™~ ' wave number range. The peak posi-
tions were fixed in the fitting. The width of each Gaussian curve
was maximized in 20 cm ™ '. The contribution of each compo-
nent to the amide I’ band was evaluated by integrating the area
under the curve and then normalizing to the total area of the
amide I' band. We assigned the components of amide I’ to the
secondary structure based on our previous study (40), as fol-
lows: 1615-1640 cm ™', B-sheet; 1670-1685 cm ™', high fre-
quency contribution of the antiparallel B-sheet; 1640-1650
cm %, disordered structure; 1645-1655 cm ™ !, a-helix; 1655—
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1670 cm™ ', B-turn. The range of 1600-1613 cm ' was
assigned to side chain contributions.

RESULTS
Alcohol-induced Transitions under Quiescent Conditions

The effects of TFE and HFIP on insulin at 1.5 mg ml™" were
examined at pH 2.0 and 4.8, in which the pH value was mea-
sured in the absence of alcohol (see “Experimental Proce-
dures”), by CD spectroscopy under quiescent conditions (Fig.
1). The stock solution was diluted to 0.15 mg ml ™ 1 ~1min, and
~15 h after the sample preparation at 37 °C, and the spectra
were measured. In the absence of alcohols, native insulin, which
was predominantly composed of a-helical structures, showed a
CD spectrum with minima at 208 and 222 nm and an ellipticity
of approximately —10,000 at 222 nm at both pH 2.0 and 4.8 (Fig.
1, A-D). Because alcohol-induced denaturation led to an a-hel-
ical conformation, the far-UV CD was not very sensitive for
conformational transitions. Thus, we also measured near-UV
CD spectra at various alcohol concentrations at pH 2.0 and 4.8
(Fig. 1, E-H). The presence of low concentrations of HFIP
caused the aggregation and precipitation of insulin at pH 4.8.
Under other conditions, the intense negative peak at 275 nm,
which was representative of the native structure, disappeared
with an increase in the concentration of alcohols. The addition
of HFIP at more than 20% at pH 4.8 recovered solubility, as
indicated by the CD spectra and transition curves (Fig. 1, D, H,
and L).

The plots of ellipticity at 275 nm against alcohol concentra-
tions showed that cooperative denaturation transition
occurred immediately after the addition of TFE at pH 2.0 and
4.8 or HFIP at pH 2.0 (Fig. 1, [-K). Although the gradual
increase observed after the major transition prevented the
exact determination of the midpoint alcohol concentration
they were ~5% for TFE at pH 2.0, ~15% for TFE at pH 4.8, and
~15% for HFIP at pH 2.0. On the other hand, the transitions
monitored by ellipticity at 222 nm were monotonous with a
gradual increase in amplitude, which indicated a slight increase
in the a-helical content.

No significant change was observed in any solution following
incubation for ~15 h without agitation. These results indi-
cated that the CD spectra and transition curves shown in Fig.
1 represented conformational transitions under quiescence
that appeared to be dependent on pH and TFE or HFIP
concentrations.

Alcohol-induced Transitions under Ultrasonication

We then examined the effects of ultrasonic irradiation on
insulin solutions at various alcohol/water mixtures using
Eppendorf tubes. Insulin solutions at 1.5 mg ml~* were irradi-
ated with 1-min ultrasonication cycles followed by 2-min qui-
escence for 15 h. The reaction products were analyzed by mea-
suring the far-UV CD spectra and ThT fluorescence.

A significant change was observed in the far-UV CD spectra
at pH 2.0 in the presence of various concentrations of TFE (Fig.
2A). In the absence of alcohol, the spectrum for the a-helical
conformation transformed to a spectrum with a minimum at
225 nm, which suggested the formation of a B-structure. The
spectra exhibited a minimum at 200 —205 nm under other con-
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FIGURE 3. EM images of various conformational states of insulin. A, fibrils
at pH 2.0 with no alcohol. B, amorphous aggregates at pH 4.8 with no alcohol.
Cand G, fibrils at pH 2.0 and 20% TFE. D and H, fibrils at pH 4.8 and 20% TFE.
E and |, fibrils at pH 2.0 and 10% HFIP. F and J, fibrils at pH 4.8 and 10% HFIP.
Insulin fibrils were prepared by ultrasonication (A-F) or seeding (G-J). The
black bars indicate 1 um.

ditions. Although these spectra were distinct from that of a
typical B-structure with a minimum at 218 -225 nm, ThT fluo-
rescence after ultrasonication showed a marked increase at all
TFE concentrations, which suggested the formation of amyloid
fibrils (Fig. 2I). Consistent with this result, the remaining
monomer concentration after centrifugation decreased sig-
nificantly (Fig. 2/). Transmission electron microscopy (Fig.
3) and AFM images (data not shown) confirmed the forma-
tion of amyloid fibrils, which were short in length due to the
effects of ultrasonication.

The effects of ultrasonic pulses were also examined at pH 4.8
in the presence of various concentrations of TFE and at pH 2.0
and 4.8 in the presence of various concentrations of HFIP (Fig.
2). Under most conditions, except for 0-10% TFE at pH 4.8,
30-40% HFIP at pH 2.0, and 70% HFIP at pH 4.8, ultrasonic
irradiation induced ThT-positive conformations with distinct
CD spectra from those of the a-helical conformations (Fig. 2).
Transmission electron microscopy (Fig. 3) or AFM images
(data not shown) revealed the formation of amyloid fibrils.
Moreover, the remaining soluble protein concentrations after
centrifugation decreased in a manner complementary to the
increase observed in ThT fluorescence, which supported the
formation of amyloid fibrils (Fig. 2, I-L).

Analysis of Secondary Structures by CD and FTIR

Although various types of the CD spectra of fibrils, as shown
in Fig. 2, may arise from the parallel or antiparallel types of
B-sheets, the lengths of B-strands, or twisting of B-sheets, it was
difficult to characterize these properties from the CD spectra
because of the absence of CD spectrum analysis software useful
for such purposes. Nevertheless, by carefully comparing the
insulin CD spectra with those of globular proteins and amyloid
fibrils with known structures, we distinguished three groups of
secondary structures.

(i) Parallel B-Sheet Dominated Structure—The spectra con-
tained a negative minimum at ~215-225 nm and a positive
maximum at 200 nm or lower wavelengths. The amplitude of
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the minimum was relatively large. Most characteristic samples
were 0 and 20% HFIP at pH 2, and 50% HFIP at pH 4.8 (Figs. 2
and 4). The CD spectrum of amyloid-3 fibrils with parallel
B-sheets showed a similar spectrum (41). Fibrils of 8,-micro-
globulin formed at pH 2.5 also show this spectral shape and
were interpreted as parallel B-sheet structure (25, 40).

(ii) Antiparallel B-Sheet Dominated Structures—Antiparallel
B-sheets often showed a minimum at ~220-230 nm with low
amplitude and a larger maximum at ~200 nm or higher wave-
lengths. Representative samples were fibrils in 20—-30% TFE or
10-20% HFIP at pH 4.8 (Figs. 2 and 4). The characteristic CD
spectra of native 32-microglobulin were reported previously
(13).

(iii) Antiparallel Twisted B-Sheet— Although the CD spectra
with a minimum at 200 -205 nm were at first unusual for amy-
loid fibrils with a dominant cross-8 structure, there were sev-
eral examples of B-structure-dominated proteins with similar
far-UV CD spectra, e.g. a soybean trypsin inhibitor with a
twisted antiparallel B-sheet (42). Insulin showed this spectral
shape in the presence of TFE at pH 2.0 and 10% HFIP at pH 2.0
(Figs. 2 and 4, G and K).

We tentatively assigned the parallel and antiparallel B-struc-
tures from the CD spectra of insulin fibrils observed under var-
ious water/alcohol mixtures. However, types i and ii were diffi-
cult to distinguish and both structures may even coexist.
Moreover, some spectra such as those at pH 4.8 in the presence
of 30-40% HFIP showed very large amplitudes, which made
any structural estimation problematic.

We then used FTIR, one of the alternative methods, to exam-
ine the secondary structures of proteins (40, 43). The advan-
tages of FTIR spectra are that 3-sheet structures can be distin-
guished from other structures more clearly than CD and that
antiparallel B-structures can also be identified, depending on
the presence of a high frequency peak at 1670-1685 cm ™' (40).
We measured the FTIR spectra for the native state at pH 2.0 in
the absence of alcohol, fibrils under the same conditions, fibrils
in the presence of 20% TFE at pH 2.0 or 4.8, and fibrils in 10%
HFIP at pH 2.0 or 4.8 (Fig. 4, Table 1). A protein concentration
of 5 mg ml™" was used for the FTIR measurements and the
samples were prepared by seeding with seeds at 1% (w/w) under
stirring.

Based on the deconvolution analysis of the spectra, we
assigned the major secondary components for the respective
states (Fig. 4, Table 1). The initial native state at pH 2.0 in the
absence of alcohol showed an a-helical structure with the main
components at 1644 and 1650 cm . Upon ultrasonic irradia-
tion under the same conditions, insulin formed fibrils with par-
allel B-structures with negligible or no high frequency compo-
nent. The main 3-sheet component manifested at 1627 cm ™.
Therefore, when components appeared at 1626 -1627 cm ™ *
in the other spectra, we considered them to be parallel
B-structures.

In the presence of 20% TFE or 10% HFIP at pH 2, other
characteristic 3-sheet components appeared at ~1635-1637
and 1618 -1620 cm !, which were considered to be antiparallel
B-sheets (Fig. 4). Insulin instantly precipitated at pH 4.8 with-
out alcohol, which resulted in a weak CD signal (Fig. 1). The
infrared spectrum showed a broad amide I’ band with a mixture
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FIGURE 4. Comparison of the CD and FTIR spectra of various conformational states of insulin. The secondary structure analysis of insulin fibrils were
performed by CD (A, C, E, G, I, K,and M) or FTIR (B, D, F, H, J, L, and N) spectra. The native state (A and B) and fibrils (Cand D) at pH 2.0 with no alcohol are shown.
Eand F, amorphous aggregates at pH 4.8 with no alcohol. G and H, fibrils at pH 2.0 and 20% TFE. / and J, fibrils at pH 4.8 and 10% TFE. Kand L, fibrils at pH 2.0 and
10% HFIP. M and N, fibrils at pH 4.8 and 10% HFIP.In panels B, D, F, H, J, L, and N, the dotted lines represent the raw data and the solid lines represent the fitted data

on the basis of deconvolution (broken lines).

of a significant turn, a-helix, irregular structure, and antiparal-
lel B-structure with high frequency component, which when
taken together, indicated amorphous aggregates (Fig. 4, E and
F). In summary, based on CD and FTIR, we could consistently
assign the dominant B-structure contents of insulin amyloid
fibrils (Table 1, see also Fig. 6, below).

Kinetics of Fibrillation

We monitored the kinetics of fibrillation directly on 96-well
microplates by applying 1-min ultrasonication cycles followed
by 9-min quiescence (Fig. 5). Each well of the microplate con-
tained a sample solution of 0.2 ml with 5 um ThT. After ultra-
sonic irradiation of the microplate in the ultrasonicator, the
fibrillation was assessed by a microplate reader at a fluores-
cence intensity of 490 nm with an excitation wavelength of
450 nm. Under our experimental ultrasonic irradiation con-
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ditions, amyloid fibrillation occurred after a lag time of sev-
eral hours (Fig. 5, A-D). However, high concentrations of
alcohol, in particular HFIP, and low pH prevented accurate
measurements. We consider that there may be optimal alco-
hol concentrations for fibrillation at moderate concentra-
tions of TFE and HFIP, as demonstrated for hen egg
lysozyme, for which the fibrillation assays were performed
carefully by using a larger sample volume and taking an ali-
quot for optimized assays (35).

We also performed seeding experiments in 20% TFE with a
microplate, in which seed fibrils at 1% (w/w) were added to
monomers at 1.5 mg ml~ ! under the same conditions of fibril-
lation (Fig. 5, E-H). We monitored seed-dependent fibrillation
without ultrasonic irradiation. We could monitor the rapid
fibrillation without a lag time that was saturated in several
hours. The results confirmed the seeding potential of fibrils
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TABLE 1

Secondary structure assignments of insulin fibrils on the basis of FTIR spectra under representative conditions

Conditions Major components ‘Wave number Ratio Structure assignment
em™!
pH 2.0, no alcohol Native monomers a-helix 1682 0.02 High frequency 8
1667 0.3 Turn
1650 0.4 a-Helix
1644 0.08 Irregular
1633 0.2 Antiparallel B
pH 2.0, no alcohol Parallel B 1666 0.03 Turn
1661 0.01 Turn
1651 0.01 Helix
1647 0.4 Irregular
1627 0.48 Parallel B
1618 0.07 Antiparallel B
pH 4.8, no alcohol Amorphous aggregate irregular 1682 0.04 High frequency
1667 0.19 Turn
1655 0.17 Turn/helix
1644 0.31 Irregular
1634 0.24 Antiparallel 8
1622 0.04 Antiparallel B
pH 2.0, 20% TFE Antiparallel 8 1669 0.14 Turn/high frequency B?
1657 0.08 Turn/helix
1648 0.06 Helix/irregular
1637 0.26 Antiparallel B
1630 0.23 Parallel B?
1619 0.23 Antiparallel B
pH 4.8, 20% TFE Antiparallel 8 1678 0.04 High frequency
1664 0.12 Turn
1650 0.09 Helix
1644 0.17 Irregular
1632 0.38 Antiparallel 8
1618 0.2 Antiparallel B
pH 2.0, 10% HFIP Antiparallel 8 1665 0.15 Turn/high frequency 8
1648 0.14 Helix/irregular
1635 0.3 Antiparallel B
1626 0.08 Parallel B
1620 0.33 Antiparallel 8
pH 4.8, 10% HFIP Antiparallel 8 1677 0.09 High frequency
1658 0.28 Turn
1647 0.08 Irregular/helix
1634 0.33 Antiparallel B
1618 0.22 Antiparallel B
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FIGURE 5. Kinetics of ultrasonication-triggered and seed-dependent insulin fibrillation under various alcohol conditions. Ultrasonication-dependent
fibrillation was monitored at various concentrations of TFE (A and B) or HFIP (C and D) at pH 2.0 (A and C) or 4.8 (B and D). Seed-dependent reactions were
monitored at 20% TFE and pH 2.0 (E) or 4.8 (F), or at 10% HFIP and pH 2.0 (G) or 4.8 (H). Kinetics were measured on 96-well microplates with a sample volume
of 200 wl. Because higher concentrations of TFE or HFIP prevented the measurement of ThT fluorescence, we only showed the data obtained following
successful kinetic monitoring. Curves in panels E-H with different colors indicate the results at different wells.

prepared by ultrasonication. Transmission electron micros-
copy images (Fig. 3, G-J) confirmed the formation of amyloid
fibrils, which were longer than those prepared by ultrasonica-
tion (Fig. 3, C—F) because of the absence of ultrasonication-de-

pendent fragmentation.
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Phase Diagram of Insulin Fibrillation

We constructed phase diagrams of conformational states on
the basis of the TFE- or HFIP-dependent fibrillations of insulin
at pH 2.0 and 4.8 (Fig. 6). Two-phase diagrams were made for
each alcohol: the one before applying ultrasonic irradiation rep-
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FIGURE 6. Phase diagrams of the alcohol- and pH-dependent conformational states of insulin at 1.5 mg ml~" before and after ultrasonication
obtained with TFE or HFIP. Phase diagrams obtained before (A and B) and after (C and D) ultrasonication are represented by dominant species even when
distinct states coexisted, as indicated by symbols (@, ¢, l, A, V). Vivid blue, native monomers (®); light blue, unfolded monomers (4 ); green, amorphous

aggregates (H); yellow, parallel g fibrils (A); red, antiparallel B fibrils (V).

resented an apparent phase diagram under supersaturation,
whereas the other after ultrasonic irradiation represented ther-
modynamic conformational states.

Regarding TFE under quiescence conditions, amorphous
aggregates formed at 0—10% TFE and pH 4.8 (Fig. 6A), although
they were not visible in the CD measurements after dilution
(Fig. 1F). Insulin was apparently soluble for other regions,
where insulin assumes the native a-helical conformation at
0% TFE at pH 2.0. The metastability of supersaturation was
broken upon ultrasonic irradiation, which produced ther-
modynamically stable fibrils at both pH 2.0 and 4.8 (Fig. 6C).
According to the CD and FTIR analyses, fibrils were domi-
nantly parallel 3 structures at pH 2 in the absence of alco-
hols, whereas antiparallel B structures prevailed for other
regions (Fig. 4).

As for HFIP in the absence of ultrasonic irradiation, amor-
phous aggregates formed at 0—10% HFIP and pH 4.8 (Fig. 6B).
Insulin was apparently soluble for other regions, where insulin
assumes the native a-helical conformation at 0—5% HFIP at pH
2.0. These were similar to the TFE-dependent apparent phase
diagram of insulin (Fig. 64). Upon ultrasonic irradiation, insu-
lin was transformed to fibrils between 0-20 and 50 -70% HFIP
at pH 2.0 and 10-60% HFIP at pH 4.8 (Fig. 6D). On the other
hand, insulin stayed soluble between 30 and 40% HFIP at pH 2.0
and 70% HFIP at pH 4.8. According to the CD and FTIR anal-
yses, both parallel and antiparallel 3 structures existed depend-
ing on the HFIP concentration. Therefore, they may coexist
even under the same solvent conditions.
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We also performed a series of experiments at 3.0 mg ml™"
insulin at pH 2.0 and 4.8 in the presence of various concentra-
tions of TFE and HFIP (data not shown). The results were sim-
ilar to those obtained at 1.5 mg ml~" insulin, although the
higher insulin concentration slightly decreased the alcohol con-
centration required to induce the fibrils and no soluble region
after ultrasonication. At 3.0 mg ml ™! insulin at pH 4.8, no par-
allel B was observed. Except for these changes, the phase dia-
grams at 3.0 mg ml " insulin (Fig. 7) were similar to those at 1.5
mg ml~" (Fig. 6).

DISCUSSION

Significance of Supersaturation—Among the two types of
complementary views used to consider the mechanism under-
lying amyloid fibrillation, a series of recent advancements in
structural studies have focused on the former view in which
specific intermolecular interactions produce tightly packed
steric zipper-type amyloid architectures (3, 4, 9-13). Although
the latter view in which fibrillation is a process that is similar to
that crystallization of substances (14 —18) has been proposed at
an early stage based on the findings of amyloid research, we did
not consider the reality and importance of this similarity to
have been documented in sufficient detail. More importantly,
this similarity argues the critical roles of solubility and super-
saturation to make ordered amyloid structures without tight
packing.

According to the latter view, the solubility (i.e. critical con-
centration) of monomeric proteins is one of the most important
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FIGURE 7. Phase diagrams of the alcohol- and pH-dependent conformational states of insulin at 3 mg ml~" before and after ultrasonication obtained
with TFE or HFIP. Phase diagrams obtained before (A and B) and after (Cand D) ultrasonication are represented by dominant species even when distinct states
coexisted, as indicated by symbols (@, ¢, H, A, ¥) as defined in the legend to Fig. 6.

factors determining amyloidogenicity. Because thermody-
namic solubility depends on concentration, the protein con-
centration used in experiments is critical for predicting the
amyloidogenicity of proteins. In other words, even highly amy-
loidogenic proteins stay soluble and preformed fibrils can dis-
solve into monomers below the critical concentration (7, 39).
The critical concentration is a function of various factors
including the conformations of monomers and fibrils as well as
the hydrophobicities of amino acid residues.

Previous studies showed that crystal-like ordered states
including amyloid fibrils do not form rapidly because of the
high free energy of nucleation (19, 23), which leads to supersat-
uration in which, in the absence of agitations to induce nucle-
ation, the solutes may retain apparent solubility indefinitely
under the conditions of metastability. On the other hand, when
solvent-excluded conformations are glassy amorphous aggre-
gates, which is common for larger denatured proteins, aggrega-
tion has been shown to occur rapidly without a lag phase. The
transition from crystal-like amyloid fibrillation to glass-like
amorphous aggregation even occurs for the same protein when
changes in the solvent conditions favor precipitation (e.g.
increased NaCl concentration (19)).

Although supersaturation is an important factor that
determines the amyloidogenicity of proteins, it has often
been considered to be a trivial factor that retards the initia-
tion of fibrillation. Supersaturated regions have been divided
into metastable and labile regions in the field of the crystalliza-
tion of substances (19, 21, 23, 44). In the metastable region in
which the solute concentration is slightly above solubility,
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spontaneous nucleation does not occur indefinitely and seeding
is essential to break supersaturation and form crystals. How-
ever, nucleation can occur after a certain lag time in the labile
region. A further increase in the driving force of precipitation
has been shown to lead to a glass region in which solutes pre-
cipitate rapidly without a lag time (see Fig. 5 of Yoshimura et al.
(19)).

Although amyloid fibrillation is expected to occur after a
certain lag time, an analogy with crystallization suggests that it
does not occur indefinitely forever under the metastability of
supersaturation. Moreover, the mechanism underlying sponta-
neous fibrillation in the labile region remains unclear and the
simple mechanism of nucleation-dependent crystallization
cannot account for persistent metastability. Various competing
pathways have been considered to lead to crystals as well as
various amorphous aggregates. The stabilization of monomeric
or oligomeric states by unknown mechanisms may be involved
in the persistence of supersaturation.

Supersaturation in Biological Systems—We have proposed
the persistent metastability of supersaturation with insulin
under various conditions of water/alcohol mixtures. Strong agi-
tation with ultrasonication is needed to break metastability.
The same effects may be induced by other types of agitations
such as stirring. One possible mechanism is the condensation of
amyloidogenic proteins at the water/air interface produced by
ultrasonication-induced cavitation or stirring (19, 23). Local
increases in the protein concentration at the water/air interface
have been shown to lead to glassy aggregates, in which a tem-
plate-competent conformation may emerge. Various factors
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increase the local concentration of amyloidogenic precursors in
biological systems, including binding to phospholipid mem-
branes, local crowding in cells, or partial unfolding in low pH
environments (45, 46). Once the nucleus or amyloid-compe-
tent aggregates are formed, supersaturation breaks, followed by
the explosive propagation of amyloid fibrillation.

Ciryam et al. (24) recently reported that widespread aggre-
gation and neurodegenerative diseases were associated with
supersaturated proteins. On the basis of a genome-wide search
of proteins, they showed that supersaturated proteins, whose
cellular concentrations were higher than their solubilities, rep-
resented a metastable subproteome involved in pathological
aggregation. They further suggested that it may soon become
possible to use supersaturation measures to quantitatively
assess the vulnerability of the human proteome to aggregation
and the risk of neurodegenerative diseases in individuals over
the course of their lives. Thus, our results demonstrating the
metastability of supersaturated insulin solutions under a wide
range of solvent conditions will be important for a physico-
chemical understanding of the principles leading to pathologi-
cal aggregations in biological systems.

Conclusion—We showed that solubility of insulin decreases
markedly coupled with the alcohol-induced denaturation at
moderate concentrations of water/alcohol mixtures of TFE and
HFIP. However, because of the metastability of supersatura-
tion, denatured insulin remained soluble. Disrupting metasta-
bility through strong agitation, such as ultrasonication, results
in the production of crystal-like amyloid fibrils. Solubility and
supersaturation-dependent amyloid fibrillation will apply to
fibrillation under physiological conditions without alcohols in
which biological environments including membranes and
crowding in cellular environments play important roles in
decreasing solubility. On the basis of the new view that amyloid
fibrillation is a consequence of breaking supersaturation, we
suggest that distinguishing the metastability of supersaturation
and rapid glassy transition will be a next stage for clarifying the
mechanism underlying protein aggregation and its biological
impacts. Oligomers have been proposed to be directly respon-
sible for cytotoxity (47-49). We assume oligomers to be
another type of protein aggregates produced above the solubil-
ity limit. It will be important to understand oligomeric species
in relationship to solubility and supersaturation.
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