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Recently it has been made clear that some associa-
tions or aggregations of abnormally folded proteins,
such as �-amyloids, are stably present even under
physiological condition, and those structures might
cause specific diseases called conformation diseases;
amyloidosis.1–5 The present understandings are that
a variety of proteins can form amyloids, fibrous aggre-
gations of protein �-forms, besides some specific pro-
teins concerned to the diseases.6–10 Basic aspects of
amyloid-formation mechanism have been studied by
using many types of proteins and various physical
and chemical methodologies.11–17 Insulin is one of
the prototype agents for such fundamental studies18–24

and, as a physical perturbation, pressure (high hydro-
static pressure), besides temperature, is utilized in
order to control the structural changes.25–32

In aqueous solutions, insulin exists as a mixture of
monomer, dimer and hexamer; mainly in hexamer at
pH around 7, in dimer at pH 2.0, and in monomer
in 20% acetic acid.32–34 Above room temperature,
insulin can form amyloids and the amyloid is per-
formed by nucleation-dependent elongation model.
In this model the whole process is divided into three
steps; nucleation, elongation and equilibrium and the
rate determining step is considered as in the nuclea-
tion.20,21,24 Dissociation to monomers from insulin
dimers or hexamers and the following conformational
change into modified monomers have to occur in prior
to the nucleus formation. Even after amyloid is
formed, three disulphide bonds in insulin are present
intact without scissions.35

Here we have investigated some fundamental but
important points of high pressure effects on �-amyloid
formation from insulin.

EXPERIMENTAL

The amyloid formation process was observed by
adding fluorescent probe, thioflavine T (ThT: Basic
Yellow 1) 20mM, in the insulin solutions. ThT shows
a strong and characteristic fluorescence (ex. 450 nm
and em. 480–490 nm), when it is captured in amyloid
fibrils, although the details of the mechanisms are not
yet fully elucidated.36,37

Bovine insulin and ThT were purchased from
Sigma (St. Louis, Mo. USA). Insulin was dissolved
in deionized and filtered water, and pH was adjusted
to 2 by adding dilute HCl aqueous solution. The insu-
lin concentration was determined spectrophotometri-
cally (A1%

276 nm ¼ 1)38 by using Shimadzu spectro-
photometer UV-2200. The sample solution contain-
ing 5–20mg/mL of insulin and 20mM of ThT was
portioned and set in a high-pressure cell settled in
a fluorescence photometer (Shimadzu RF 5300). The
details of the high-pressure equipment have been giv-
en elsewhere.39 The excitation and emission wave-
lengths were set at 444 and 485 nm, respectively. Af-
ter fluorescence measurements, the sample solutions
were taken out and stained with 3% tungsto(VI) phos-
phoric acid aqueous solution for electron microscopic
observation by JEOL-1220 (80 kV) (Tokyo, Japan).

RESULTS AND DISCUSSION

The time courses of fluorescence change of the
insulin solution, after the temperature was raised at
60 �C, are typically as shown in Figure 1. As has been
reported,20,21,24 sigmoidal curves were obtained. They
consist of the first gentle lag phase, greatly increasing
growth phase, and the last gentle equilibrium phase.
The reaction profiles can be phenomenologically ana-
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lyzed by the following equation.20

FðtÞ ¼ ðFi þ mi
�tÞ þ ðFf þ mf

�tÞ
=ð1þ expð�ðt � t1=2Þ=�ÞÞ; ð1Þ

where FðtÞ is the fluorescence intensity at time t, Fi

and Ff are the initial and final fluorescence intensities,
mi and mf are the inclination coefficients of the initial
and final linear portions, and t1=2 is the time to 50% of
maximal fluorescence. For our experimental results,
mi and mf can be considered as zero, and then eq 1
is simplified as;

FðtÞ � yi ¼ F0ðtÞ ¼ Ff=ð1þ expð�ðt � t1=2Þ=�ÞÞ: ð2Þ

By plotting ln½fFf=F
0ðtÞg�1� vs. t, �1=� was obtained

as the slope.
In this analysis, the lag-time (tlag) and the extension

rate coefficient (kex) were defined as, tlag ¼ t1=2 � 2�
and kex ¼ 1=�. By the least square fitting of the whole
profile, tlag and kex were evaluated, and the insulin
concentration and pressure dependence of these pa-
rameters are as listed in Table I.
Dissociation to monomers, structural change lead-

ing to modified monomer, and nucleation from the lat-
ter, all of these are considered to be reflected in the pa-
rameter tlag. Thereafter, amyloid extension process
starts from the nucleus, which is mainly evaluated
through the parameter kex. The parameter tlag decreas-
ed with increase in insulin concentration. kex also
increased with the increase in insulin concentration.
High pressure suppressed the amyloid formation of

insulin. With increasing pressure, tlag increased drasti-

cally and, at the same time, kex decreased. Hence, at
400 or 300MPa, we observed no fluorescence change
even after 24 h (data not shown). Both nucleation and
extension were slowed down by giving high pressure.
Jansen et al. reported that specific circularly shaped
insulin amyloids were obtained, by incubating under
elevated pressures,40 but only normal fibril formations
(photographs not shown) were observed by electron
microscopy. It is generally known that pressure can
prevent the aggregation of proteins, especially of de-
formed (denatured) proteins. The main mechanism
of pressure retardation of amyloid formation might
be the suppression of both nuclear formation and fur-
ther aggregation of modified monomer to extend the
amyloid fibrils.
Although the amyloid formation of insulin was sup-

pressed by high pressure, the application of high pres-
sure on the once formed amyloids suspensions did not
effectively resolve them (data not shown). On the oth-
er hand, drastic accelerations were observed by pre-
incubating insulin solutions under pressurized condi-
tions (after the applied pressure was released). As
shown in Figure 2, exposure to the ambient pressure
after 1 h incubation under 200MPa, the ThT fluo-
rescence increased very rapidly. The nucleation mech-
anism seems to be still effective but both nucleation
and extension were accelerated, as known from the re-
gressed parameters for those 100MPa pre-incubation
(Table I). These results can be explained by assuming
that the dissociation of multimer forms of insulin into
monomer and also the change of monomer into modi-
fied monomer or pre-amyloid structures are thermody-
namically promoted under high pressure. For a num-
ber of proteins, it has been reported that the higher
order associations of subunits tend to dissociate,41–43

and partly deformed monomer proteins are stabi-
lized,44–46 under elevated pressures. In the case of pre-
incubation at 200MPa, the curve-fitting was not pre-
cisely performed, since the observed fluorescence

Figure 1. Time course of the fluorescence change from insu-

lin solution containing 20mM ThT at 60 �C. Pressures are indicat-

ed at the curves. The reaction time was counted after the temper-

ature of the solution was increased to 60 �C. [insulin] ¼ 10mg/

mL except for 0.1MPa-2 (5mg/mL). Gray curves are indicating

the prediction of the change by using the parameters shown in

Table I and eq 1 in the text.

Table I. kex and tlag parameters evaluated from ThT fluores-

cence change profiles of insulin solution under various conditionsa

Insulin Conc.
(mg/mL)

Pressure
(MPa)

kex
(h�1)

t0
(h)

tlag
(h)

5 0.1 1.8 4.0 2.9

10 0.1 3.5 2.1 1.5

20 0.1 4.2 1.5 1.1
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

10 100 2.4 3.2 2.4

10 150 1.6 6.7 5.5

10 200 1.0 12.9 11.0
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

5 100 ! 0:1b 3.8 3.1 2.0

5 200 ! 0:1b > 10 < 1:7 ca. 1.5

aat pH 2 and 60 �C. bMeasured at atmospheric pressure after

high-pressure pre-incubation for 1 h.
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intensity exceeded the detecting limit of the fluores-
cence photometer. These results show that the mech-
anism of the association of the fluorescent probes
and the fibrils was also modified by changing the
pre-incubating conditions. The present results indicate
that special cautions should be taken in the processes
after the pressure release (thermal quenching, quick
sample handling etc.), when the effects of pressure
on the aggregation of this kind of proteins are studied
by ex citu methodology.
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