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The thermodynamic properties and state diagram of the thermally induced aggregation of myoglobin with
1,4-dioxane were determined by DSC, circular dichroism (CD), dynamic light scattering (DLS), scanning electron
microscopy (SEM), and density measurements. At a mole fraction (x) of 1,4-dioxane of around 0.10, myoglobin
exhibited a-helical aggregation at 25 °C, which transformed to spherical aggregation without thermal denaturation upon
heating. The enthalpy change for the spherical aggregation was —565 kJmol™" at x = 0.10, which was numerically greater
than that for thermal denaturation of the native state, 428 kI mol ™', indicating that the aggregate conformation involved
many intermolecular interactions. At x = 0.125 — 0.25, the o-helix partially transformed to a B-sheet at 25 °C, which
formed an amorphous aggregate upon heating. The thermal transition depends on the incubation time of the
pre-transition state due to conformational changes in this state. The positive change in the partial specific volume of the
aggregate indicates a large cavity volume and reduced hydration. On the other hand, the activation volume for the
aggregation is negative, (—4.5 = 1.3) x 10? cm® mol !, suggesting that the activated state has a structure with fewer
cavities and/or is highly hydrated compared to the pre-transition state, probably due to partial unfolding.
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1. Introduction

Protein conformations can be divided into various forms: the
folded native state; the unfolded denatured state with loss of
tertiary and secondary structure, which is present in the native
state; an intermediate state such as a molten globule state; an
aggregated state such as amorphous aggregation; and ordered
aggregation such as fibrous aggregation. The folded native state
has low stability due to a balance between enthalpic factors such
as hydrophobic interactions, hydrogen bonding, and electrostatic
interactions, and entropic factors derived from the protein
conformation and solvation. Hence, the folded native state is
casily transformed into other states by external perturbation
resulting from temperature, pressure, and co-solvent.'™ Protein
aggregation causes less desirable characteristics such as reduced
or no biological activity, which occasionally leads to amyloid
diseases.*” Ordered aggregates have been observed in many
proteins and are likely to be one of their basic structural
forms. *¥ Elucidating the aggregation mechanism is important
for preventing protein diseases and for preserving protein
solutions by understanding the misfolding process. The
structures of aggregates have been revealed by nuclear magnetic
resonance (NMR), X-ray structural analysis, and circular
dichroism (CD). 'Y However, there are limited thermodynamic
data on the aggregation process.'>' One of the reasons for this
is the difficulty in quantitatively interpreting changes in
spectroscopic intensity, because aggregation inevitably leads to a
decrease in protein solubility. Conversely, thermal analysis
effectively compensates for data unavailable by spectroscopy,
because thermal methods macroscopically observe whole
reactions, including aggregated precipitation.

To clarify the aggregation mechanism, appropriate
conditions for aggregating the protein must be selected to easily
observe the aggregation process. Generally, one of the
conditions for inducing aggregation is that the protein should be
near its isoelectric point, which decreases the electrostatic
repulsion between proteins. However, in many cases,
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aggregation produces an amorphous precipitate rather than an
ordered form. Ultrasonication is an effective trigger for inducing
aggregation,'® but it is not easy to obtain thermal information on
the aggregation process, because the ultrasonic waves create too
large a thermal background. Recently, we found that cytochrome
¢ formed an ordered fibrous aggregate upon heating in an
appropriate mole fraction of dioxane in water, and we
determined the state diagram and thermodynamics for the
denaturation and aggregation of cytochrome ¢.' The addition of
dioxane is a very simple and moderate perturbation compared to
ultrasonic  perturbation, so it allows precise thermal
measurement. Protein aggregation often occurs continuously
following denaturation at high concentrations for DSC
measurements, because hydrophobic groups exposed by
unfolding contribute to intermolecular association, resulting in
thermal peak overlap."””) Therefore, in most cases, it would be
difficult to quantitatively estimate the thermodynamic properties
of each transition. However, addition of dioxane separates the
transition peaks for denaturation and aggregation, making it
possible to determine the change in enthalpy and midpoint
temperature for each transition.

In this study, we have determined the thermodynamics of the
thermal denaturation and aggregation of myoglobin in the
presence of 1,4-dioxane by differential scanning calorimetry
(DSC). The structure in solution and precipitated myoglobin
were measured by CD, dynamic light scattering (DLS), and
scanning electron microscopy (SEM). The influences of the
mole fraction of dioxane, incubation time, and pressure on the
aggregation were thermodynamically and kinetically analyzed.
Myoglobin is a good model protein, since it is typically globular
and monomeric, and there are many reports on its non-native
states including its ordered aggregation.'®'? Myoglobin is a
heme protein like cytochrome ¢, which we have previously
studied with respect to its aggregation.'” Myoglobin has a
porphyrin ring with a non-covalent bond, while cytochrome ¢
binds with a covalent thioether bond. The compressibility of
myoglobin, which reflects the flexibility of the structure, is 8.98
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x 107 MPa', which is significantly larger than the value of
0.066 x 107> MPa™' for cytochrome ¢.*” This thermodynamic
and conformational information shows that myoglobin has a
more flexible conformation than cytochrome ¢, indicating that
myoglobin is an appropriate model protein for discussing the
influence of flexibility on aggregation.

2. Material and methods
2.1 Materials
Horse heart myoglobin was purchased from Sigma-Aldrich.
Myoglobin was dialyzed with Milli-Q water. The concentration
of myoglobin in a stock protein solution was determined by
absorbance measurements. The 1,4-dioxane (Kanto Chemical,
prime pure grade) was dehydrated using freshly activated grade
4A molecular sieves under a reduced pressure of 0.3 kPa at 327
K. The sample solutions were prepared by mixing given weights
of the stock protein solution, dioxane, and water. The final
concentrations of myoglobin and the mole fraction of dioxane
were determined using dilution factors obtained from the
gravimetric and density data for the solvents and solutions. In
calculating the mole fraction of 1,4-dioxane (x) for ternary
solutions, water (1) + 1,4-dioxane (2) + myoglobin (3), these
could be regarded as two-component systems of water and
1,4-dioxane, because the amount of myoglobin was negligible
compared with the amounts of 1,4-dioxane and water.

2.2 Methods

2.2.1 DSC

The thermal transition of myoglobin was monitored using a
high-sensitivity differential scanning calorimeter (Micro DSC
VII evo, SETARAM) at a scanning rate of 1 K min".
The protein concentration of the solutions was approximately
0.50 % w/v. The volume of solution in the DSC cell was
approximately 0.7 ml. All sample solutions and reference

solvents were degassed at least 5 min before DSC measurements.

After the measurements, the DSC cell was filled with 6 M urea
for 30 min and washed with water to remove any protein
contamination.

2.2.2 Spectroscopy

CD of myoglobin was measured using a J-820 CD
spectrophotometer (JASCO) with a PTC-348WI temperature
control system. The cell length was 1.0 mm and the
concentration of myoglobin was approximately 0.05 % w/v. The
scanning rate was 1 K min™'. DLS was performed using a
Zetasizer Nano ZSP (Malvern) instrument with a quartz cell
(ZEN2112). The protein concentration was approximately 0.5 %
w/v. SEM images of aggregated myoglobin were obtained using
an S-4800 scanning electron microscope (HITACHI) with an
accelerating voltage of 5.0 kV. The aggregates obtained after
DSC measurements were thoroughly dried under vacuum at
room temperature and coated with osmium.

2.2.3 Density

Density measurements were performed using a high
precision densimeter (DMA 512, Anton Paar, Austria), which
was designed to measure the density under pressures of up to 40
MPa. The period of harmonic oscillation of the cell, reflecting
the density, was monitored with a universal counter (SC-7205,
Iwatsu, Japan). The resolution of the period corresponds to a
density of about 1 x 10 g cm™. Pressure was applied by
pumping water with a hand pump (FHP-5, RIKEN SEIKI) and a
cylinder (S04-70, RIKEN SEIKI). The pressure was monitored
using a digital pressure gauge (DPS-700S, RIKEN SEIKI) with
an accuracy of 0.001 MPa. The temperature was controlled to
within 0.001 °C with a circulating water bath (Thermocirculator,
TC-100, Tokyo Riko) and was monitored with a digital
thermometer (4600, YSI). All data were fed to a personal
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computer at 10 s intervals via a RS-232C interface. The apparent
partial specific volume of the protein (v°) at a given pressure was
calculated using the following equation
V= (Um") [1d,=m"Ydy'] (1)
where do* and ds* are the densities of the solvent and protein
solution at the given pressure, respectively, and m" is the protein
concentration in g cm™, which was calibrated to the pressure
using the relation m" = m (d;/d,), where m and d, are the
protein concentration and the solution density, respectively,
at atmospheric pressure. The protein concentration is
approximately 0.5 % w/v.

3. Results and discussion

3.1 CD of myoglobin with dioxane at room temperature
The thermodynamic change in conformational transitions of
proteins reflects the difference in protein structure before and
after the transition. To reveal the thermodynamics of thermally
induced aggregation, it is necessary to determine the structure
not only before but also after the transition. CD is an effective
and convenient approach for observing changes in protein
structure, especially secondary structures, in solution. Fig.1(a)
shows CD spectra of myoglobin in aqueous 1,4-dioxane solution
at various mole fractions (x) at 25 °C just after sample
preparation. The molar ellipticity at 222 nm reflects the amount
of secondary structure of the protein,?" which is plotted against
the mole fraction of dioxane in Fig.1(b). The shape and intensity
of the spectrum of myoglobin in water at x = 0 indicated that
myoglobin has a rich a-helical structure in the native state. For x
< 0.05, the shape and intensity are similar to in the native state.
However, at x = 0.05 — 0.10, the intensity significantly decreased,
while the shape remained similar to that of the native state.
A fine red precipitate was observed in the solution at room
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Fig.1 (a) CD spectra of myoglobin in (1-x) water + x
1,4-dioxane. The number beside the line is the mole fraction of
dioxane, x. (b) Plot of [& ],», of myoglobin against x. The molar
ellipticities were calculated from the protein concentration at
sample preparation, ~ 0.05 %.
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temperature. The size of the particles in the solution was
determined as about 320 nm by DLS, indicating that myoglobin
aggregated, because the size of the native state was about 3.5 nm
as determined by DLS in water, as shown in Fig.2. These results
indicate that the significant decrease in the intensity of the molar
ellipticity is due to a decrease in the concentration of myoglobin
resulting from aggregation.

10 T T T

Intensity / %

0 1
200 400
size / nm

600 800

Fig.2 DLS results of myoglobin in (1—x) water + x 1,4-dioxane.
The number beside the line is the mole fraction of dioxane, x.

At x = 0.125 — 0.25, interestingly, the shape and intensity
of the CD spectrum gradually changed as the mole fraction of
dioxane increased. The size of the precipitate was 200 nm as
determined by DLS at x = 0.20 as shown in Fig.2. CD spectrum
of typical a-helix shows double minimum peak around at 208
nm and 222 nm,?" but the peak around 208 nm was disappeared
and only asingle minimum peak at around 225 nm which is
characteristic of the -sheet increased. These changes indicated
that an a-helix of myoglobin partially transformed into a -sheet,
and the precipitate became small and solubilized. Dioxane
induces hydrogen bonding between peptides, leading to the
formation of a secondary structure due to the low relative

dielectric constant of dioxane (D = 2.2)."*** A B-rich
transition of myoglobin was also reported under other
conditions,”*?> and this may be a basic metastable structure of
myoglobin.

The intensity of the molar ellipticity sharply decreased at x >
0.40 and then fell to zero at x > 0.50. A fine red precipitate was
observed in the solution. This is probably because most of the
dissolved myoglobin became insoluble due to aggregation. Such
a significant decrease in the intensity resulting from protein
aggregation was also observed at x = 0.4 in our previous results
for cytochrome ¢ with a dioxane system.'®

As shown in Fig.1, the conformation and solubility of
myoglobin was strongly dependent on the mole fraction of
dioxane. Such a dependence could be related to the properties of
the aqueous dioxane solution. Dioxane may weaken the
hydrophobic interactions of the protein due to its lower relative
dielectric constant compared to water (D = 78.5); the tertiary
structure of the protein would therefore be expected to collapse.
In our results for other solvents with high dielectric constants,
i.e., dimethyl sulfoxide (D = 47) and 1-propanol (D = 20) in
aqueous mixtures, the aggregation temperature of cytochrome ¢
was higher than that in aqueous 1,4-dioxane solution, and the
aggregated conformation was different (unpublished data). The
low dielectric constant of 1,4-dioxane, showing the ability to
both induce an oa-helix or B-sheet and weaken hydrophobic
interaction, is an important factor with respect to the
pre-transition state of thermally induced aggregation. In addition,
dioxane may influence the properties of water. Dioxane has a
low dielectric constant but is soluble in water at all mole
fractions. The properties of aqueous dioxane solution are
reflected in a negative excess enthalpy®® and volume®” at mole
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fractions of 0.15 and 0.3, respectively, indicating strong
interactions between dioxane and water. X-ray diffraction and
NMR also show the formation of clusters in the binary solution,
which were significantly dependent on the mole fraction.?® It is
conceivable that the interaction between 1,4-dioxane and water
influences interactions between water and the protein, which are
necessary for the protein to form a native structure, with the
conformational transition then occurring at room temperature.

3.2 DSC and SEM of myoglobin with dioxane

Typical DSC curves of myoglobin in aqueous dioxane
solutions at various mole fractions of dioxane are shown in Fig.3.
At x > 0.4, no thermal peaks were observed within the measured
temperature range, since aggregation occurred even at room
temperature. At x = 0 and 0.05, an endothermic peak reflecting
thermal denaturation of myoglobin was observed. The midpoint
temperatures of myoglobin for thermal denaturation (7y) were
approximately 81.0 °C (x = 0) and 56.8 °C (x = 0.05). The
endothermic peak was reduced during the second consecutive
heating, indicating that the transition was partially irreversible.
At x = 0.05, the temperature dependence of the ellipticity and the
absorbance of myoglobin at 222 nm were measured (data not
shown). A decrease in the ellipticity intensity occurred at 50 °C
— 60 °C, indicating a loss of secondary structure resulting from
thermal denaturation, and a decrease in the absorbance was
observed above 60 °C, indicating reduction of the protein
concentration by partial aggregation upon heating.
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Fig.3 DSC results for myoglobin in (1 — x) water + x dioxane.
The numbers in the figure are the mole fractions of dioxane,
x. The solution volume and protein concentration are
approximately 0.7 ml and 0.5% w/v, respectively, except at x =0
and 0.05 (0.5 ml and 0.3 % w/v).

Table 1 Transition midpoint temperatures and enthalpy changes
of myoglobin for denaturation and aggregation.

Td Ta AI{d AHa
X Dioxane o o —1 -1
C C kJ mol kJ mol
0.00 81.0+03 - 428 + 8 -
0.05 56.8+0.5 - 195 +15 -
0.10 - 80.1+1.0 - —565+13
0.15 - 652+1.5 - —610+20
0.20 - 63.0+£2.1 - —633+ 18
0.25 - 556+3.0 - —549+21
0.30 - 76122 - —809 £25
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It is noted that no endothermic peak was observed for mole
fractions of dioxane >0.10, although this state had a secondary
structure at room temperature as revealed by the CD results. The
molten globule state, in which the secondary structure exists and
the tertiary structure collapses, usually shows endothermic
thermal denaturation.””” The absence of an endothermic
transition suggests that the state induced by dioxane is an
intermediate state, which is thermodynamically close to the
thermally denatured state. This phenomenon was also observed
for cytochrome c.'” On the other hand, a sharp exothermic peak
was observed at x > 0.10. No peak was observed for the second
consecutive heating, and the red solution of myoglobin became
colorless with a red precipitate on heating, indicating that most
of the myoglobin irreversibly and exothermically aggregated
during the first heating. The obtained midpoint temperatures (74
and 7,) and the enthalpy changes (AHy and AH,) for thermal
denaturation and aggregation, respectively, are listed in Table 1.
The enthalpy change for the transition was obtained by dividing
the measured heat by the total amount of protein in the system.

Fig4 SEM
myoglobin. (a) dioxane mole fraction, x = 0.10; (b) x = 0.20; (c)
x =0.30; (d) x = 0.20 (incubation time = 16.2 h).

images of thermally induced aggregated

Fig.4 shows SEM images of precipitates induced by
heating. At x = 0.10, where myoglobin forms an a-helix at room
temperature, the thermally induced precipitate was a spherical
aggregate with a uniform size. On the other hand, at x = 0.20,
where myoglobin forms a f-sheet at room temperature, the
thermally induced precipitate was an amorphous aggregate.
Thus, the structure of the thermally induced precipitate was
significantly dependent on the pre-transition structure.

The enthalpy change for the spherical aggregation is —565
kImol ' (x = 0.10), which is numerically larger than that for the
thermal denaturation of the native state, 428 kJ mol™' (x = 0),
indicating that the aggregate conformation involved many
intermolecular interactions. The particle size of the spherical
aggregate is 1.0 — 1.5 um according to SEM, which is larger than
that before heating (320 nm from DLS). Since the partial
specific volume of monomeric myoglobin in water is
approximately 0.747 cm® g ', %” one particle may be composed
of about 3 x 107 protein molecules. Such a large aggregate
suggests that many intermolecular associations are formed
during a highly exothermic reaction.

On the other hand, the enthalpy change for the amorphous
aggregation was —610 to —809 kJmol ' (x = 0.15 to 0.30). 7, and
AH, decreased and then increased as the mole fraction of
dioxane increased, although the SEM image of the precipitate at
x = 0.3 was similar to that at x = 0.2, as shown in Fig.4(b) and
(c). Fig.5 shows plots of AH, at T, against 7,. Amorphous
aggregation from an intermediate state with a [-sheet
conformation shows a linear relationship, but spherical
aggregation from the o-helical native state does not follow this
dependence. The apparent heat capacity change, AC,, associated
with the amorphous aggregation obtained from the
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thermodynamic expression, AC, (0AH/OT),, was —6.4
kJmol "K', The negative AC, for the amorphous aggregation
suggests that intermolecular association of myoglobin induces a
decrease in its accessible surface area, leading to a decrease
in hydration. The measured AC, for thermal denaturation of
myoglobin was 7.8 kJmol ' K, which is quantitatively similar
to that for the amorphous aggregation. This indicates that the
increase in the accessible surface area due to thermal
denaturation is numerically similar to its decrease due to
aggregation.

The AH, for the amorphous aggregation (—809 kJmol ', x =
0.30) was larger than that for spherical aggregation (=565
kJmol !, x = 0.10), though 7, was similar (76.1 °C and 80.1 °C).
It is suggested that the amorphous aggregation involves more
interaction than the spherical aggregation. Given that AG = 0
kJmol ™" at T, the entropy changes for amorphous and spherical
aggregation at 7, were estimated to be —2.32 and —1.60
kJ mol™! K™!, respectively. These negative entropies for the
aggregation suggest that the aggregate is highly ordered via
intermolecular interactions.
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Fig.5 Plot of enthalpy change at 7, against 7, for the
aggregation of myoglobin in aqueous 1,4-dioxane solution. The
numbers in the figure are the mole fractions of dioxane, x.
AHL(T,) is AH, at T,. The dashed line was obtained by a linear
least squares method, where = —0.966.

Fig.6 shows the state diagram of myoglobin based on the
transition temperatures, Ty and T,. A similar state diagram was
observed for cytochrome ¢ with a 1,4-dioxane system."> At x =
0 — 0.05, the helix-rich native state (N) transformed into the
thermally denatured state (Dt) upon heating, but not to the
ordered spherically aggregated state (SA) within the measured
temperature range. At 25°C, the N state transformed into the
helix-rich intermediate state (I,) as the mole fraction increased.
The I, state did not show an endothermic transition upon heating,
suggesting that it is thermodynamically close to the Dy state. At
x = 0.125 — 0.30 and 25°C, the I, state transformed into the
intermediate state with B-sheets (Ig) due to dioxane, and the
B-sheet content gradually increased with the mole fraction. At x
> 0.40 and 25°C, myoglobin aggregated and became insoluble
like a dispersed precipitate, as revealed by a significant decrease
in the CD intensity. The I, state transformed into the SA state
upon heating, accompanied by a large exothermic peak. The
Igstate transformed to the amorphous aggregated (AA) state
upon heating, accompanied by a large exothermic peak.
However, thermal aggregation did not occur at a mole fraction of
>0.40, because myoglobin had been previously transformed to
the AA state. Thus, the helix-rich pre-transition state is essential
for the transition to ordered aggregation such as in the SA state.
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Incubation time dependence of DSC of myoglobin in
aqueous 1,4-dioxane solution. (a) x = 0.125; (b) x = 0.20.

1,4-dioxane. The black circles represent 7 and 7,. The triangles

and open circles represent 25 % and 75 % of the transition,
respectively. N = native state, Dy = thermally denatured state,
SA = spherically aggregated state, I, = helix-rich intermediate
state, Iz = beta-sheet-rich intermediate state, and AA

amorphous aggregated state.

3.3 Incubation time dependence

Fig.7 shows the time dependence of the CD spectrum of
myoglobin at x = 0.125 and 20°C. The spectrum at 0 h shows
single minimum peak at around 225 nm indicating mainly
B-sheets. But the intensity and shape of the spectrum gradually
changed with time. Relative intensity at 208 nm for 222 nm Y
(Grs/ bh2) was 0.425 at 0 h increased to 0.583 at 6 h indicating
that the o-helical content increased because a-helix shows
double minimum peak around at 208 nm and 222 nm.?" The
diameter of the protein particles in solution was 320 nm as
determined by DLS at 0 h, but large particles with a size of 3 — 4
um were observed with time. These results indicate that the

major reason for the decrease in the CD intensity with time is

probably the decrease

protein molecule, but

in protein concentration due

the aggregation is

to
aggregation at 20 °C. The rate constant for the aggregation

obtained by assuming a primary reaction was 0.195 h™', which
reflects a slower reaction compared with 3.21 ms™' and 7.79
ms ' for folding and unfolding of myoglobin.*® This is because
the folding and unfolding of monomeric protein is a relatively
fast reaction due to rearrangement of the interactions within a

caused by
intermolecular interactions between proteins. Such structural

change at room temperature would greatly influence the
structure of the thermally induced aggregated state because the

pre-transition state is important for the thermal transition, as
shown in the state diagram.

0/ mdeg
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210 220

1 1 1
230 240 250
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260

Fig.7 Time dependence of CD spectrum of myoglobin in
aqueous 1,4-dioxane solution at x = 0.125 and 20 °C. The
protein concentration is about 0.05 %.
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Incubation time dependence of midpoint temperature

and enthalpy change for the aggregation of myoglobin in
aqueous 1,4-dioxane solution. The numbers in the figure are the

mole fractions of dioxane, x.

Fig.8 shows typical DSC results for myoglobin with
various incubation times of the pre-transition state at 20°C in

aqueous dioxane solution. At x = 0.

1, where the pre-transition

state is a-helix-rich, the transition temperature slightly shifted to
lower temperature with time. On the other hand, at x = 0.2,

where the pre-transition state is -

sheet-rich, the transition

temperature shifted to lower temperature with time and then
returned to higher temperature before disappearing. Such
behavior was also observed at x = 0.15 and 0.3 (data not shown),
where the pre-transition state is p-sheet-rich. At x = 0.2, the

thermally induced aggregated state at

an incubation time of 6.8

hours was amorphous as at 0 h. However, the thermally induced
aggregated state at an incubation time of 16.2 hours had a
partially spherical shape as shown in Fig.3(d), probably because
the pre-transition state had some a-helical content. Fig.9 shows
the incubation time dependence of 7, and AH, at each mole
fraction. T, decreases and then increases with time at x > 0.15,
where the pre-transition state is B-sheet-rich, although it is

almost independent of the incubation time at x = 0.1 where the
pre-transition state is a-helix-rich. The AH, numerically
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decreases with time except for 34 hours at x = 0.3. These
changes are probably due to aggregation in the pre-transition
state at room temperature, as reflected by the large particles with
a size of 3 — 4 um and the gradual decrease in CD intensity as
shown in Fig.7. The T, increases after a certain time since a
spherical aggregate is partially formed by heating due to an
increase in the a-helical content. No such significant time
dependence was observed for cytochrome ¢ in aqueous dioxane
solution.'” Myoglobin has a more flexible structure than
cytochrome c as revealed by the large adiabatic compressibility
of myoglobin (8.98 x 10 MPa ') compared to cytochrome c¢
(0.066 x 105 MPa").2” We observed a similar time dependence
of T, and AH, for B-lactoglobulin (unpublished data), whose
compressibility is 8.45 x 10~ MPa', indicating that large
flexible structures may affect the time dependence.

sl 22 MPa

Tbl)

g 10t .
e 12 MPa
G?O 5 |

" 0.10 MPa

0 1 1 1 1
0 20 40 60 80

time / hour

Fig.10 Time dependence of change in apparent partial specific
volume of myoglobin at 60°C and x = 0.20 under 0.10, 12, and
22 MPa. The V°, is apparent partial specific volume of
myoglobin at 0 hr,

3.4 Activation volume for aggregation

As shown in Fig.8(b), myoglobin is expected to aggregate
with time at 60 °C and x = 0.20. Fig.10 shows the time
dependence of the change in partial specific volume of
myoglobin under 0.10, 12, and 22 MPa, which gives kinetic and
volumetric information for the aggregation. The apparent partial
specific volumes increase with time at each pressure. The
volume change is approximately 0.04, 0.12, and 0.14 cn’® g ',
corresponding to 0.72 x 10°, 2.16 x 10°, and 2.52 x 10° cm®
mol ™}, at 0.1, 12.0, and 22.0 MPa, respectively. Akasaka’?
reported a positive change in partial specific volume (0.041 cm®
g ) for the transition to amyloid protofibril at 25°C and
atmospheric pressure. The partial specific volume of protein is
expressed as the sum of three contributions:*” (i) the constitutive
volume, estimated as the sum of the van der Waals volumes of
the constitutive atoms; (ii) the volume of the cavity or void
space in the molecule due to imperfect atomic packing; and (iii)
the volume change due to hydration or solvation. Such increases
in the partial specific volume for the aggregation indicate that
intermolecular association forms new cavities between
molecules and decreases the degree of hydration by decreasing
the accessible surface area of the protein.

The rate constant for the aggregation, k, obtained by
assuming a primary reaction, was 0.3 x 107, 1.4 x 107, and 3.9
x 107 s' at 0.1, 12.0, and 22.0 MPa, respectively. The
dependence of the rate constant on pressure is related to the
activation volume (V*) according to the thermodynamic
relationship,

dln k v*
( P )T - _E (2)

The obtained activation volume of myoglobin for the
aggregation is (—4.5 + 1.3) x 10? cm® mol ™', corresponding to a
4 % molar volume of native myoglobin. Seefeldt et al. reported
a negative activation volume for pressure-induced aggregation
of recombinant human interleukin-1 receptor antagonist, (—1.2 +
0.2) x 10> cm® mol ' This suggests that the activated state for
the aggregation has a structure with fewer cavities and/or is
highly hydrated compared to the pre-transition state, probably
due to partial unfolding.

4. Conclusion

In this study, we determined the thermodynamic and kinetic
properties of aggregation of myoglobin by addition of
1,4-dioxane as a co-solvent. The transition enthalpy and entropy
for thermally induced aggregation is significantly negative,
suggesting that the aggregate contains many interactions and has
an ordered structure. The obtained state diagram of myoglobin
showed that the SA state can only be formed from the a-helical
structure. Depending on the incubation time of the pre-transition
state, the thermally aggregated structure changed due to
structural changes in the pre-transition state. Since the partial
specific volume changes accompanying aggregation were
positive, it is considered that the aggregate has a large cavity
volume and less hydration. This is consistent with the fact that
the apparent heat capacity change for the aggregation is negative.
This suggests that the activated state for the aggregation has a
structure with fewer cavities and/or is highly hydrated compared
to the pre-transition state, probably due to partial unfolding. To
better understand the thermodynamic aggregation mechanism,
analysis of the influence of the scanning rate and protein
concentration is also necessary.
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