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Thermodynamic Study on the molten globule state of cytochrome ¢
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Molten globule (MG) state, which is structurally distinct from both the native (N) and
denatured (D) states, was originally proposed as an equilibrium intermediate state of denaturation

of some proteins with a compact conformation, a considerable native-like secondary structure,

and a largely fluctuating tertiary structure. Recently, our group has developed isothermal acid-

titration calorimetry (IATC), a calorimetric method for evaluating the enthalpy change accompanying

the pH-induced transition of protein using isothermal titration calorimeter. By this method, the

pH-induced transition from N to MG state of cytochrome ¢ was directly observed by calorimetry

and was confirmed to be a two-state transition with small enthalpy change. Also, the MG state

was detected in the thermal transition from N to D state by highly precise differential scanning

calorimetry.

Keywords: folding intermediate; isothermal acid-titration calorimetry; pH transition;

thermodynamic stability; cooperativity
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Fig.1 (A) Typical raw calorimetry data of acid-titration

to bovine ribonuclease A in 20 mM NaCl solution.
In this experiment, 200 mM HCI in 20 mM NacCl
was titrated to the protein solution in the
calorimeter cell at 40 C. 0.5 ul of 200 mM HCI
was added for the initial 14 injections, 2.5 ul
was added for the next 25 injections, and 15 pl
was added for the final 5 injections. The
downward-pointing arrows indicate the time
points at which the injection volume was changed.
(B) A control titration of 200 mM HCI in 20
mM NacCl solution to 20 mM NaCl solution at
40 C. The titration was performed with injection
of 0.5, 2.5 and 15 pl each of an HCI titrant
with a syringe of 250 pl. The upward-pointing
arrows show the time points at which the injection
volume was changed.” (Reprinted with permission

from Elsevier).
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Fig.2 The enthalpy of bovine ribonuclease A was
determined as a function of pH at 15T (filled
squares), 40 C (open circles) and 65C (open
triangles). The solid lines were determined by
least-squares fitting with an exponential function
(15%C), a linear function (65 C), and a theoretical
curve calculated by a two-state transition model
(40 C), respectively.” (Reprinted with permission

from Elsevier).
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Fig.3 (a) The enthalpy function of bovine cytochrome

¢ in pH-induced transition from N to D state at
30C. The solid lines show the theoretical fitting
curve calculated by two-state analysis and the
base lines of N and D state. (b) The enthalpy
function of bovine cytochrome ¢ in pH-induced
transition from N to MG state. The solid lines
show the theoretical fitting curve calculated by
global fitting two-state analysis and the base lines
of N and D state.'» (Reprinted with permission
from Elsevier).
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Fig.4 (a) The temperature dependence of the partial

molar heat capacity of horse cytochrome ¢ at pH
3.8 (closed squares), 4.1 (open circles), 4.5
(closed triangles), and 5.0 (crosses). The solid
the

determined by the analysis with the three-state

lines show theoretical fitting curves

transition model. (b) The residuals of two-state
(upper graph) and three-state (lower graph)
fittings.'» (Reprinted with permission from
Elsevier)
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Table 1 The thermodynamic parameters, such as the mid-point temperature, T, the enthalpy change, AH, and the

heat capacity change, AC, on the thermal transition of horse cytochrome ¢ determined by DSC and IATC.

The AH was evaluated at Ty,.

a) These data were evaluated by IATC method. b) These values of the AC, were determined by the three-

state analysis of the heat capacity function. c¢) This value of the AC, was the linear fitting of the temperature

dependence of AH (see Fig.6). d) These values of the AH were determined by the two-state analysis.

TNt AHni TmND AHxp AC, DY AC,Np® AHnp-29
pH /C / kJ mol ! /C / kJ mol ! /kJ K-Imol-! /kJ K-!mol! / kJ mol !
3.8 68 +2 141 +38 68.0+0.3 449 +6 5.7+0.7 378 +2
4.1 69 +1 141 +6 70.2 +£0.3 468 +6 5.6 +0.7 6.2+0.1 391 +2
4.5 7.3+1 155+6 74.1+£0.2 498 +6 6.3+0.7 413 +1
5.0 73 +1 157 +3 76.2+0.2 520 +4 5.8+0.7 422 +1
2.9 40 288 + 1
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Fig.5 The temperature dependence of the mole fraction Fig.6 The temperature dependence of the enthalpy

of each state of cytochrome c¢ at pH 4.1
determined by the three-state analysis with the
nonlinear least squares method. The mole
fractions of the native (thin solid line), the
intermediate (thick solid line), and the denatured
(dotted line) state were shown.! (Reprinted with

permission from Elsevier).
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&% IS 2955 (222 nm)
b5 bRLTWES,

change, AH, obtained by DSC and IATC methods.
The filled squares show the enthalpy change from
the N to the D state, AHnp, determined by DSC
with the three-state transition model. The open
squares show that from the N to I state, AHni.
The open circles show the AHnp, determined with
the two-state transition model. The filled triangles
show the enthalpy change from the N to the D
state, AHxp, determined by IATC. The solid
line represents the fitting line of AHnp from DSC
and IATC in this study. The broken line shows
AHxp by the two-state transition analysis reported
previously.!415 (Reprinted with permission from
Elsevier).
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Fig.7 The phase diagram of cytochrome ¢ under low
salt concentration. The symbols and broken lines
show the borders between N and I state (open
circles), I and D state (filled triangle), and N

and D state (filled square).
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Fig.8 The temperature dependence of the Gibbs free-

energy change, AG. The filled squares show
AGnpy and the open squares show AGnio),
calculated with AC, i fixed at 0 kJ K-! mol -1
The solid lines show AGnp3) and the broken lines
show AGni@s), calculated with AC,~r fixed at 3
kJ K-1mol ~1.19 (Reprinted with permission from

Elsevier).
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