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Precise Calorimetry for Thermodynamic Stability and
Molecular Function of Proteins
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Development of precise calorimetry has enabled us to understand the stability of three-dimensional structure,
catalytic activity, and molecular recognition of biomolecules. We have developed isothermal acid-titration calorimetry
(IATC) to evaluate the pH dependence of protein enthalpy and demonstrated the thermodynamic transition between the
native and the molten globule (MG) state of cytochrome ¢ with very small enthalpy change (~30 kJ/mol) by this
method. The double deconvolution method with precise differential scanning calorimetry (DSC) has revealed the MG
state as an equilibrium intermediate state of the reversible thermal transition of the protein and pressure perturbation
calorimetry (PPC) has succeeded to determine its volumetric properties. The hydrolytic activity of cellulase against a
kind of oligo-cellulose can be quantitatively evaluated using dynamic feature of isothermal titration calorimetry (ITC)
and a kinetic equation for enzymatic reaction. We developed a new multi-binding model and succeeded to characterize
the interaction between adenosine 5’-triphosphate and magnesium ion. These examples strongly indicate the
importance of precise calorimetry in the field of protein research.
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Fig.1> (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) in 50
mM sodium acetate buffer. The solid lines show the theoretical
fitting curves determined by the analysis with the three-state
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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Fig.2” The temperature dependence of the enthalpy change of
horse cytochrome ¢ obtained by DSC and IATC methods. The
filled squares show the enthalpy change from the N to the D
state, determined by DSC with the three-state transition analysis.
The filled triangle shows the change by IATC. The solid line
shows the linear fitting curve using these data. The open squares
show the enthalpy change from the N to the I state, determined
by DSC with the three-state transition analysis. The open circles
show the enthalpy change from the N to the D state, determined
by DSC with the two-state transition analysis. The broken line
shows the enthalpy change from the N to the D state, by the
two-state transition analysis reported previously.® (Reprinted
with permission from Elsevier).
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Fig.3”) (A) The heat capacity function of 1 mg/ml cytochrome
c at pH 4.1 in 50 mM sodium acetate buffer evaluated by DSC
measurement. Filled squares show the experimental data. Solid
lines indicate the theoretical fitting curve calculated by
three-state transition analysis. Dotted lines illustrate the
baselines of the N and D state curves calculated by three-state
transition analysis. (B) The temperature dependence of the mole
fraction of each state—i.e., the N (thin line), I (thick line), and D
(broken line) states—in the thermal transition of 1 mg/ml
cytochrome ¢ at pH 4.1. (C) The temperature dependence of
OV/OT of 15 mgml cytochrome ¢ at pH 4.1 in 50 mM
sodium acetate buffer. Solid lines show the theoretical fitting
curves calculated by three-state transition analysis using DSC
parameters. Dotted lines illustrate the baselines of the N and D
state calculated by three-state transition analysis using DSC
parameters. (Reprinted with permission from American
Chemical Society)
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Fig.4'? The isothermal titration calorimetric observation of
cellohexaose hydrolysis. (A) The inverting-type endoglucanase
catalyzed 1mM cellohexaose hydrolysis at 30 “C. The substrate
solution was 1.0 mM cellohexaose in 20 mM acetate buffer, pH
4.0, loaded in a 1.344mL ITC cell, and the enzyme solution in
the same buffer was loaded in the syringe. After thermal
equilibrium was reached at 30°C, the compensation power was
monitored as a function of time with stirring at 41.9 rad/s.
Before injection, the baseline stability was checked. After 122 s,
60 pL of the enzyme solution was injected (indicated by the
arrow) with a time duration of 127 s, giving a final enzyme
concentration of 0.27 uM in the ITC cell. (B) The time course of
the enzyme concentration of Fig.4(A) during the titration. The
total enzyme concentration during titration of Fig.4(A) is not
constant and depends on time. Starting with 122 s the enzyme
concentration continues to increase for the next 127 s. So at 249
s, the enzyme concentration reaches its final value of 0.27 uM.
(Reprinted with permission from Elsevier)
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Fig.5'? Experimental ITC data of the inverting-type endoglucanase-catalyzed cellohexaose-hydrolysis of Fig.4(A) following
the simple Michaelis—Menten model. (A) The corrected compensation power of hydrolysis reaction was monitored as a
function of time (represented by a solid line). The dashed lines represent the experimental ITC data during the enzyme injection
and the compensation power that had been corrected for the hydrolysis reaction during enzyme injection, representing the
deviated part of the solid line between the two arrows. (B) The observed total heat was calculated from Fig.5(A) using Eq. (12).
(C) The Lineweaver—Burk plot of calorimetric observables, & P(t).,; and 0 Q(t) (using the data in (A) and (B)). (D) The
plotted points were the observed power of hydrolysis reaction, and the solid line represented the theoretical function on a
simple Michaelis—Menten mechanism. (Reprinted with permission from Elsevier)
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Fig.6' (A) The titration curves of the interaction between
adenosine 5’-triphosphate and Mg*" ion. Open squares show the
measurement data. The titrations of 187 mM MgCl, were
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theoretical fitting curve by the fitting analysis with model 3. The
dotted line shows the fitting curve with model 2, and the crosses
show the fitting curve with model 1. (B) The enlarged view of
the initial part of the titration curve. (Reprinted with permission
from Elsevier)
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Fig.7' (A) The temperature dependence of A H on the
interaction between ATP and Mg®" ion evaluated by the fitting
analysis with model 2. The filled squares and the open triangles
show AH of equilibriums B and C, respectively. The thin solid
line and thick solid line show the linear fitting curve of
equilibriums B and C, respectively. (B) The temperature
dependence of the standard Gibbs energy change, AG°, of the
interaction between ATP and Mg?" ion. The filled squares and
open triangles show A G° of equilibriums B and C, respectively,
evaluated by the fitting analysis with model 2. The thin solid line
and thick solid line show the van’t Hoff plot of equilibriums B
and C. In this plot, A G% AH, and A C, at 35°C were
determined as the thermodynamic parameters evaluated by the
fitting analysis. The dotted lines show the fitting curves
calculated by the van’t Hoff equation with AH as the fitting
parameter. (Reprinted with permission from Elsevier)
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