
Thermal unfolding mechanism of lipocalin-type
prostaglandin D synthase
Tsukimi Iida1, Shigenori Nishimura2, Maki Mochizuki2, Susumu Uchiyama3, Tadayasu Ohkubo4,
Yoshihiro Urade5, Akiyoshi Tanaka6 and Takashi Inui1,2

1 Department of Food and Nutrition, Tsu City College, Mie, Japan

2 Graduate School of Life and Environmental Sciences, Osaka Prefecture University, Japan

3 Department of Biotechnology, Graduate School of Engineering, Osaka University, Japan

4 Faculty of Pharmaceutical Sciences, Osaka University, Japan

5 Department of Molecular Behavioral Biology, Osaka Bioscience Institute, Japan

6 Faculty of Bioresources, Mie University, Japan

Lipocalin-type prostaglandin (PG) D synthase

(L-PGDS, prostaglandin-H2 D-isomerase, EC 5.3.99.2)

is the key enzyme responsible for the formation of

PGD2, and is abundantly expressed in the central ner-

vous system and male genitals of various mammals, as

well as in the human heart [1,2]. PGD2 acts as a

neuromodulator in the central nervous system, where

it induces sleep and regulates body temperature, lutein-

izing hormone release, and pain responses [1]. In the

peripheral tissues, PGD2 induces vasodilation and

bronchoconstriction [3,4], and acts as a mediator of

allergy and inflammatory responses [1,5]. On the other

hand, L-PGDS is a member of the lipocalin superfam-

ily [6], which comprises lipid-transporter proteins such

as b-lactoglobulin (b-LG) and retinol-binding protein

[7]. The lipocalins are particularly interesting because
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Lipocalin-type prostaglandin (PG) D synthase (L-PGDS) is a dual-func-

tioning protein in the lipocalin family, acting as a PGD2-synthesizing

enzyme and as an extracellular transporter for small lipophilic molecules.

We earlier reported that denaturant-induced unfolding of L-PGDS follows

a four-state pathway, including an activity-enhanced state and an inactive

intermediate state. In this study, we investigated the thermal unfolding

mechanism of L-PGDS by using differential scanning calorimetry (DSC)

and CD spectroscopy. DSC measurements revealed that the thermal

unfolding of L-PGDS was a completely reversible process at pH 4.0. The

DSC curves showed no concentration dependency, demonstrating that the

thermal unfolding of L-PGDS involved neither intermolecular interaction

nor aggregation. On the basis of a simple two-state unfolding mechanism,

the ratio of van’t Hoff enthalpy (DHvH) to calorimetric enthalpy (DHcal)

was below 1, indicating the presence of an intermediate state (I) between

the native state (N) and unfolded state (U). Then, statistical thermody-

namic analyses of a three-state unfolding process were performed. The heat

capacity curves fit well with a three-state process; and the estimated transi-

tion temperature (Tm) and enthalpy change (DHcal) of the N « I and

I « U transitions were 48.2 �C and 190 kJÆmol)1, and 60.3 �C and

144 kJÆmol)1, respectively. Correspondingly, the thermal unfolding moni-

tored by CD spectroscopy at 200, 235 and 290 nm revealed that L-PGDS

unfolded through the intermediate state, where its main chain retained the

characteristic b-sheet structure without side-chain interactions.

Abbreviations

DSC, differential scanning calorimetry; I, intermediate state; L-PGDS, lipocalin-type prostaglandin D synthase; N, native state;

PG, prostaglandin; U, unfolded state; b-LG, b-lactoglobulin.
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of their wide range of functions and high levels of

sequence divergence with closely similar folds. All have

a similar structure, including a conserved ligand-bind-

ing hydrophobic cavity. They are a family of diverse

proteins that normally serve for the storage or trans-

port of physiologically important lipophilic ligands

[8,9], and it is becoming increasingly clear that some of

them have many other important functions, such as

the modulation of cell growth and metabolism [10].

L-PGDS also has the ability to bind retinoids, bile pig-

ments such as bilirubin and biliverdin, thyroid hor-

mones, gangliosides, and amyloid b-peptide in vitro

[11–15]. Thus, L-PGDS is a dual-functioning protein

in the lipocalin family, acting as both a PGD2-synthe-

sizing enzyme and an extracellular transporter protein

for lipophilic ligands.

A great deal is known about the structural mecha-

nisms of unfolding in several different systems, ranging

from simple model proteins to modular proteins.

Understanding the structure–function relationships of

a protein under different conditions is fundamentally

important for both theoretical and applied aspects.

For example, insight into the molecular basis of pro-

tein stability can aid in the design of artificial proteins

with special properties for biotechnological applica-

tions. In a previous study, we characterized the unfold-

ing process of L-PGDS in the presence of denaturants

such as guanidine hydrochloride and urea [16]. We

found that L-PGDS unfolds from its native to com-

pletely unfolded state through two different states, an

activity-enhanced state at a low concentration of dena-

turants, and an inactive intermediate at a higher con-

centration of denaturants; therefore, we proposed a

four-state (equilibrium) unfolding model for L-PGDS.

L-PGDS is a good tool for understanding the struc-

ture–function relationships in the lipocalin family, that

is, the correlation between structural changes in it and

its dual functions of enzyme activity and ligand bind-

ing. Such a characteristic of L-PGDS during the

unfolding process in the presence of denaturants

prompted us to study the thermal stability of L-PGDS,

as thermodynamic characterization of the structural

transition of a protein is fundamentally important for

understanding the folding mechanisms and the interac-

tions that stabilize the native state [17]. In comparison

to those of other small globular proteins, however,

very few structural and thermodynamic data are avail-

able for the lipocalin superfamily.

The combination of differential scanning calorimetry

(DSC) measurement and data obtained with structural

probes, such as CD, is a powerful approach for study-

ing protein folding and unfolding. Such an approach

makes it possible to correlate the thermodynamic

parameters obtained by the measurements of DSC and

CD and to detect and characterize possible intermedi-

ate states. In the present study, we investigated the

thermal unfolding of L-PGDS by the use of DSC and

CD. On the basis of the thermodynamic and structural

characterization of the states during the unfolding pro-

cess of L-PGDS, we proposed three-state unfolding

through an intermediate state, where the secondary

structure is still maintained.

Results

DSC profiles of L-PGDS

First, the heat capacity curve of L-PGDS was acquired

at pH 8.0, a pH at which the enzymatic activity of

L-PGDS had been examined previously. As shown in

Fig. 1, a distorted exothermal reaction was observed at

around 70 �C, indicating the aggregation of unfolded

L-PGDS. Rescanning of the sample solution after

heating at 80 �C resulted in no calorimetric transition,

showing that the unfolding at pH 8.0 was an irrevers-

ible reaction (data not shown). Similarly, at pH 5.0

and pH 6.0, both DSC traces at initial scanning under-

shot the completion of the unfolding, most probably

due to precipitation (Fig. 1). At pH 4.0, however, a

single endothermic peak corresponding to the thermal

unfolding of L-PGDS was observed at around 50 �C.
The thermal unfolding started in the vicinity of 20 �C,
had a peak at 50 �C, and was completed in the vicinity

of 80 �C. In order to investigate the reversibility of the

thermal unfolding at pH 4.0, an L-PGDS solution
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Fig. 1. Thermogram profiles of L-PGDS. The DSC traces for the

unfolding of L-PGDS were obtained at pH 4.0 (solid line), pH 5.0

(dashed line), pH 6.0 (dotted line) and pH 8.0 (dot-dashed line) in

20 mM of several buffers. The scan rate of DSC was 1 �CÆmin)1,

and the protein concentration was 1 mgÆmL)1. Baseline-subtracted

data have been normalized for protein concentration.
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after the initial scanning up to 100 �C was cooled to

20 �C in the calorimeter cell and subsequently re-

scanned. The rescanned DSC curve was almost the

same as the initial curve, demonstrating that the ther-

mal unfolding of L-PGDS was reversible at pH 4.0.

Concentration dependence of L-PGDS thermal

unfolding

Next, we investigated the dependence of the thermal

unfolding profile on the concentration of L-PGDS.

The protein concentrations used were 0.25, 0.5 and

1 mgÆmL)1. All traces showed a single endothermic

peak at around 50 �C, with no concentration depen-

dence of the peak temperature (Fig. 2). These results

show that the thermal unfolding of L-PGDS involved

neither dissociation nor association.

Deconvolution of L-PGDS thermal unfolding

Assuming the two-state unfolding process of L-PGDS

from the native state (N) to the unfolded state (U), we

calculated the ratio between the molar calorimetric

enthalpy change and the van’t Hoff enthalpy change

(DHvH ⁄ DHcal) to be 0.5 [Eqns (1,2) in Experimental

procedures]. This result indicates that the thermal

unfolding of L-PGDS cannot be explained as a simple

two-state process and implies the presence of unfolding

intermediate states (I) [18].

Nonlinear least-squares fitting with the three-state

equilibrium unfolding model (N « I « U) was then

applied to the heat capacity curve, which gave an

excellent fit (Fig. 3). The values of thermodynamic

parameters were calculated by the use of the theoreti-

cal model [Eqns (5–13) in Experimental procedures].

The transition temperature (Tm) and DH of N « I

and of I « U were 48.0 �C and 206 kJÆmol)1, and

60.8 �C and 163 kJÆmol)1, respectively; and the values

for other parameters are listed in Table 1. Using these

parameters, we estimated the population of each state

of L-PGDS as a function of temperature [data not

shown, Eqns (3–5) in Experimental procedures]. The

intermediate state reached a maximum population of

about 65% at 53.9 �C, and took an equal value to the

unfolded population at 60.8 �C. Figure 4 shows

the variation of DG, DH and ) TDS as a function of

the temperature for both thermal transitions, N « I

and I « U. On both transitions, DH and ) TDS
increased and decreased, respectively, with increase in

temperature. Concerning DH, DHNI was higher than

DHIU. The temperature dependence of DG of both

transitions (DGNI and DGIU) indicates that both the

native and intermediate L-PGDS is most stable at a

temperature below 0 �C.

Thermal unfolding of L-PGDS observed by far-UV

and near-UV CD spectra

Next, to obtain insight into the structural changes, we

followed the heat-induced unfolding transition of

L-PGDS by using far-UV and near-UV CD. The equi-

librium CD spectra of L-PGDS at various tempera-

tures were measured in the far-UV and near-UV

regions at pH 4.0, at which the thermal unfolding was

confirmed as a thermodynamically reversible process

from the results of the DSC measurements (Figs 1–3).

The far-UV spectrum of the native L-PGDS at 20 �C
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Fig. 2. Concentration dependence of thermal unfolding of L-PGDS.

The DSC traces of L-PGDS were measured at pH 4.0. The protein

concentrations were 0.25, 0.5, and 1 mgÆmL)1 (values shown

above curves). Results of DSC experiments are shown as heat

capacity versus temperature profiles.
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Fig. 3. DSC curve deconvolution for thermal unfolding of L-PGDS.

A sequential three-state transition model, N « I « U. Open circle,

observed DSC data; solid line, component curves; and dotted line,

theoretical curve.

T. Iida et al. Thermal stability of L-PGDS

FEBS Journal 275 (2008) 233–241 ª 2007 The Authors Journal compilation ª 2007 FEBS 235



showed a spectrum with an abundance of b-sheet
structure (Fig. 5A), which represents a structural fea-

ture of L-PGDS. At 40 �C, the CD spectrum still

showed an abundance of this b-sheet structure. Then,

unordered conformation was increased gradually up to

80 �C. The near-UV CD spectrum of the native

L-PGDS at 20 �C exhibited Cotton effects, with nega-

tive maxima at 284, 286 and 290 nm, and positive

maxima at 260, 268 and 272 nm, indicating the aniso-

tropic environment of the aromatic side chains in the

native state (Fig. 5B). These Cotton effects disap-

peared upon thermal unfolding. Furthermore, the CD

spectrum remeasured at 20 �C after the sample had

been heated to 90 �C was almost identical to that

observed at the initial measurement, demonstrating

that the thermal unfolding of L-PGDS at pH 4.0 was

also structurally reversible.

Figure 6 shows the equilibrium transition curves of

L-PGDS monitored at 200, 235 and 290 nm, at which

wavelengths the change in ellipticity was larger. The

transition temperature, Tm and van’t Hoff enthalpy

change, DH(Tm), were obtained by fitting according to

Eqns (14–16) in Experimental procedures. As it was

difficult to evaluate the DCp value in this calculation

because of the scattered data, DCp values obtained by

DSC measurements were used (Table 1). Fitting of

the data obtained at 200 and 235 nm to a model for

two-state equilibrium folding showed a Tm of

54.6 ± 0.4 �C and a DH(Tm) of 128 ± 6 kJÆmol)1 for

the transition at 200 nm, and a Tm of 47.3 ± 0.1 �C
and a DH(Tm) of 228 ± 7 kJÆmol)1 at 235 nm (Fig. 6,

Table 2). The data obtained at 290 nm were fitted to a

two-state model by using only the data obtained

between 20 �C and 70 �C. Tm and DH(Tm) for the

transition at 290 nm were 46.9 ± 0.1 �C and

262 ± 6 kJÆmol)1, respectively. The thermodynamic

parameters are summarized in Table 2, and the fitting

curves calculated with these parameters are shown as

solid lines in Fig. 6.

Discussion

In this study, both DSC and CD measurements

revealed that L-PGDS reversibly unfolded at pH 4.0

through an intermediate state upon a temperature

increase. The thermal unfolding of L-PGDS was ana-

lyzed by a two-state or a three-state equilibrium

unfolding model, and the calculated values for the

thermodynamic parameters were summarized (Tables 1

and 2). Although the thermodynamic parameters

obtained by CD spectroscopy did not show complete

agreement with those obtained by DSC measurement,

the comparison of the thermodynamic parameters pro-

vided structural insights into the observed unfolding.

The transition monitored by CD spectroscopy at both

235 and 290 nm could be assumed to correspond to

Table 1. Thermodynamic parameters for unfolding of L-PGDS obtained by DSC measurements. Tm, DH, DS, DCp and DG denote transition

temperature, enthalpy change, entropy change, heat capacity change, and Gibbs free energy change from N to I and from I to U, respec-

tively.

Step Tm (�C) DH(Tm) (kJÆmol)1) DS(Tm) (kJÆK)1Æmol)1) DCp (kJÆK)1Æmol)1) DG (298.15 K) (kJÆmol)1)

N « I 48.0 ± 0.1 206 ± 2 0.64 ± 0.1 2.0 ± 0.1 13 ± 0.2a

I « U 60.8 ± 0.1 163 ± 2 0.49 ± 0.1 1.7 ± 0.1 15 ± 0.2b

a This value corresponds to DGNI, which is equal to DGI.
b This value corresponds to DGIU, which is equal to DGU – DGI. Errors were esti-

mated on the basis of the lack of certainty regarding heat capacity values.
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the native state to heat-induced intermediate state (Ih)

transition. It is well known that the contribution from

aromatic side-chain conformation can potentially alter

the overall far-UV CD signal in proteins [19]. Thus,

the N « Ih transition is considered to reflect a change

in the environment of the aromatic side chains. In con-

trast, the changes in secondary structure monitored at

200 nm apparently showed two-state equilibrium

unfolding, and the transition was assumed to corre-

spond to the Ih to heat-induced unfolded state (Uh)

transition. Moreover, in our recent fluorescence

quenching experiments designed to investigate the abil-

ity of L-PGDS to bind biliverdin, a lipophilic small

ligand, during the thermal unfolding process, this bind-

ing ability of L-PGDS was still retained at 55 �C and

pH 4.0 (T. Iida and T. Inui, unpublished results). In

the present study, we showed that the population of

L-PGDS in the heat-induced intermediate state became

maximal at 53.9 �C. These results, taken together,

demonstrate that the tertiary structure of L-PGDS

became disrupted prior to the collapse of the second-

ary structure, and thus suggest that the thermal inter-

mediate of L-PGDS still maintained a significant

amount of the secondary structure found in the native

state that has a function as a transporter protein for

small lipophilic ligands.

On the basis of the results of our previous study on

chemically induced unfolding of L-PGDS by using a

denaturant such as guanidine hydrochloride or urea,
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Fig. 6. Thermal unfolding curves of L-PGDS

at pH 4.0. Unfolding transitions were moni-

tored by measurement of CD at 200 (A),

235 (B), and 290 nm (C). The curves are the

fitting curves based on experimental points

by nonlinear least-squares analysis for

the two-state transition according to

Eqns (14–16).

Table 2. Thermodynamic parameters for unfolding of L-PGDS

obtained by CD measurements.

Wavelength (nm) Tm (�C) DH(Tm) (kJÆmol)1)

200 54.6 ± 0.4 128 ± 6

235 47.3 ± 0.1 228 ± 6

290 46.9 ± 0.1 262 ± 6
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we proposed a four-state equilibrium unfolding model

for L-PGDS that included a denaturant-induced activ-

ity-enhanced state and denaturant-induced inactive

intermediate state. In this scheme, both the denatur-

ant-induced activity-enhanced state and denaturant-

induced inactive intermediate state are located on a

sequential pathway from the native to denaturant-

induced unfolded state, and they are associated with

changes in the enzyme activity representing both acti-

vation and inactivation, respectively. Chemical dena-

turant-induced unfolding of L-PGDS was performed

at pH 8.0, which gave the maximum enzymatic activ-

ity, whereas the heat-induced unfolding of L-PGDS

was performed at pH 4.0, where complete reversibility

was ensured. At 20 �C, the far-UV CD spectrum mea-

sured at pH 4.0 was almost identical to that measured

at pH 8.0 (data not shown), suggesting that L-PGDS

at pH 4.0 was still stable and maintained the same sec-

ondary structure as obtained at pH 8.0. However, the

far-UV CD spectrum obtained at 90 �C under the

acidic condition was completely different from that

obtained in the presence of 6 m urea at pH 8.0, dem-

onstrating that the heat-induced structure of the heat-

induced unfolded state was different from the structure

of the denaturant-induced unfolded state (Fig. 5A)

[16]. In case of denaturant-induced unfolding, the ter-

tiary structure of L-PGDS completely disappeared,

whereas in the case of heat-induced unfolding, the sec-

ondary structure of L-PGDS was retained. So far, in

many cases, thermally denatured proteins have shown

a higher degree of preservation of their secondary

structure than chemically denatured proteins [20,21].

With regard to the structure of the intermediate, we

suggest that the denaturant-induced inactive intermedi-

ate state of L-PGDS was in a molten globule-like

state, because it contained a pronounced secondary

structure without a rigid tertiary structure and appar-

ent L-PGDS function [16]. Thus, the structure of the

denaturant-induced inactive intermediate state was

considered to be different from that of the heat-

induced intermediate state. These results, taken

together, indicate that the unfolding mechanism was

completely different between these two unfolding pro-

cesses. Further investigations are necessary to clarify

both the heat-induced and denaturant-induced unfold-

ing processes of L-PGDS. Multidimensional NMR or

small-angle X-ray scattering coupled with DSC will

help to identify the structure of the intermediate of

L-PGDS.

In the lipocalin superfamily, which consists of a

b-barrel of eight continuous antiparallel b-strands as

their central motif, b-LG is one of the well-character-

ized proteins used in studies concerning protein folding

and unfolding [22–24]. Bovine b-LG is acid-stable and

maintains its barrel fold at pH values as low as 2,

where it assumes the monomer state, showing disor-

dered conformations only at the level of loops [25–27].

Most recently, we showed that the structure of mouse

recombinant L-PGDS exhibited the typical lipocalin

fold, consisting of an eight-stranded, antiparallel b-bar-
rel and a long a-helix associated with the outer surface

of the barrel [28]. In this study, L-PGDS was also very

stable at acidic pH, as indicated by the far-UV CD

spectral data, suggesting a rigid conformation of

b-strands in lipocalin folding. The structural stability

over a wide range of pH might be a special feature of

lipocalin family proteins.

In summary, on the basis of the thermodynamic

characterization of the unfolding of L-PGDS together

with the characterization of its structure during the

unfolding process, we proposed three-state unfolding

through an intermediate state. The secondary structure

of the intermediate was the characteristic b-sheet struc-
ture without side-chain interactions, and was consid-

ered to be completely different from that of the

intermediates induced by denaturants [16]. As L-PGDS

has the ability to bind small hydrophobic ligands

such as retinoids, bile pigments and thyroid hormones

in vitro, our next task is to investigate possible changes

in the thermal stability of L-PGDS caused by the

binding of small hydrophobic ligands. We are now

planning this experiment and hope to publish the

results elsewhere.

Experimental procedures

Expression of recombinant mouse L-PGDS

The full-length cDNA for mouse L-PGDS, which is com-

posed of 189 amino acid residues and has a molecular mass

of 18 620 Da (GenBank accession number X89222 [29]),

was ligated into the BamHI–EcoRI sites of the expression

vector pGEX-2T (GE Healthcare Bio-Sciences, Piscataway,

NJ, USA). The N-terminal 22 amino acid residues of the

signal peptide were deleted. The Cys65 fi Ala recombinant

enzymes were expressed as a glutathione S-transferase

fusion protein in Escherichia coli DH5a (TOYOBO, Tokyo,

Japan), as described previously [16]. The fusion protein was

bound to glutathione–sepharose 4B (GE Healthcare Bio-

Sciences) and incubated with thrombin (Sigma Chemical

Co., St Louis, MO, USA) (100 U per 100 lL) to release the

L-PGDS. The recombinant protein was further purified by

using size-exclusion chromatography as described previ-

ously [13]. Prior to DSC and CD measurements, the protein

solutions were dialyzed against the specified buffer for at

least 15 h. Buffer solutions used were 20 mm sodium

Thermal stability of L-PGDS T. Iida et al.
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acetate for the pH 4.0 and pH 5.0 conditions, and 20 mm

sodium phosphate for the pH 6.0 and pH 8.0 conditions.

The final dialysate was used as a reference for DSC and

CD measurements. The protein concentrations were spec-

trophotometrically determined by using the molar extinc-

tion coefficient at 280 nm, e280 = 23 000 m
)1Æcm)1.

Calorimetry

Calorimetric experiments were carried out with a VP-DSC

(MicroCal, Northampton, MA, USA) [30]. In addition to

the measurements at pH 5.0, 6.0, and 8.0, the protein solu-

tions at concentrations of 0.25, 0.5 and 1.0 mgÆmL)1 were

measured at pH 4.0. All the protein and buffer solutions

were degassed with gentle stirring under a vacuum before

being loaded into the calorimeter. Experiments were per-

formed over a temperature range of 5–100 �C at a scan rate

of 1 C�Æmin)1 and excess pressure of 2 atm. Initially, raw

DSC data were processed and analyzed with origin 5.0

software (MicroCal, Northampton, MA, USA), to deter-

mine whether the unfolding was a two-state process. Values

of thermodynamic parameters for the unfolding were esti-

mated by several methods [18,31–33].

First, the calorimetric enthalpy change at a given temper-

ature, DHcal(T), was estimated simply by the integration of

the heat capacity (Cp) after subtraction of the appropriate

sigmoidal-shaped baseline, CP,base, by using the program

origin 5.0.

DHcalðTÞ ¼
Z T

T1

ðCP � CP;baseÞdT ð1Þ

where T1 is the absolute temperature at which the unfolding

starts. The total enthalpy change needed for the complete

unfolding, DHcal, was obtained by integration up to the

temperature at which the unfolding was complete. In this

case, the unfolding temperature, T1 ⁄ 2, was defined as the

temperature where DHcal(T) is equal to one-half of the

value of DHcal. Second, the van’t Hoff enthalpy change,

DHvH, was calculated according to:

DHvH ¼ ART2
1=2CP;ex;1=2=DHapp ð2Þ

where A has the value 4.00 for a simple two-state unfolding

not involving association or dissociation, R is the gas con-

stant, and CP,ex,1 ⁄ 2 is the excess heat capacity at T1 ⁄ 2 [34–

36]. When the ratio of DHcal to DHvH is exactly the same

as unity, the unfolding is considered as a two-state transi-

tion [31,35–37].

For the three-state unfolding mechanism, the thermody-

namic parameters were estimated from the nonlinear least-

squares fitting of excess CP based on the statistical thermo-

dynamics. The following possible three states were assumed

to exist for the unfolding of L-PGDS: N « I « U.

When the native state is defined as the reference state,

the populations of the ith state, Pi, are written as

PI ¼ expð�DGI=RTÞ=f1þ expð�DGI=RTÞ þ expð�DGU=RTÞg
ð3Þ

PU ¼ expð�DGU=RTÞ=f1þ expð�DGI=RTÞ
þ expð�DGU=RTÞg ð4Þ

PN ¼ 1� ðPI þ PUÞ ð5Þ

where DGi is the free energy for each state relative to the

reference state (DGN = 0). Then, DGi is written by using

intrinsic free energies as:

DGI ¼ DHI � TDSI ð6Þ

DGU ¼ DHU � TDSU ð7Þ

where DHi and DSi are the enthalpy and entropy of the ith

state relative to the reference state, and are temperature

dependent because of the heat capacity change, DCP,i:

DHIðTÞ ¼ DHIðTm;IÞ þ DCP;IðT � Tm;IÞ ð8Þ

DHUðTÞ ¼ DHUðTm;UÞ þ DCP;UðT � Tm;UÞ ð9Þ

DSIðTÞ ¼ DHIðTm;IÞ=Tm;I þ DCP;I ln½T=Tm;I� ð10Þ

DSUðTÞ ¼ DHUðTm;UÞ=Tm;U þ DCP;U ln½T=Tm;U� ð11Þ

where Tm,I and Tm,U are intrinsic transition temperature

(transition temperature when no domain–domain interac-

tions exist) for the transition from the native state to the

second and third states, respectively. The enthalpy of the

system, H(T), is given by the equation:

HðTÞ ¼ PIDHI þ PUDHU ð12Þ

As CP of the system is the differential of enthalpy of the

system, CP(T) is represented by:

CPðTÞ ¼ dHðTÞ=dT ð13Þ

Substituting from Eqn (5) to Eqn (12) into Eqn (13),

the nonlinear least-squares fitting of CP was performed.

Similar treatments of heat capacity curves were previously

introduced, in which domain–domain interactions were

considered [32,38] or were not considered [33,39]. In the

present study, the heat capacity of the native protein,

CP,N, was assumed to be a linear function of temperature

[35,40], and therefore CP – CP,N is equal to the excess heat

capacity. Deconvolution analysis of the excess heat capac-

ity was carried out by using mathematica 5.1 (Wolfram

Research, Champaign, IL, USA), employing the Leven-

berg–Marquardt algorithm with Tm,I, Tm,U, DCP,I, DCP,U,

DHI(Tm,I) and DHU(Tm,U) as the variables. The heat

capacity differences were assumed to be constant and posi-

tive [33,39].

T. Iida et al. Thermal stability of L-PGDS

FEBS Journal 275 (2008) 233–241 ª 2007 The Authors Journal compilation ª 2007 FEBS 239



CD measurements

The CD spectra of L-PGDS were measured with a spectro-

polarimeter, model J-820 (Jasco, Tokyo, Japan), equipped

with a Peltier PTC-423L thermo-unit (Jasco). For the mea-

surements of far-UV and near-UV equilibrium CD spectra,

optical quartz cuvettes with 1.0 and 10 mm path lengths,

respectively, were used. The final protein concentrations

were 5 and 60 lm for far-UV and near-UV CD measure-

ments, respectively. The measurements were performed at

pH 4.0. As for thermal unfolding experiments, changes in

the CD intensities were measured at 200, 235 and 290 nm

over a temperature range of 20–90 �C at a scan rate of

1 �CÆmin)1. The path length of the optical cuvette was

10 mm. The final protein concentrations were 0.5, 3.5 and

100 lm for the measurements at 200, 235 and 290 nm,

respectively. The data were expressed as molar residue ellip-

ticity (h) per residue. The thermal unfolding curves were

analyzed by using the two-state model, state i « state j.

Molar ellipticity at each temperature was represented by

the following equation:

hobs ¼
hi þ hj expð�DGðTÞ=RTÞ

1þ expð�DGðTÞ=RTÞ ð14Þ

where DG(T) is the difference in free energy between the

states i and j. The ellipticities characteristic for each state

were assumed to be a linear function of temperature:

h Tð Þ ¼ h0 þ kT ð15Þ

The Gibbs free energy, DG(T), was represented as a func-

tion of temperature:

DGðTÞ ¼ DHðTmÞ 1� T

Tm

� �
� DCp Tm � Tð Þ þ T ln

T

Tm

� �

ð16Þ

where DH(Tm) and DCp are the van’t Hoff enthalpy change

at the transition temperature, Tm, and the difference in heat

capacity before and after the thermal unfolding, respec-

tively. The thermodynamic parameters were estimated in

global fits based on experimental points by nonlinear least-

squares analysis using the Levenberg–Marquardt algorithm.
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