
This article appeared in a journal published by Elsevier. The attached
copy is furnished to the author for internal non-commercial research
and education use, including for instruction at the authors institution

and sharing with colleagues.

Other uses, including reproduction and distribution, or selling or
licensing copies, or posting to personal, institutional or third party

websites are prohibited.

In most cases authors are permitted to post their version of the
article (e.g. in Word or Tex form) to their personal website or
institutional repository. Authors requiring further information

regarding Elsevier’s archiving and manuscript policies are
encouraged to visit:

http://www.elsevier.com/copyright

http://www.elsevier.com/copyright


Author's personal copy

Thermochimica Acta 522 (2011) 205– 210

Contents lists available at ScienceDirect

Thermochimica  Acta

jo ur n al homepage: www.elsev ier .com/ locate / tca

Hydration  of  �-chymotrypsin:  Excess  partial  enthalpies  of  water  and  enzyme

Vladimir  A.  Sirotkin ∗, Aigul  V.  Khadiullina
A.M. Butlerov Institute of Chemistry, Kazan (Volga Region) Federal University, Kremlevskaya Str., 18, Kazan 420008, Russia

a  r  t  i  c  l  e  i  n  f  o

Article history:
Available online 2 March 2011

Keywords:
Hydration of enzymes
Glass transition
Excess enthalpy
Isothermal calorimetry

a  b  s  t  r  a  c  t

A  novel  method  has  been  developed  for studying  simultaneously  the  excess  partial  enthalpies  of  water
and the enzyme  in  the  entire  range  of  water  content.  Bovine  pancreatic  �-chymotrypsin  was  used  as a
model  enzyme.  The  proposed  method  includes  the  measurements  of the  enthalpies  of  solution  of  the  dried
and hydrated  enzyme  in  water  at 25 ◦C.  From  these  thermochemical  data  the  excess  partial  enthalpies  of
water and  �-chymotrypsin  were  calculated.  The  partial  quantities  are  very  sensitive  to the  changes  in the
state of  water  and  �-chymotrypsin.  A transition  from  the  glassy  to the flexible  state  of �-chymotrypsin  is
accompanied  by  significant  changes  in  the excess  partial  enthalpies  of water  and  �-chymotrypsin.  This
transition  appears  at water  weight  fraction  (w1) of  0.06  when  charged  groups  of  �-chymotrypsin  are
covered.  Excess  partial  quantities  reach  their  fully  hydrated  values  at  w1 > 0.4  when  coverage  of both
polar  and  weakly  interacting  surface  elements  is  complete.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The hydration of enzymes is a phenomenon of considerable fun-
damental importance and practical interest. It is well known that
water bound to enzymes (hydration or biological water) plays a key
role in determining their stability, dynamics and functions [1–3].

Water can act as a plasticizer of protein conformation [1,4].
Dehydrated proteins are rigid and glassy. In the glassy state, the
dehydration-induced conformational changes and restrictions on
conformational transitions cause the protein to become frozen into
a broad distribution of conformational states.

Proteins undergo a glasslike transition at 25 ◦C and water con-
tent of about 10% (w/w) [1].  The transition from the glassy (rigid)
to the flexible (elastic) state is accompanied by significant changes
in the thermodynamic and structural properties. As the protein
crosses the glass transition region into the flexible state, segmental
motions and conformational rearrangements become possible and
thermal expansivity is greatly increased.

Thermochemical studies have traditionally been of great impor-
tance in ascertaining a better understanding of enzyme–water
interactions. Below a short review of the studies of hydration of
enzymes is given. Since our paper presents a calorimetric study of
the enzyme hydration, we have focused mostly on thermochemical
results. More comprehensive reviews have been given in [1,2].

Yang and Rupley [5] studied apparent heat capacity of lysozyme
as a function of water content. They identified four regions in
the hydration process. Region I (dilute solution to 0.38 g water g−1
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enzyme) corresponds to the addition of water to the fully
hydrated protein. Region II (0.38–0.27 g g−1) represents the con-
densation of water over weakly interacting surface elements.
Region III (0.25–0.07 g g−1) corresponds to the addition of water
to main chain carbonyls and other polar surface groups. Region IV
(0.07–0 g g−1) corresponds to hydration of charged groups.

Luscher-Mattli and Ruegg [6,7] calculated the enthalpy of
water sorption by lysozyme and �-chymotrypsin. The hydration
enthalpies were calculated from the temperature dependence of
the water vapor pressure in the range 25–40 ◦C. Bone studied the
water sorption by lysozyme in the range 1.5–19% (g g−1) [8]. Cal-
culations were done using the temperature dependence of the
water vapor pressure in the range 6–46 ◦C. From the temperature
dependence of the water sorption isotherms in the range 17–57 ◦C,
Hnojewyj and Reyerson calculated differential heats of water sorp-
tion [9].  The most important assumption of this method is that the
hydration enthalpy does not depend on the temperature. However,
in strict manner, this is not correct because the heat capacities of
the components of hydration process (water and enzyme) depend
significantly on the temperature.

Calorimetry is one of the effective methods for obtaining reli-
able thermochemical information on the interactions of enzymes
with water in various environments. Smith et al. in particular
have calorimetrically measured the heats of water adsorption by
lysozyme in the range of relative water vapor pressures from 0
to 0.895 [10]. They obtained both the sorption isotherm and the
enthalpy of hydration of the protein in the water content range
0–18% (g g−1) at 25 ◦C. Sorption calorimetry has been used to
measure the adsorption isotherm of water by lysozyme and the
corresponding heat effects in the entire range of water activities
[11]. Our research group has developed an experimental method

0040-6031/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.tca.2011.02.030



Author's personal copy

206 V.A. Sirotkin, A.V. Khadiullina / Thermochimica Acta 522 (2011) 205– 210

for measuring the heat effects of hydration–dehydration of proteins
over the whole range of thermodynamic water activities [12–14].
The interaction enthalpy was found to depend significantly on the
initial water content and hydration history.

These enthalpies [6–14] (estimated from the temperature
dependencies of water sorption and the calorimetrically measured
heat effects) contain total information on the binary water–enzyme
systems including the corresponding conformational changes in
the enzyme structure and glass transition. However, no attempt has
been undertaken to estimate simultaneously the enzyme and water
contributions to the enthalpy of binary enzyme–water systems in
the entire range of water contents.

Similar situation was observed for other thermodynamic func-
tions. For example, thermodynamic properties of BPTI (bovine
pancreatic trypsin inhibitor) were studied by molecular dynamics
simulation and normal-mode analysis [15]. Partial internal energies
and entropies of BPTI and water were only computed for dry and
fully hydrated protein. [15]. Apparent heat capacities of lysozyme
[5] and BPTI [15] were calculated in the water content range from
the dried enzyme to the fully hydrated limit. However, apparent
heat capacity of water was only estimated for dry and hydrated
proteins.

For the separate estimation of the enzyme and water contri-
butions to the thermodynamic functions of binary water–enzyme
mixtures it is convenient to use the excess partial functions. The
thermodynamic properties of real binary system can be expressed
in terms of the excess functions (ZE): the difference between the
observed thermodynamic function of mixing (Zm) and the function
for an ideal binary mixture (Zm

id
), Eq. (1):

ZE = Zm − Zm
id (1)

Deviations of the excess functions from zero indicate the extent
to which the studied binary system is nonideal due to strong
specific interactions between components (first of all, hydrogen
bonding and charge–charge interactions).

The ZE values are composed of two components (Eq. (2)):

ZE = w1Z̄E
1 + w2Z̄E

2 (2)

where Z̄1 is the excess partial function for component 1 (water); Z̄E
2

is the excess partial function for component 2 (enzyme); w1 and
w2 are the mass fractions of water and enzyme, respectively.

The aim of this work was to develop a novel experimental
method for studying simultaneously the excess partial enthalpies
of water and enzymes in the entire range of water content. A major
focus of our work of enzyme hydration aims to find the excess
partial enthalpies of water and the enzyme and show how these
quantities correlate with coverage of the enzyme by the water
molecules.

Bovine pancreatic �-chymotrypsin was used as a model enzyme.
It is one the most studied and applied in biochemistry, molecu-
lar biology and enzymology [16,17]. Physiological role of CT is to
hydrolyze peptide bonds [16,17]. �-Chymotrypsin is an example
of a predominantly �-sheet protein.

2. Experimental

2.1. Materials

Bovine pancreatic -chymotrypsin (Sigma, No. C 4129, essentially
salt free; EC 3.4.21.1; specific activity of 52 U/mg of solid) was  used
without further purification. Purity of enzyme samples was proved
by electrophoresis to be approximately 97%. Water used was dou-
bly distilled.

2.2. Calorimetry

Calorimetric experiments were conducted following the proce-
dures described in detail elsewhere [18–21].  The enthalpy changes
on the immersion of the dried protein into pure liquid water were
measured at 25 ◦C with a Setaram BT-2.15 calorimeter accord-
ing to the described procedure [18,19]. Typically, the sample of
8–10 mg  of enzyme preparation contacted with 4.0 ml  of water
in the calorimetric cell. A typical time of a calorimetric experi-
ment was about 40 min. A typical heat evolution curve recorded
upon dissolution of solid �-chymotrypsin in pure liquid water is
given in [18]. Calorimeter was  calibrated using the Joule effect and
tested with dissolving sodium chloride in water according to the
recommendations [22].

The dried enzyme preparation (zero hydration level) was
obtained by drying under vacuum using a microthermoanalyzer
“Setaram” MGDTD-17S at 25 ◦C and 0.1 Pa until the constant sample
weight was  reached. Water content of the dried enzyme was  esti-
mated as 0.003 ± 0.002 g g−1 by the Karl Fischer titration method
according to the recommendations [22].

At the lowest water activity (aw) values, enzyme samples for the
determination of the interaction enthalpies with water were equi-
librated at 25 ± 0.5 ◦C for 5 days in tightly closed desiccator over
saturated salt solutions (the isopiestic method). Water activities
over saturated salt solutions were taken from [23,24]. The following
salts were used: LiBr (aw = 0.064), KOH (aw = 0.078), LiCl (aw = 0.11),
CaBr2 (aw = 0.17), CH3COOK (aw = 0.22), MgCl2 (aw = 0.33), K2CO3
(aw = 0.44), Mg(NO3)2 (aw = 0.53), NaCl (aw = 0.75), KCl (aw = 0.84),
KNO3 (aw = 0.94). Salts for the conditioning of the samples were
of analytical pure grade. The conditioned samples were then taken
from the desiccator and equilibrated in the calorimetric cell at 25 ◦C
before the experiment. Transfer of enzyme samples from dessica-
tor into calorimetric cell was  performed in the closed box with the
varied water activity.

At higher aw values, the enzyme and water samples were mixed
in the calorimetric cell at various water weight fractions and 25 ◦C.
The masses of enzyme samples used in the equilibration were in the
range 8–10 mg. Water content of the samples after equilibration
was measured by drying under vacuum using a microthermoana-
lyzer “Setaram” MGDTD-17S at 25 ◦C and 0.1 Pa until the constant
sample weight was reached.

3. Results and discussion

3.1. Definition of the system under study

The correct analysis of calorimetric data requires the definition
of the system under study. The first consideration is the case when:

(1) Initially, the solid enzyme phase does not contain water.
(2) The transfer of water from the gas phase to the enzyme

phase occurs at 25 ◦C and atmospheric pressure. Then, the enthalpy
change corresponding to the mixing of the dried enzyme with water
is given by Eq. (3):

�HSolid−Gas(dried) = [Hwmw]final solid + [Hwmw]final gas

+[H
h
EmE]final solid − [Hwmw]initial gas − [H

0
EmE]initial solid (3)

HE and Hw are the partial enthalpies of the enzyme and water,
respectively; and where mE, mW are mass amounts of the enzyme
and water, respectively. Phases (gas or solid) and states (final or
initial) are specified by subscripts. The amount of water, mtr

W , trans-
ferred from the gas phase to the enzyme phase is defined as in Eq.
(4):
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mtr
w = [mw, final − mw, initial]solid

= [mw, initial − mw, final]gas

= mw, final solid (4)

The partial enthalpy of water in the gas phase is not changed
during the interaction with the enzyme. Therefore, Eq. (3) can be
transformed into Eq. (5):

�HSolid–Gas(dried) = [HE, final − HE, initial] solid
∗ mE + [Hwmw] solid +

Hw, gas[mw, final gas − mw, initial gas ] =

[H
h
E, final − H

0
E, initial] solid

∗ mE + [Hw, solid − Hw, gas]mtr
w (5)

The hydration of enzymes can be characterized by two different
methods.

Method 1. This is a typical way. The �HSolid–Gas(dried) value is
related to the amount of water bound to the enzyme, mh

w (Eq. (6)):

�HH2O/gas
hydr = [Hh

E − H0
E ]solid

mE

mh
w

+ [Hw, solid − Hw, gas] (6)

The �HH2O/gas
hydr

value is called sometimes the enthalpy of enzyme
hydration. As can be concluded from Eq. (6),  Method 1 does not
allow studying separately the enzyme and water enthalpic contri-
butions to the calorimetrically measured heat effects. According
to Eq. 6, the �HH2O/gas

hydr
value contains two components. The first

component [Hh
E − H0

E ]solid(mE/mh
w) is due to changes in the enzyme

state during hydration (including conformational rearrangements
and glass transition). The second component [Hw, solid − Hw, gas] is
due to the difference between the water state in the gas phase and
the bound state.

Method 2. The �HSolid–Gas(dried) value observed during the addi-
tion of water to enzyme can be considered as an excess quantity of
the mixing of water with enzyme (ZE, Eqs. (1) and (2)). From this
quantity the excess partial enthalpies can be calculated using Eqs.
(7) and (8):

Z̄E
1 = ZE − w2

(
∂ZE

∂w2

)
T,P

= [Hw, solid − Hw,.gas] = H
E
1 (7)

Z̄E
2 = ZE − w1

(
∂ZE

∂w1

)
T,P

= [Hh
E − H0

E ]solid = H
E
2 (8)

where H
E
1 and H

E
2 are the excess partial enthalpies of water and

enzyme, respectively; w1 and w2 are the mass fractions of water
and enzyme, respectively. As can be concluded from Eqs. (7) and
(8),  Method 2 allows studying separately the enzyme and water
contributions to the calorimetrically measured heat effects.

Eq. (5) can be transformed into an expression useful for exper-
imental applications. When the transfer of water from the liquid
phase to the enzyme phase occurs, Eq. (5) can be transformed into
Eq. (9):

f�HSolid–Liquid(dried) = [Hh
E,.final

− H
o
E,.initial] solid

mE

+[Hw, solid − Hw, liquid]mtr
w (9)

The enthalpy change corresponding to introducing of some
amount of enzyme in pure liquid water (the solution enthalpy,
�solH) can be defined by Eqs. (10) and (11). Let’s consider two vari-
ants. In both cases, the final state of the enzyme is a diluted solution
in water at 25 ◦C and atmospheric pressure.

Variant 1. Initially, the solid enzyme does not contain water

�solH(dried) = [Hb
EmE]

final liquid
+ [H

b
wmb

w]final enzyme

− [Hwmb
w]initial liquid − [H

o
EmE]initial enzyme (10)

where H
b
w is the partial enthalpy of water bound to the enzyme

in the solution; H
b
E is the partial enthalpy of the enzyme in the

solution. mb
w is the amount of water bound to the enzyme in the

solution.
Variant 2. The initial enzyme phase may  contain water

�solH(hydrated) = [Hwmh
w]final liquid + [H

b
EmE]final liquid

+[Hb
wmb

w]final enzyme − [Hwmb
w]initial liquid

−[Hh
E mE + Hwmh

w]initial enzyme (11)

where HE and Hw are the partial enthalpies of the enzyme and
water; mh

w is the amount of water bound to initial solid enzyme.
mb

w is the amount of water bound to the enzyme in the solution.
The amount of water transferred from the liquid phase to the

enzyme phase is defined by Eq. (12), when the initial enzyme does
not contain water:

mtr
w = mb

w (12)

The amount of water transferred from the liquid phase to the
enzyme phase is defined by Eq. (13), when the initial enzyme con-
tains water:

mtr
w = [mb

w,.final.enzyme − mh
w,.initial.enzyme] (13)

The difference between the solution enthalpies for the dried and
hydrated enzyme is defined by Eq. (14). It is expected that the par-
tial enthalpy of water in liquid phase does not change significantly
during the formation of the diluted enzyme solution.

�solH(dried) − �solH(hydrated)

mh
w

= [Hh
E − H0

E ]solid
mE

mh
w

+

[Hw,.solid − Hw,.liquid] = �HSolid–Gas(dried)

mh
w

+

[Hw,.gas − Hw,.liquid] = �HSolid–Gas(dried)

mh
w

+ �HH2O
vap (14)

where �HH2O
vap is the enthalpy of vaporization of water

(43.7 kJ mol−1) [23].
As can be concluded from Eq. (14), the ZE value (Eqs. (1), (2),

(7), and (8))  can be calculated from the enthalpies of solution of
the dried, �solH(dried), and hydrated, �solH(hydrated), enzyme in
water measured by isothermal calorimetry.

Eq. (15) is similar to Eq. (2).  It allows calculating the excess
partial quantities from the calorimetrically measured heat effects.

�solH(dried) − �solH(hydrated)

mh
w + mE

= [Hh
E − H0

E ]solid
mE

mE + mh
w

+[Hw,.solid − Hw,.liquid]
mh

w

mE + mh
w

= [Hh
E − H0

E ]solidw2

+[Hw,.solid − Hw,.liquid]w1 (15)

3.2. Excess partial enthalpies of water and ˛-chymotrypsin

Fig. 1 shows how the (�solH(hydrated) − �solH(dried))/(mh
w +

mE)) values (excess function of mixing per unit mass of the mix-
ture) depend on the hydration level of �-chymotrypsin. The initial
state (zero hydration level) for studying the enthalpy of solution of
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Fig. 1. The (�solH(hydrated) − �solH(dried))/(mh
w + mE) value as a function of the

weight fraction of water, w1, at 25 ◦C.

the dried �-chymotrypsin in pure liquid water, �solH(dried), was
obtained by drying in air at water activity less than 0.01. On main-
taining this “dry” sample in equilibrium with a vacuum of 0.1 Pa
and at 25 ◦C for three hours, it lost about 0.3% of its weight, which
for �-chymotrypsin implies that at the zero hydration level there
are about four water molecules strongly bound to each enzyme
molecule. The �solH(dried) value is −2790 (50) kJ mol−1 or −111.6
(2.0) J g−1 �-chymotrypsin at 25 ◦C.

Figs. 2 and 3 present the excess partial enthalpy of water, H
E
1,

and the excess partial enthalpy of �-chymotrypsin, H
E
2, as functions

of the weight fraction of water. These thermochemical quantities
were calculated using Eqs. (7), (8), and (15). The enthalpy curves
presented in Figs. 2 and 3 can be divided into three parts.

Part 1. w1 = 0–0.06 (h ∼ 0 to 0.07 g g−1). The main features of part
1 can be described as follows. At the lowest water contents, the
enzyme is in a glassy (rigid) state [1,11].  In the low water con-
tent range (w1 < 0.06), the strong hydration sites are preferentially
occupied [2,5]. These water binding sites are chemically diverse and
include a variety of charged enzyme groups. Significant changes in
the amide I region of proteins were observed using Fourier trans-
form infrared spectroscopy [25–28].

Fig. 2. Excess partial enthalpy of water, H
E

1, as a function of the weight fraction of
water, w1, at 25 ◦C. Excess partial enthalpy of water was corrected for the enthalpy
of  condensation of water at 25 ◦C.

Fig. 3. (1) Excess partial enthalpy of �-chymotrypsin, H
E

2, as a function of the weight
fraction of water, w1, at 25 ◦C. (2) Solid-state solvent-free hydrolysis of N-succinyl-
l-phenylalanine-p-nitroanilide. The ordinate, A = D416/D357, is a measure of the
nitroaniline product. Modified data from [29]. Water contents of �-chymotrypsin
were taken from [25].

Khurgin et al. [29] measured the chymotrypsin-catalyzed
hydrolysis of the amide substrate N-succinyl-l-phenylalanine-p-
nitroanilide at low and medium hydration levels. No enzymatic
activity was  observed at w1 < 0.06 (Fig. 3).

Hutchens et al. [30] studied the heat capacities of chy-
motrypsinogen A at w1 of 0 and 0.096, from −263 to 37 ◦C. No
phase transition corresponding to the ice–liquid water transition
was observed at low hydrations.

The excess partial enthalpy of water, H
E
1, is highly exothermic

(negative). The H
E
1 value does not depend noticeably on the water

content and equals approx. −61.5 kJ mol−1 water (Fig. 2). The excess

partial enthalpy of �-chymotrypsin, H
E
2, is close to zero (Fig. 3). The

H
E
2 value does not depend noticeably on the water content. The fact

that �-chymotrypsin is in the glassy state explains this feature of

part 1. The H
E
2 value is rather constant due to the fact that all the

enzyme molecules came into contact mainly with the same enzyme
molecules during this range of water contents.

Part 2. w1 = 0.06–0.4. The main features of part 2 are the fol-
lowing. Part 2 corresponds to the addition of water to main chain
carbonyls and other polar surface groups [2,5]. During isothermal
sorption of water a glasslike transition results in a step on the
excess partial enthalpy of water (enzyme) curve (Figs. 2 and 3).

H
E
1 decreases sharply from highly negative to moderate values.

H
E
2 increases from very low values to highly exothermic values.

At w1 > 0.06, the catalytic activity of �-chymotrypsin is sharply
increased (Fig. 3) [29].

Apparent heat capacity of the enzyme lysozyme, �Cp2, deter-
mined from isothermal experiments using a drop calorimeter
increases from very low values to high values in this water content
interval [5].  This strong increase of the heat capacity was inter-
preted in terms of a transition of the enzyme molecules from a
glassy (rigid) state to a flexible (elastic) state [11].

The results obtained for proteins and biopolymers by several
experimental methods were summarized in Ref. [1].  It was con-
cluded that proteins undergo a glasslike transition at water content
of about 10 wt% at 25 ◦C. This water content is within part 2 in this
work.

Part 3. w1 > 0.4.  The main features of part 3 can be described
as follows. At the highest water contents (w1 > 0.4), the enzyme
is in a flexible (elastic) state [1,11].  The structural rearrangements
are largely completed [1,25].  Excess partial quantities reach their
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Fig. 4. (1) Enthalpy of hydration of �-chymotrypsin, �HH2O/gas
hydr

, as a function of the
weight fraction of water, w1, at 25 ◦C. (2) Enthalpy of hydration of human serum
albumin, �HH2O/gas

hydr
, as a function of the weight fraction of water, w1, at 25 ◦C.

Adapted data from [31].

fully hydrated values at water weight fraction more than 0.4 when
coverage of both polar and adjacent weakly interacting surface ele-
ments no longer changes appreciably upon further hydration. The

H
E
1 value is close to the enthalpy of condensation of pure water

at 25 ◦C and atmospheric pressure (−43.7 kJ mol−1). This implies
that the average state of water in the hydrated �-chymotrypsin is
close to that in the pure liquid water. Apparent heat capacity of
lysozyme, �Cp2, [5] and excess partial enthalpy of �-chymotrypsin,

H
E
2, (Fig. 3) reach their maximal values. This means that all the

enzyme molecules are in the flexible state.

3.3. Enthalpy of hydration of ˛-chymotrypsin

Fig. 4 shows how the �HH2O/gas
hydr

values depend on the
weight fraction of water. The enthalpy of hydration of �-
chymotrypsin, �HH2O/gas

hydr
was calculated using Eqs. (6) and (14).

As can be concluded from Fig. 4, the �HH2O/gas
hydr

function is

a smooth curve. The most significant �HH2O/gas
hydr

values were
observed at the lowest water weight fractions (�HH2O/gas

hydr
∼ −

62.0 (1.5) kJ mol−1 water). These values are close to the H
E
1 val-

ues (Fig. 2) at the lowest water contents. This result is due to the

fact that at the lowest water contents the [Hh
E − H0

E ]solid component

in Eq. (6) is close to zero because the Hh
E solid

and H0
E solid

values do

not differ significantly. This agreement between the �HH2O/gas
hydr

and

H
E
1 values supports the reliability of our calculations.

At w1 > 0.4, the �HH2O/gas
hydr

values reach saturation and are close

to the enthalpy of condensation of water (−43.7 kJ mol−1 water).
This saturation range is consistent with that observed for the excess
partial quantities (Figs. 2 and 3).

To show the generality of our findings, the hydration enthalpies
for �-chymotrypsin were compared with the �HH2O/gas

hydr
values

for other globular protein, human serum albumin [31]. As can be
concluded from Fig. 4, a good agreement was observed between
the �HH2O/gas

hydr
values for �-chymotrypsin and human serum albu-

min. Similar hydration enthalpies were observed for lysozyme [10].
These results are indicative of reliability of our experiments.

One should stress that the �HH2O/gas
hydr

-water content curves are
well reproducible in different experiments and at different con-
ditions. However, the changes on the �HH2O/gas

hydr
-water content

curves describing a transition from the glass (rigid) to the flexible
(elastic) state are not pronounced.

One should explain why  the thermochemical functions pre-
sented in Figs. 1–4 have different profiles. The partial enthalpies,

H
E
j , which contain the second derivatives of G, can be defined as

follows:

H
E
j =

(
∂HE

∂hj

)
=

(
∂G

∂hj

)
− T

(
∂2GE

∂T ∂hj

)
(16)

where nj is the molar amount of jth component.
This second derivative quantities signify the actual thermody-

namic situation of the target jth component. This contrasts with
what is contained in the excess functions (for example, HE), the first
derivative quantities, which provide the respective global averages.
In the Gibbs (P, T, nj) variable system, there are three functions, Cp

(heat capacity), ˛P (thermal expansion coefficient) and kT (isother-
mal  compressibility), that are also second derivatives of G.

As can be concluded from our work, the published apparent heat
capacities of proteins [2,5] and the partial quantities obtained in our
work (Figs. 2 and 3) show similar profiles and a glasslike transition
in the w1 range from 0.06 to 0.4. Fig. 1 shows an excess function
of mixing (ZE). It is the first derivative of G. Therefore, there is no
transition on this curve. Hydration enthalpy presented in Fig. 4 is
a complicated combination of the enzyme and water partial quan-
tities. Therefore, a smooth curve was  observed in this case. These
facts are indicative of the reliability of our calculations.

4. Conclusions

Isothermal batch calorimetry was applied to study the hydra-
tion of �-chymotrypsin. The hydration process was  characterized
by two methods. The first method is traditionally used. It includes
the calculation of the hydration enthalpy of the enzyme: the calori-
metrically measured heat effects of the enzyme–water interaction
are related to the transfer of water from the gas phase to the enzyme
phase. This method does not allow studying separately the enzyme
and water contributions to the heat effects of the enzyme–water
interaction.

A novel method based on the analysis of the excess partial ther-
modynamic quantities was  proposed in this work. This second
method allows studying separately the enzyme and water excess
partial enthalpies in the entire range of water content. It was shown
that the excess partial enthalpies are very sensitive to the changes
in the state of water and �-chymotrypsin. Two well-pronounced
stages were observed on the excess partial enthalpy–water content
curves. A transition from the glassy to the flexible state of �-
chymotrypsin is accompanied by significant changes in the excess
partial enthalpies of water and �-chymotrypsin. This transition
appears in the calculated quantities when charged groups of �-
chymotrypsin are covered, which occurs at water weight fraction of
0.06 and 25 ◦C. Excess partial quantities reach their fully hydrated
values at water weight fraction more than 0.4 when coverage of
both polar and adjacent weakly interacting surface elements no
longer changes appreciably upon further hydration.
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