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Abstract

A new experimental approach based on FTIR spectroscopic measurements was proposed to study simultaneously the adsorption/
desorption of water and organic solvent on solid enzyme and corresponding changes in the enzyme secondary structure in the water activity
range from 0 to 1.0 at 25 °C. The effect of dioxane on the hydration/dehydration and structure of bovine pancreatic a-chymotrypsin (CT) was
characterized by means of this approach. Dioxane sorption exhibits pronounced hysteresis. No sorbed dioxane was observed at low water
activities (a,,<0.5) during hydration. At a,, about 0.5, a sharp increase in the amount of sorbed dioxane was observed. Dioxane sorption
isotherm obtained during dehydration resembles a smooth curve. In this case, CT binds about 150 mol dioxane/mol enzyme at the lowest
water activities. Three different effects of dioxane on the water binding by the initially dried CT were observed. At a,,<0.5, water adsorption
is similar in the presence and absence of dioxane. It was concluded that the presence of dioxane has little effect on the interaction between
enzyme and tightly bound water at low a,. At a,,>0.5, dioxane increases the amount of water bound by CT during hydration. This behavior
was interpreted as a dioxane-assisted effect on water binding. Upon dehydration at low water activities, dioxane decreases the water content
at a given a,,. This behavior suggests that the suppression in the uptake of water during dehydration may be due to a competition for water-
binding sites on chymotrypsin by dioxane. Changes in the secondary structure of CT were determined from infrared spectra by analyzing the
structure of amide I band. Dioxane induced a strong band at 1628 cm ™' that was assigned to the intermolecular B-sheet aggregation. Changes
in the intensity of the 1628 cm ™! band agree well with changes in the dioxane sorption by CT. An explanation of the dioxane effect on the CT
hydration and structure was provided on the basis of hypothesis on water-assisted disruption of polar contacts in the solid enzyme. The
reported results demonstrate that the hydration and structure of a-chymotrypsin depend markedly on how enzyme has been hydrated—
whether in the presence or in the absence of organic solvent. A qualitative model was proposed to classify the effect of hydration history on
the enzyme activity-a,, profiles.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The hydration of proteins (enzymes) is a phenomenon of
considerable fundamental importance and practical interest.
It is well known that the interaction of water with proteins
plays a key role in determining the structure and functions
of proteins [1-3]. Knowledge of processes occurring upon
the hydration or dehydration of proteins is also very

E-mail address: vsir@mail.ru.

1570-9639/$ - see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.bbapap.2005.02.010

important in biotechnological and pharmaceutical applica-
tions of proteins such as their use as biocatalysts [4-8],
biosensors [9,10] and selective adsorbents [11,12] in low
water organic solvents. There are many advantages in
employing organic solvents for enzymatic processes,
including high solubility of organic substrates, synthesis
of useful chemicals (for example, chiral drug molecules,
emulsifiers, modified fats and oils, flavor esters), suppres-
sion of undesirable side reactions caused by water and
increased thermostability. However, in general, the enzyme
activity in organic solvents is a complex function of the
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water content in the organic media [13,14] and the hydration
“history” of an enzyme [15,16]. Hence, there is considerable
interest in understanding the intermolecular interactions and
conformational rearrangements that occur upon the hydra-
tion—dehydration of solid enzymes in the presence of
organic solvents.

The hydration of solid proteins in organic solvents was
investigated in many studies [17-21]. It was concluded that
when the water sorption is plotted as a function of
thermodynamic water activity (a,), the sorption isotherms
obtained in organic solvents are similar to those recorded in
the absence of organic solvents at low a,, values [22]. At
higher water activities (ay>0.4), the organic solvents
caused deviations. Hydrophobic solvents (for example,
benzene [22] and ethyl acetate [23]) usually increased the
amount of water bound to the protein (at fixed a,) while
hydrophilic solvents (for example, ethanol [22] and prop-
anol-1 [20]) had the opposite effect. The different mecha-
nisms of hydration of human serum albumin (HSA) in
various organic liquids were observed from the combined
calorimetric and water sorption measurements [24-27]. It
was shown that depending on the organic solvent and its
water content, the immersion of solid protein into the water—
organic mixtures may involve both the water sorption on the
solid protein and the second exothermic process. This
second process was considered to include the rupture of the
protein—protein contacts in the solid phase induced by
protein—organic solvent or/and protein—water interactions.
However, there are no reports on the hydration—dehydration
cycle for proteins obtained in the presence of organic
solvent.

Infrared spectroscopy is one of the effective methods for
analyzing the structure of proteins in various environments,
including aqueous and non-aqueous media. This method has
been successfully used in studying the secondary structure
of proteins in various states, including solid preparations
with various degrees of humidity [28—34] and solid proteins
immersed into pure organic solvents and water—organic
mixtures [35,36].

Infrared spectroscopy is also effective in studying the
hydration of proteins [1,2,33]. The relationship between
hydration and acetonitrile vapor sorption by human serum
albumin was studied by FTIR spectroscopy [37]. By
means of the combined calorimetric and FTIR spectro-
scopic measurements the structure and stability of dehy-
drated chymotrypsin and HSA were recently examined in a
series of anhydrous organic liquids, including hydro-
carbons, alcohols and hydrogen bond accepting solvents
[38,39]. It was shown that solvent potential to form
hydrogen bonds appears to be an important factor
controlling the stability of dehydrated proteins in organic
media. However, no attempt has been made to study
simultaneously both the hydration—dehydration of solid
enzyme in the presence of organic solvent and the
corresponding structural changes over the whole range of
water activity.

In the present work a new experimental approach based
on FTIR spectroscopic measurements was proposed to study
simultaneously the adsorption/desorption of water and
organic solvent on solid enzyme and corresponding changes
in the secondary structure over the whole range of water
activity at 25 °C. By means of this approach, the adsorption
and desorption of pure water and water—dioxane vapor
mixtures on bovine pancreatic a-chymotrypsin were inves-
tigated. Sorption data were compared with the structural
changes that occur on the interaction of solid enzyme with
water and organic molecules. The aim of this combined
study is to elucidate the mechanism of molecular processes
that occur upon the hydration and dehydration of solid
enzyme in the presence of organic solvent.

Dioxane was selected as a probe organic compound
because it is capable of forming strong hydrogen bonds with
various hydrogen donors. However, in contrast to water, it
has no evident hydrogen bond donating ability. Bovine
pancreatic a-chymotrypsin was used as a model enzyme
because it is one of the most researched enzymes in aqueous
[40,41] and nonaqueous [4—8] enzymology.

2. Experimental
2.1. Materials

Bovine pancreatic a-chymotrypsin (Sigma, No. C 4129,
essentially salt free; EC 3.4.21.1; specific activity of 52
units/mg of solid) was used without further purification.
Dioxane (reagent grade, purity >99%) was purified and
dried according to the recommendations [42] and was stored
over molecular sieves (3 A) for at least 24 h prior to use.
Water used was doubly distilled.

2.2. Thermodynamic activities of water and dioxane

Water activity (a,) in organic solvent was calculated
using the Eq. (1):

aw :’))wxW7 (1)

where x,, is the mole fraction of water in the solution; and
7w 18 the activity coefficient of water (in mole fractions; the
standard state is pure water). Water content in dioxane (x.y)
was measured using Karl Fisher method according to the
recommendations [27,43].

Water activity coefficients in organic solvent y,, were
calculated from literature data on the vapor—liquid equili-
brium [44] by Eq. (2):

_ YwProt (2)

Y )
Yo xw Py,

where y,, is the mole fraction of water in vapor phase, Py is
the total pressure, Py, is the saturated vapor pressure of pure
water at the same temperature and x,, is the mole fraction of
water in the liquid phase.
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Dioxane activity (ag4;,) was calculated using the Eq. (3):
Adio = 7 dioXdio> (3)

where xg4;, is the mole fraction of dioxane in the solution;
and 74, is the activity coefficient of water (in mole
fractions; the standard state is pure dioxane).

Dioxane activity coefficients in organic solvents (7g4io)
were calculated by Eq. (4):

ydiOP tot

y,. — 24l tot
Vdio XaoPS, ) (4)
where yg;, is the mole fraction of dioxane in vapor phase;
P is the total pressure; Pg;, is the saturated vapor pressure
of pure dioxane at the same temperature and x;, is the mole
fraction of dioxane in the liquid phase.

The thermodynamic activities of water and dioxane at 25
°C are presented in Fig. 1.

2.3. FTIR spectroscopic measurements

The infrared spectra were measured at 25 °C with a
Vector 22 FTIR-spectrometer (Bruker) at 4 cm ™! resolution
as described previously [37-39]. A schematic representation
of the experimental set-up for FTIR spectroscopic measure-
ments of the structural and sorption characteristics of solid
enzyme is given in Scheme 1. The infrared spectra were
obtained with glassy like protein films casted from 2% (w/v)
water solution onto the CaF, window at room humidity and
temperature. After mounting the window in the sample cell,
the film was dehydrated by flushing air dried over P,Os
powder (Scheme 1, Route 1). Water activity over P,O5 at 25
°C does not exceed 0.01 [45]. The enzyme film was flushed
until no further spectral changes were detected in the 3500
cm ' water absorbance region and amide A contour on this
side represented a smooth line without any visible should-
ers. The spectrum of this sample was used as a reference
spectrum for calculation of the difference spectra. The
difference spectra were obtained according to the criteria
described previously [29].
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Fig. 1. Correlations between the thermodynamic activities of water and
dioxane and water mole fraction in the liquid phase at 25 °C: (1) water
activity; (2) dioxane activity.
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Scheme 1. Schematic representation of the experimental set-up for FTIR
spectroscopic measurements of structural and sorption characteristics of
solid enzyme. The components of the experimental set-up: 1—air pump;
2—thermostated glass tube with drying agent; 3—thermostated saturator;

4—pure liquid water or water—organic mixture; 5—FTIR spectrometer;
6—thermostated sample cell; 7—computer.

Then, the sample was in situ exposed to pure water vapor
or water—organic vapor mixtures. In the first case, pure
water vapor consecutively flowed through the thermostated
glass tube with a drying agent (P,Os), saturator filled with
pure liquid water and then through the measuring cell
containing the protein sample (Scheme 1, Route 2). The
temperature of the sample cell was 25 °C. The water activity
(ay) in the vapor phase was adjusted by changing the
difference between the temperature of the saturator and cell.
Data on water vapor pressure at various temperatures were
taken from [46].

In the second case, the air consecutively flowed through
the thermostated glass tube with a drying agent (P,Os),
saturator filled with a water—organic mixture and then
through the sample cell (Scheme 1, Route 2). The temper-
ature of the sample cell and saturator was 25 °C. The water
activity (ay,) in the vapor phase was adjusted by changing
the water activity in the liquid water—organic mixture.

Water sorption by chymotrypsin films was controlled in
the region of OH stretching vibration band at 3500 cm ™.
Adsorbed dioxane has some intensive vibrational bands.
The bands at 2966 and 2862 cm ™' were assigned to the CH,
asymmetric and symmetric stretching vibrations, respec-
tively. The band at 1455 cm™' was assigned to the CH,
bending vibrations. Dioxane sorption by solid enzyme was
controlled at 1121 cm ™!, which is the most intensive band
of adsorbed dioxane. This band was assigned to the
stretching vibrations of the C-O group. Good linear
correlations were observed between the relative absorbance
values (D,/D,) at 2966, 2862 and 1455 cm ™" and the D15,/
D, values (Fig. 2).
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Fig. 2. Correlations between the relative absorbance values (D,/D,) at
1455, 2966 and 2862 cm ™' and the D1,1/D, values: (1) 1455 cm™'; (2)
2966 cm™'; (3) 2862 cm™'. D, is the absorbance value for Film A (the
initial state of spectroscopic measurements; Section 3.1).

Diass /Dy = 0.78(0.02) +0.21(0.01)*Dy 121 /D,

Correlation coefficient R=0.99; number of experimental points N=11;
standard error of estimation s,=0.02.

Daoges/Do = 0.75(0.03) + 0.25(0.02)*Dy 11 /Dy

Correlation coefficient R=0.98; number of experimental points N=11;
standard error of estimation s,=0.03.

Dagea/Do = 0.37(0.05) + 0.66(0.03)*Dy 13, /D,

Correlation coefficient R=0.99; number of experimental points N=11;
standard error of estimation s,=0.05.

Enzyme films were flushed by pure water vapor or
water—organic vapor mixtures until no further changes
were detected in the absorbance values at 3500 and 1121
ecm ', Upon hydration and dehydration in the absence of
dioxane no noticeable spectral changes were observed
after 30 min. Upon hydration and dehydration in the
presence of dioxane, the sorption equilibrium was reached
after 1 h. This increase in the time required for the
attainment of sorption equilibrium in the presence of
dioxane is presumably due to pronounced conformational
rearrangements and considerable changes in the mecha-
nism of water and organic solvent sorption as described in
Sections 3.1-3.5.

Supposing that during sorption the protein film swells
predominantly due to increasing thickness, the enzyme
hydration and sorption of dioxane vapor were calculated
from the Egs. (5) and (6):

h = 2.3SyateréCT /BwaterDCTa (5)

where /4 is the chymotrypsin hydration, mol water mol '
enzyme; Syaer 1S the area of water absorbance band, cem
ecr 1s the protein molar extinction at the maximum of
Amide I band, 1 mol™" enzyme cm ' Byaer is the water
integral molar extinction coefficient, 1 mol ! water cm™2;

Dcr is the optical density at the maximum of amide I band.

For pure water, it was taken that B.,;=96,000 £ 1000 1
mol ™" water cm ™2 [47].

A= 2o3Sclioxane ECT /BdioxaneDCT7 (6)

where 4 is the sorption of dioxane, mol dioxane mol '
enzyme; Sgioxane 1S the area of organic solvent absorbance
band, cm™'; ecr is the protein molar extinction at the
maximum of Amide I band, 1 mol ™! enzyme em ™Y Bgioxane
is the organic solvent integral molar extinction coefficient, 1
mol ' em™?; Dy is the optical density at the maximum of
amide I band. The integral absorption extinction coefficient
for dioxane (Bgjoxane) Was calculated from the area of the
absorption band of the pure substance in a cell with a layer
thickness of 10 pm: Bgjoxane=19,100 £ 17 1 mol ! ecm 2.

The molar absorption extinction coefficient of chymo-
trypsin was determined measuring the amide I spectra of
protein solutions in heavy water. The molar absorption
extinction coefficient of chymotrypsin (ecr) is 80,000 £ 200
L mol ' cm™'. The molecular weight of bovine pancreatic
a-chymotrypsin was taken as 25,000 Da.

3. Results and discussion
3.1. Dioxane vapor sorption

Fig. 3A shows the dioxane vapor sorption isotherms for
solid chymotrypsin. The initial state of the enzyme film
(zero hydration level) for studying the sorption of dioxane
during hydration (Fig. 3A, curve 1) was obtained by drying
in air at water activity less than 0.01 (Film A). On
maintaining this “dry” sample in equilibrium with a vacuum
of 0.1 Pa and at 25 °C for 3 h, 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 initial state
for studying the sorption of dioxane during dehydration
(Fig. 3A, curve 2) was prepared by hydrating the Film A at
water activity of 0.98 (Film B). For the second adsorption—
desorption cycle (Fig. 3A, curves 3 and 4), the initial state
was prepared by dehydrating the Film B in vapors of water-
free dioxane (Film C).

As can be seen from Fig. 3A (curves 1 and 2), the
adsorption isotherms for the first sorption—desorption cycle
show pronounced hysteresis. No sorbed dioxane is observed
during hydration at low water activities. Dioxane uptake is
markedly increased above water activity of 0.5 and reaches
a maximum at water activity of 0.8 (Fig. 3A, curve 1).
Dioxane sorption isotherm obtained upon dehydration
resembles a smooth curve (Fig 3A, curve 2). At low water
activities, chymotrypsin binds about 150 mol dioxane/mol
enzyme. These results lend support to the idea that the state
of dehydrated enzyme is a non-equilibrium state relative to
the sorption of dioxane at low water activities.

A similar behavior was observed for human serum
albumin [48]. To generalise this finding, the dioxane
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Fig. 3. (A) Sorption of dioxane by a-chymotrypsin as a function of water
activity. First adsorption—desorption cycle: (1) Adsorption branch (relative
to water sorption). The initial state is Film A from Section 3.1. (2)
Desorption branch. The initial state is Film B. Second adsorption—
desorption cycle: The initial state is Film C. (3) Adsorption. (4) Desorption.
(B) Correlation between the dioxane sorption on human serum albumin
Agio(HSA) (modified data from [48]) and dioxane sorption on bovine
pancreatic a-chymotrypsin A44io(CT): (1) adsorption and (2) desorption
branches (relative to water sorption).

Agio(HSA) = —2.0¥107°(1.0¥10™%) + 0.97(0.03)* 44, (CT)

Correlation coefficient R=0.99; number of experimental points N=22;
standard error of estimation s,=3.2%107*.

sorption on human serum albumin was compared with the
sorption of dioxane on bovine pancreatic a-chymotrypsin
in Fig. 3B. Good linear correlation was observed between
the dioxane sorption on HSA and CT (Fig. 3B). This
correlation shows that the sorption of dioxane does not
depend on the function and secondary structure of a
protein. The organic solvent sorption is proportional to the
mass of protein sorbent and mainly determined by the
protein primary structure. As can be concluded from Table
1, the content of hydrophobic amino acid groups in the
primary structure of HSA and a-chymotrypsin is rather
close.

For the second adsorption—desorption cycle, when the
dehydrated state of solid enzyme is achieved without
removing dioxane (Film C), the organic solvent sorption

Table 1
The content of hydrophobic and polar amino acid groups in the primary
structure of human serum albumin and bovine pancreatic a-chymotrypsin

Protein Hydrophobic Polar and
groups (%) ionizable
groups (%)
Bovine pancreatic a-chymotrypsin [50] 48.0 52.0
Human serum albumin [49] 41.5 58.5

becomes independent of the direction of process and is
determined only by the water activity value (Fig. 3A, curves
3 and 4). The second sorption—desorption cycle exhibits no
hysteresis within the limits of experimental error (5—10 mol
dioxane/mol CT). This means that the dioxane adsorption
isotherms started from the high water activity value
(aw~0.98) represent true equilibrium conditions in the
whole water activity range. These experimental data are
thus accessible to thermodynamic interpretation.

The experimental results reported represent the first
example of investigations where the organic solvent
sorption—desorption isotherms for solid enzyme were
studied over the whole range of water activity.

3.2. Water vapor sorption

Fig. 4 shows the water adsorption and desorption
isotherms for chymotrypsin in the presence and absence of
dioxane. The initial state of chymotrypsin for studying the
water adsorption was a Film A (Section 3.1). The initial
state for studying the water desorption was a Film B. For the
second adsorption—desorption cycle, the initial state was
prepared by dehydrating the Film B in vapors of water-free
dioxane (Film C).

As can be seen from Fig. 4, the water sorption isotherms
measured in the absence of dioxane resemble typical
sigmoidal curves. The water sorption isotherms exhibit
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Fig. 4. Water sorption isotherms for a-chymotrypsin. First sorption—
desorption cycle in the absence of dioxane: (1) adsorption. The initial state
is Film A. (2) Desorption. The initial state is Film B. First sorption—
desorption cycle in the presence of dioxane: (3) adsorption. The initial state
is Film B. (4) Desorption. The initial state is Film A. Solid lines were fitted
by a set of polynomials.
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considerable hysteresis (i.e., the water content at a given ay,
is higher during desorption than during adsorption).

The presence of organic molecules markedly affects the
ability of chymotrypsin to bind water. The effect of
dioxane on the water sorption was characterized by the
differences (A/) in water uptake for the corresponding
branches in the presence and absence of organic solvent
vapor (Fig. 5). Three different effects on water sorption
by solid chymotrypsin were observed. At low water
activities (a,<0.5), the water adsorption branch obtained
in the presence of organic solvent is similar to that
measured in the absence of dioxane (Fig 5A, curve 1).
This result is in good agreement with the results reported
by Halling [22].

At water activities more than 0.6, both desorption and
adsorption branches lie above the corresponding branches
for pure water. This result corresponds to the organic
solvent-assisted effect on water binding by chymotrypsin.

Upon dehydration in the presence of dioxane, a decrease
in the uptake of water was observed at low water activities
(aw<0.5) (Fig 5A, curve 2). This behavior suggests that the
suppression in the water uptake is due to a competition for

water-binding sites on chymotrypsin by organic molecules.
A similar sorption behavior was also observed for HSA
(Fig. 5B) [48].

For the second adsorption—desorption cycle, when the
dehydrated state of solid enzyme is achieved without
removing dioxane (Film C), the water sorption in the
presence of organic molecules becomes independent of the
direction of process and is determined only by the water
activity value (water sorption data for the second cycle are
not presented in Fig. 4 for clarity.).

The second sorption—desorption cycle exhibits no
hysteresis within the limits of experimental error (0.003—
0.005 g water/g CT or 4-7 mol water/mol CT). This means
that the water adsorption isotherms measured in the
presence of dioxane and started from the high water
activity value (a.,~0.98) represent true equilibrium con-
ditions in the entire range of water activity. This implies
that these experimental data are accessible to thermody-
namic interpretation.

These experimental results represent the first example of
investigations where the first and second water adsorption—
desorption cycles for solid enzyme were studied in the
presence of organic solvent over the whole range the water
activity.

3.3. Comparison of water and dioxane sorption

Water and dioxane sorption was compared under true
equilibrium conditions and at the same values of the
thermodynamic activity of sorbate. The dioxane and water
sorption isotherms started from the high water activity value
(the initial state is Film B) are presented in Fig. 6. As can be
concluded from Fig. 6, water sorption is higher than dioxane
sorption over the whole range of thermodynamic activity of
sorbate. This comparison shows that the interaction of
chymotrypsin with H-donating and H-accepting water
molecules is more favourable than the interaction of
chymotrypsin with dioxane molecules that have no H-
donating ability.
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Fig. 6. Water and dioxane sorption by a-chymotrypsin as a function of
thermodynamic sorbate activity (first adsorption—desorption cycle. Film B
from Section 3.1): (1) water sorption; (2) dioxane sorption.
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Table 2

Parameters of water sorption by solid chymotrypsin estimated by Eq. (7)*

Type of sorption branch h,, (mol water/ K So°

mol enzyme)

In the absence of dioxane
Desorption [this work] 98.2 (1.9) 23.5 (4.3) 33
Desorption [52] 96.7 (2.0) 23.5(2.2) 3.0
Desorption [53] 103.3 (2.3) 28.5 (6.5) 4.7
Adsorption [this work] 79.3 (1.2) 18.1 (3.0) 1.9
Adsorption [55] 78.4 (0.6) 21.5(1.4) 35
Adsorption [52] 77.4 (0.7) 20.0 (1.7) 2.1
Adsorption [56] 73.3 (3.7) 14.4 (3.7) 4.6
Adsorption [53] 72.3 (1.5) 14.7 (2.2) 52

In the presence of dioxane
Desorption [this work] 97.6 (2.9) 2.2 (0.3) 34
Adsorption [this work] 78.5 (1.1) 17.6 (2.6) 2.7

The values of confidence interval of the parameters calculated by Eq. (7)
are given in parentheses.

* Applicable range (ay): 0-0.6.

b s, is the residual standard deviation.

3.4. Analysis of water sorption isotherms

The BET model [51] is widely used for describing the
sorption ability of various solids, including proteins
[1,3,48,52-54] (Eq. (7)):

Kay, Oy
1+ Kay,

h=h, (7)

1 —ay
where 7 is the hydration of solid protein (mol water/mol
enzyme); h,, is the number of water binding sites (mol
water/mol enzyme); and K is the equilibrium water sorption
constant.

It was found that the BET equation (Eq. (7)) describes the
isotherms displayed in Fig. 4 up to a water activity no more
than 0.6. This result is in close agreement with the data
obtained in previous studies on chymotrypsin, serum
albumin and other proteins [1,3,48,52-54].

The water sorption parameters estimated from Eq. (7) are
presented in Table 2. As can be seen from Table 2, the value
of sorption constant K for water desorption branch is
markedly smaller in the presence of dioxane than in the
absence of organic sorbate. This implies that dioxane
molecules suppress markedly the water sorption on solid
enzyme at relatively low water activities. No significant
organic solvent effect on the value of K was found for water
adsorption branch. These results are in agreement with the
observations from Sections 3.1 and 3.2.

The values of 4, for the desorption branches as in the
absence as well in the presence of dioxane are higher than
the similar values for adsorption branches. Most likely this
decrease in the 4, values is associated with the lower
availability of water binding sites for adsorption process
compared with that for desorption one.

Water binding by chymotrypsin was determined in many
studies [52,53,55,56]. To confirm the reliability of the
obtained sorption data, Eq. (7) was applied to approximate

the water sorption isotherms measured by Ruegg [52],
Khurgin [53], Adlercreutz [55] and Bone [56]. As can be
concluded from Table 2, the results obtained agree well with
previously published results.

3.5. Analysis and band assignment of protein infrared
spectra

The infrared spectra of Films A, B and C (Sections 3.1—
3.3) in the amide I region are presented in Figs. 7 and 9.
Fig. 7A and B show the absorbance and second derivative
spectra of chymotrypsin in the absence of dioxane in the
amide I region. The assignment of individual components
to secondary structure was performed as described earlier
[28-32]. As can be seen from Fig. 7A and B, the most
dominant band component of the chymotrypsin spectra is
the band at 1637 cm ™', which is usually attributed to the
p-sheet structure [32,34]. The band at 1690 cm ' was
assigned to intermolecular B-sheet structure [32]. A minor
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Fig. 7. (A) Absorbance spectra of a-chymotrypsin in the amide I region in
the absence of dioxane: (1) Film A from Section 3.1; (2) Film B was
prepared by hydrating Film A at water activity of 0.98; (3) Film C was
prepared by dehydrating Film B in air at a water activity of 0.01. All the
spectra were normalised to the amide I band intensity of a Film A. (B)
Second-derivative spectra of chymotrypsin in the amide I region in the
absence of dioxane: (1) Film A; (2) Film B; (3) Film C.
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component at 1664 cm~' was assigned to irregular

secondary structures (p-turns, random coil and extended
chains) [36].

As can be seen in Fig. 7A and B, the infrared spectra of
chymotrypsin are grossly altered relative to that for the
initial dried protein. There are increases in bandwidths and
shifts in band positions and relative absorbances, which are
indicative of protein conformational changes. This behavior
is similar to that noted for chymotrypsin and other proteins
[28,30,32].

The hydration—dehydration in the absence of dioxane
markedly but reversibly alters the secondary structure of
chymotrypsin as revealed by changes in relative absorb-
ance at 1637 cm ™" (Fig. 8). At low water activities (2 <0.1
g/g chymotrypsin), the hydration—dehydration process
induces pronounced structural rearrangements. The D437/
Dy curves as for the hydration as well as for dehydration
reach a plateau at water activity above 0.5 (A>0.1 g/g
chymotrypsin), indicating that the conformational changes
are largely completed. These results are in good agreement
with the hydration model previously proposed for chymo-
trypsin [49].

Fig. 9A and B show the absorbance and second
derivative spectra of chymotrypsin in the presence of
dioxane in the amide I region. As can be seen from Fig.
9A and B, the spectra of chymotrypsin are very different
from those in the absence of dioxane. As the water activity
was raised from 0.01 to 0.98, the amide I absorbance
maxima were red-shifted about 12 cm™' to near 1627
em ', indicating the formation of intermolecular p-sheet
aggregate [32,57,58]. This broad band at 1627 cm ™" in the
spectrum of Film B may be caused by the mixing of the
native B-sheet band with an intermolecular R-sheet band.
As the water activity was decreased from 0.98 to 0.01, the
amide T absorbance maximum shifted about 1 cm™' to a
higher wavenumber near 1628 cm ', indicating irrever-
sible conformational rearrangements and the retention of
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Fig. 8. Absorbance at 1637 cm ™' as a function of water activity: (1)
adsorption and (2) desorption branches in the absence of dioxane. D, is the
absorbance value at 1637 cm ™' for Film A.
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Fig. 9. (A) Absorbance spectra of a-chymotrypsin in the amide I region in
the presence of dioxane: (1) Film A from Section 3.1; (2) Film B was
prepared by the hydration of Film A in vapors of the water—dioxane
mixtures while increasing water activity from 0.01 to 0.98; (3) Film C was
prepared by dehydrating Film B by means of dioxane vapor with a water
activity of 0.01. All the spectra were normalised to the amide 1 band
intensity of Film A. (B) Second derivative spectra of a-chymotrypsin in
the amide I region in the presence of dioxane: (1) Film A; (2) Film B; (3)
Film C.

intermolecular p-sheet aggregates. The band at 1628 cm ™

is the most dominant feature of the spectrum of Film C
(Fig. 9B).

The effect of dioxane on the chymotrypsin structure was
characterized by changes in the relative intensity at 1628
cm ! (Fig. 10). The Di48/D, functions obtained in the
presence of dioxane have been compared with those
determined for CT in the absence of dioxane. This
comparison can show any effects of the organic solvent
molecules on the enzyme structure. The differences in the
D428/D,, values obtained in the presence and absence of
dioxane are presented in Fig. 11. As can be concluded from
Fig. 11, the AD¢s/D, functions are consistent with
changes in the dioxane sorption by chymotrypsin (Fig.
3A). Upon hydration, in the water activity range from 0 to
0.5, the AD4,5/D,, values are close to zero (Fig. 11, curve
1). Hence, it may be concluded that the presence of dioxane
has little effect on the structure of the initially dried enzyme.
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Fig. 10. Absorbance at 1628 cm™' as a function of water activity. First
adsorption—desorption cycle in the absence of dioxane: (1) Adsorption.
Film A; (2) Desorption. Film B. First adsorption—desorption cycle in the
presence of dioxane: (3) Adsorption. Film A; (4) Desorption. Film B.
Second adsorption—desorption cycle in the presence of dioxane. The initial
state is Film C: (5) Adsorption; (6) Desorption. D, is the absorbance value
at 1628 cm™' for Film A.

Above the threshold water activity of 0.5, the AD628/D,
values are sharply increased and reach a maximum at water
activity of 0.8. There are significant differences between the
Dq428/D,, values obtained upon dehydration in the presence
and the absence of dioxane over the whole range of water
activity (Fig. 11, curve 2). These results indicate that the
presence of dioxane has a significant effect on the secondary
structure of the initially hydrated enzyme.

For the second hydration—dehydration cycle, when the
dried state of chymotrypsin is achieved without removing
dioxane (Film C), an intensity of the 1628 cm™' band
becomes independent of the direction of the process and
is determined by the water activity value (Fig. 10, curves
5 and 6).

These results are the first example of investigations
where the adsorption—desorption of water and organic
solvent on solid enzyme and corresponding changes in the
enzyme secondary structure were studied simultaneously
over the whole range the water activity.

3.6. Effect of dioxane on the hydration and structure of
chymotrypsin

3.6.1. Hydration of chymotrypsin

An explanation of the dioxane effect on the hydration
and structure of chymotrypsin may be provided on the basis
of earlier hypothesis of water-assisted disruption of the
dehydration-induced polar contacts in the solid protein
phase [48].

3.6.1.1. Water activity less than 0.5. Like for many
proteins, the dehydration of chymotrypsin leads to the
formation of protein—protein contacts due to proton-transfer
phenomena and hydrogen bonding between polar functional

groups. These processes result in a rigid, condensed
structure in the dried state. Therefore, certain moieties of
the dried protein are unavailable for sorption due to strong
interactions between them resulting in sorption and struc-
tural hysteresis (Figs. 3, 4, 10).

It was previously shown that the potential of a solvent
to form hydrogen bonds is an important factor that controls
the state and structure of dehydrated proteins at room
temperature [38,39]. Hence, H-donating and H-accepting
properties of dioxane are expected to be important for
estimating the possible effect of organic molecules on the
protein structure and hydration. When a hydrogen bond
mediated protein—protein contact is disrupted, sorbate
molecules (water or dioxane) may differentiate between
H-donating and H-accepting fragments of the disrupted
contact. Water (H-donor and H-acceptor) is able to solvate
both H-accepting and H-donating groups. An H-accepting
dioxane molecule is expected to prefer H-donating groups,
while the remaining H-bond of an H-accepting partner will
be solvated by water more effectively. Hence, it is
expected that dioxane molecules are not effective in
disrupting the dehydration-induced protein—protein con-
tacts alone. Therefore, no dioxane sorption (Fig. 3) and
dioxane-induced structural rearrangements (Fig. 10) were
observed at the lowest water activity values during
hydration.

According to this model, by penetrating into the initial
dried protein, water molecules hydrate the polar groups of
protein—protein contacts and create new sorption sites at
the hydrated (disrupted) contacts. Dioxane molecules are
unable to compete with water for these new sites at low
water activities. This is presumably due to kinetic reasons
(steric hindrances and diffusion limitations). For compar-
ison, the molar volume of dioxane is 85.2 c¢cm’/mol. In
contrast to dioxane, the molar volume of water is 18 cm?/
mol. Therefore, no decrease in water sorption (in
comparison with that for pure water) was observed in
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Fig. 11. Differences in the absorbance at 1628 cm ™' as a function of water
activity. First sorption—desorption cycle: (1) Adsorption. Film A. (2)
Desorption. Film B.
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the water activity range from 0 to 0.5 during hydration
(Fig. 5A and B, curves 1).

3.6.1.2. Water activity more than 0.5. The penetration of
dioxane molecules occurs together with the hydration and
disruption of most of these dehydration-induced protein—
protein contacts (a>0.5; £>0.1 g/g). The sharp increase in
dioxane uptake at water activity above 0.5 (Fig. 3A, curve
1) provides an example of the hydration-assisted effect on
dioxane sorption.

There is a tradeoff between the hydration-assisted effect
on dioxane sorption versus water/dioxane competition for
new sorption sites at the disrupted contacts. The interplay
between the hydration-assisted effect and water/dioxane
competition may be interpreted from the maximum in
dioxane sorption at a,,=0.8 (Fig. 3).

From the other hand, each dioxane molecule contains
four hydrophobic CH, groups. Therefore, it is expected that
by penetrating into the hydrated protein (a,,>0.5; #>0.1 g/
g), dioxane molecules (in contrast to water) are able to
solvate polar moieties not only in hydrophilic but also in
hydrophobic regions of the protein creating new sites for
water sorption. The additional water uptake that was
observed at high water activities (Fig. 5SA and B) is an
example of the dioxane-assisted effect on water binding by
chymotrypsin.

Calorimetric heat effects of the interaction of solid
protein with the water—dioxane mixtures were also sensitive
to changes in the mechanism of water sorption. The
additional hydration of HSA at water activity in dioxane
about 0.6 was accompanied by a big exothermic drop of the
heat effects [24,25,48].

3.6.2. Dehydration of chymotrypsin

The presence of dioxane has a significant effect on the
enzyme hydration and structure in the water activity range
from 0 to 0.98. The number of available water binding sites
is higher during dehydration than during hydration as
revealed from the BET monolayer values (Table 2). This
is due to the disruption of the protein—protein contacts in the
initially dried enzyme and the creation of new sorption sites.
All these water binding sites are available to the interaction
with dioxane molecules. There are no steric limitations for
dioxane sorption on these water binding sites during
dehydration.

There is a compromise between the dioxane-assisted
effect on water sorption and water/dioxane competition for
new sorption sites at the disrupted contacts. The difference
curve 2 (Fig. 5A) provides an example of the change in
dominance between the dioxane-assisted effect at high
relative water activities versus competition at low relative
water activities.

The dioxane-induced conformational rearrangements for
chymotrypsin (Fig. 11) appear to be due to the compensa-
tion for the loss of hydrogen bonding with water molecules
during dehydration. At high water activities, hydrogen

bonds of ionizable and polar protein groups are satisfied
by water molecules. Upon dehydration, these hydrogen
bonds are lost. To compensate this loss, the enzyme
rearranges its conformation to maximize intra- and inter-
protein hydrogen bonding with the dioxane molecules to
replace lost hydrogen bonds to water. This resulted in
observed intermolecular B-sheet conformation (Fig. 9). The
penetration of dioxane molecules during dehydration into
the solid enzyme and the formation of additional rigid
elements in the secondary structure prevent the creation of
the dehydration-induced protein—protein contacts, which are
responsible for sorption and structural hysteresis.

3.7. Practical implications of the data obtained in the
context of nonaqueous enzymology

On the basis of the sorption and structural results
reported the effect of hydration history on the enzymatic
activity-a,, profile may be classified. Since the effect of
hydration history may be overlapped by the effect of
chemical modification, this classification does not include
the chemically modified enzyme preparations. According to
this model, the profile of catalytic activity against a., will be
determined by two effects: (a) the dehydration-induced
protein—protein contacts (described by the AD¢37/D,
function, Fig. 8) and (b) the organic solvent-induced
intermolecular aggregation (described by the AD 4,5/D,
function, Fig. 11).

This classification includes the following types:

Type 1. The initial state is the enzyme with high water
content (h~0.3-0.4 g/g) in equilibrium with water—organic
mixture. The structural and sorption behavior of this
preparation will be similar to that noted for Film B. It is
expected that the catalytic activity-a,, profile will be
determined by the organic solvent sorption and organic
solvent-induced conformational rearrangements (Fig. 12,
curve 1). No attempt was made to study the enzymatic
activity in this case.

——-2 Type 2A
= = -3 Type 2B

Relative enzymatic activity

0,0 1,0
Water activity

Fig. 12. The enzymatic activity-a,, profiles as a function of the enzyme
hydration history: (1) Type 1; (2) Type 2A; (3) Type 2B.
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Type 2A. The initial state of this enzyme preparation is the
initially dehydrated enzyme. The water content of the enzyme
is lower than 0.1 g/g. The structural and sorption behavior of
this preparation will be similar to that noted for Film A.

Typical examples are given in Fig. 13A (curve 3) and Fig.
13B (curves 1 and 2). No enzymatic activity was observed at
low water activities (Fig. 13B, curves 1 and 2). In this
water activity range, the dehydration-induced contacts play a
negative role distorting the active enzyme conformation and
creating steric hindrances. A minimum in the catalytic activity
was observed at a,, of 0.8 in dioxane (Fig. 13A, curve 3). This
minimum correlates well with the position of the maximum in
dioxane sorption (Fig. 3, curve 1) and organic solvent-induced
intermolecular aggregation (Fig. 11, curve 1).

For comparison, Fig. 13A (curve 1) shows how ay
affects the catalytic activity of chymotrypsin in the absence
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Fig. 13. (A) Profiles of catalytic activity as a function of a, for the
chymotrypsin-catalysed hydrolytic reactions: (1) Solid-state solvent-free
hydrolysis of N-succinyl-L-phenylalanine-p-nitroanilide [59]. (2) Solid-
state solvent-free hydrolysis of N-succinyl-L-phenylalanine-p-nitroanilide
in the presence of sodium acetate (17%, w/w) [59]. (3) Hydrolysis of N-
acetyl-L-tyrosine ethyl ester in water—dioxane mixtures. Modified data from
[13]. Catalytic activities were normalised relative to the maximal value. (B)
Profiles of enzymatic activity as a function of a, for the enzyme-catalysed
reactions in organic solvents: (1) Chymotrypsin-catalysed transesterifica-
tion in hexane. Modified data from [60]. Transesterification reaction in
acetonitrile catalysed by freeze dried (2) and propanol-1 dehydrated (3)
subtilisin Carlsberg. A similar catalytic behavior was observed for a-
chymotrypsin [61]. Catalytic activities were normalised relative to the
maximal value.

of organic solvent. As can be seen from Fig. 13A (curve 1),
no enzymatic activity was observed at low a,, values
(aw,<0.5) due to the dehydration-induced contacts. At
aw>0.5, the catalytic activity is sharply increased reaching
a maximal value at a,,~0.7. It is expected that in this water
activity range (a,,=0.5-0.7), a fraction of the dehydration-
induced contacts is decreased to zero. No minimum in
catalytic activity was observed at an a,, of approximately
0.8 in the absence of organic solvent.

As a result, the profile of catalytic activity—water activity
in the organic solvent may be qualitatively described by
curve 2 (Fig. 12) with a peak at the water activity value of
approximately 0.6 (Fig. 12, curve 2). At an a, of 0.5-0.7,
the residual dehydration-induced contacts play a positive
role preventing the organic solvent-induced aggregation.
The difference in enzymatic activity between Types 1 and
2A is shown shaded (Fig. 12).

Type 2B. This type of enzyme pretreatment includes
the dehydration with an activating additive as one of the
preparation steps. In relation to the hydration—dehydra-
tion process, Type 2B may be considered as an
intermediate situation between Type 1 and Type 2A.
Typical examples of this type of enzyme pretreatment are
the following:

a) Co-lyophilisation with some additives (for example,
salts (Fig. 13A, curve 2), crown ethers, and cyclo-
dextrines);

b) Dehydration by washing with organic solvent (prop-
anol-1 or acetonitrile) (Fig. 13B, curve 3).

The catalytic activity at low water activities for Type 2B
(Fig. 12, curve 3) may be explained by two effects:

(A) A significant part of the dehydration-induced protein—
protein contacts is not formed due to the dehydration
in the presence of additive. This results in increase of
the proportion of the enzyme molecules in a
conformation close to the active form (Fig. 13A,
curve 2, and Fig. 13B, curve 3).

(B) Residual dehydration-induced contacts after the pre-
treatment with activating agent play a positive role in
preventing the organic solvent-induced intermolecular
aggregation. As shown in Sections 3.1 and 3.5, no
organic solvent sorption and organic solvent-induced
structural rearrangements were observed at the lowest
water activity values during hydration.

4. Conclusions

— A new experimental approach based on FTIR spectro-
scopic measurements provides an informative tool in
monitoring the molecular processes that occur on the
hydration—dehydration of solid enzyme in the presence
of organic solvent.
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— The results presented demonstrate that the hydration and
structure of a-chymotrypsin depend markedly on how
enzyme has been hydrated — whether in the presence or
in the absence of organic solvent.

— The results obtained show that the dehydration-induced
protein—protein contacts are one of the important factors
that determine the enzymatic activity-a,, profile. Under-
standing of the relationships between the activity and
stability of the enzyme-low molecular additive com-
plexes and molecular structure of activating additives is
one of the promising ways for the preparation of effective
biocatalytic systems in nonaqueous media.

Acknowledgements

This research was supported by the “Michail Lomonosov”
Program (a grant of the Ministry of Education and Sciences
of the Russian Federation and the German Academic
Exchange Service, Referat 325, Kennziffer A/04/38429).
The comments of reviewers were very helpful and assisted in
the clarity of the presentation.

References

[1] R.B. Gregory, in: R.B. Gregory (Ed.), Protein—solvent Interactions,
Marcel Dekker, New York, 1995, pp. 191-264.

[2] J.A. Rupley, G. Careri, Protein hydration and function, Adv. Protein
Chem. 41 (1991) 37-172.

[3] LD. Kuntz, W. Kauzmann, Hydration of proteins and polypeptides,
Adyv. Protein Chem. 28 (1974) 239-345.

[4] AM. Klibanov, Improving enzymes by using them in organic
solvents, Nature 409 (2001) 241-246.

[5] G. Carrea, S. Riva, Properties and synthetic applications of enzymes
in organic solvents, Angew. Chem. Int. Ed. 39 (2000) 2226—-2254.

[6] M.N. Gupta, in: M.N. Gupta (Ed.), Methods in Non-aqueous
Enzymology, Birhauser Verlag, Basel, 2000.

[7]1 P.J. Halling, Thermodynamic predictions for biocatalysis in non-
conventional media: theory, tests, and recommendations for design
and analysis, Enzyme Microb. Technol. 16 (1994) 178—-206.

[8] P. Adlercreutz, in: A. Straathof, P. Adlercreutz (Eds.), Applied
Biocatalysis, 2nd ed., Harwood Academic Publishers, 2000,
pp. 295-316.

[9] K. Ramanathan, B.R. Jonsson, B. Danielsson, Thermometric
sensing of peroxide in organic media. Application to monitor
the stability RBP—Retinol-HRP complex, Anal. Chem. 72 (2000)
3443-3448.

[10] O. Fatibello-Filho, I. Cruz Viera, Construction and analytical
application of a biosensor based on stearic acid—graphite powder
modified with sweet potato tissue in organic solvents, Fresenius’ J.
Anal. Chem. 368 (2000) 338—-343.

[11] M. Stahl, U. Jeppson-Wistrand, M.-O. Mansson, K. Mosbach, Induced
stereoselectivity and substrate selectivity of bio-imprinted a-chymo-
trypsin in anhydrous organic media, J. Am. Chem. Soc. 113 (1991)
9366—-9368.

[12] K. Dabulis, A.M. Klibanov, Molecular imprinting of proteins and
other macromolecules resulting in new adsorbents, Biotechnol.
Bioeng. 39 (1992) 176—-185.

[13] T. Kijima, S. Yamamoto, H. Kise, Study of tryptophan fluorescence
and catalytic activity of a-chymotrypsin in aqueous organic media,
Enzyme Microb. Technol. 18 (1996) 2—6.

[14] L.M. Simon, M. Kotorman, G. Garab, I. Laczko, Structure and
activity of a-chymotrypsin and trypsin in aqueous organic media,
Biochem. Biophys. Res. Commun. 280 (2001) 1367—1371.

[15] T. Ke, A.M. Klibanov, On enzymatic activity in organic solvents as a
function of enzyme hystory, Biotechnol. Bioeng. 57 (1998) 746—750.

[16] J. Partridge, G.A. Hutcheon, B.D. Moore, P.J. Halling, Exploiting
hydration hysteresis for high activity of cross-linked subtilisin crystals
in acetonitrile, J. Am. Chem. Soc. 118 (1996) 12873—-12877.

[17] A. Zaks, A.M. Klibanov, The effect of water on enzyme action in
organic media, J. Biol. Chem. 263 (1988) 8017—-8021.

[18] T. Yamane, Y. Kojima, T. Ichiryu, S. Shimizu, Biocatalysis in a
microaqueous organic solvent, Ann. N. Y. Acad. Sci. 542 (1988)
282-293.

[19] C.S. Lee, M.T. Ru, M. Haake, J.S. Dordick, J.A. Reimer, D.S. Clark,
Multinuclear NMR study of enzyme hydration in an organic solvent,
Biotechnol. Bioeng. 57 (1998) 686—693.

[20] J.H. McMinn, M.J. Sowa, S.B. Charnick, M.E. Paulaitis, The
hydration of proteins in nearly anhydrous organic solvent suspensions,
Biopolymers 33 (1993) 1213—1224.

[21] M.C. Parker, B.D. Moore, A.J. Blacker, Measuring enzyme hydration
in nonpolar organic solvents using NMR, Biotechnol. Bioeng. 46
(1995) 452-458.

[22] PJ. Halling, High-affinity binding of water by proteins is similar in
air and in organic solvents, Biochim. Biophys. Acta 1040 (1990)
225-228.

[23] S.B. Lee, K.-J. Kim, Effect of water activity on enzyme hydration and
enzyme reaction rate in organic solvents, J. Ferment. Bioeng. 79
(1995) 473-478.

[24] M.D. Borisover, V.A. Sirotkin, B.N. Solomonov, Interaction of water
with human serum albumin suspended in water—organic mixtures,
Thermochim. Acta 284 (1996) 263-277.

[25] V.A. Sirotkin, M.D. Borisover, B.N. Solomonov, Effect of chain
length on interactions of aliphatic alcohols with suspended human
serum albumin, Biophys. Chemist. 69 (1997) 239-248.

[26] M.D. Borisover, V.A. Sirotkin, B.N. Solomonov, Isotherm of water
sorption by human serum albumin in dioxane: comparison with
calorimetric data, J. Phys. Org. Chem. 8 (1995) 84—88.

[27] M.D. Borisover, V.A. Sirotkin, D.V. Zakharychev, B.N. Solomonov,
in: EXN. Vulfson, P.J. Halling (Eds.), Methods in Biotechnology Book
N. 15, Enzyme in Nonaqueous Solvents, vol. 2, 2001, pp. 183—202.

[28] S.J. Prestrelsky, N. Tedeschi, T. Arakawa, J.F. Carpenter, Dehydra-
tion-induced conformational transitions in proteins and their inhibition
by stabilizers, Biophys. J. 65 (1993) 661-671.

[29] A. Dong, S.J. Prestrelsky, S.D. Alison, J.F. Carpenter, Infrared
spectroscopic studies of lyophilization-induced and temperature-
induced protein aggregation, J. Pharm. Sci. 84 (1995) 415-424.

[30] K. Griebenow, A.M. Klibanov, Lyophilization-induced reversible
changes in the secondary structure of proteins, Proc. Natl. Acad.
Sci. U. S. A. 92 (1995) 10969—10976.

[31] G. Vecchio, F. Zambianchi, P. Zacchetti, F. Secundo, G. Carrea,
Fourier-transform infrared spectroscopy study of dehydrated lipases
from Candida antarctica B and Pseudomonas cepacia, Biotechnol.
Bioeng. 64 (1999) 545-551.

[32] M. van de Weert, P.I. Harvez, W.E. Hennink, D.J.A. Crommelin,
Fourier transform infrared spectrometric analysis of protein con-
formation: effect of sampling and stress factors, Anal. Biochem. 297
(2001) 160—169.

[33] J. Grdadolnik, Y. Marechal, Bovine serum albumin observed by
infrared spectrometry: 1. Methodology, structural investigation, and
water uptake, Biopolymers 62 (2001) 40—53.

[34] F.-N. Fu, D.B. DeOlivera, W.R. Trumble, H.K. Sarkar, B.R. Singh,
Secondary structure estimation of proteins using the Amide III region
of Fourier transform infrared spectroscopy: application to analyze
calcium-binding-induced structural changes in calsequestrin, Appl.
Spectrosc. 48 (1994) 1432—1441.

[35] A. Dong, J.D. Meyer, B.S. Kendrick, M.C. Manning, J.F.
Carpenter, Effect of secondary structure on the activity of enzymes



V.A. Sirotkin / Biochimica et Biophysica Acta 1750 (2005) 17-29 29

suspended in organic solvents, Arch. Biochem. Biophys. 334
(1996) 406-414.

[36] K. Griebenow, A.M. Klibanov, Can conformational changes be

responsible for solvent and excipient effects on the catalytic behavior

of subtilisin Carlsberg in organic solvents? Biotechnol. Bioeng. 53

(1997) 351-362.

V.A. Sirotkin, A.N. Zinatullin, B.N. Solomonov, D.A. Faizullin, V.D.

Fedotov, Sorption of water vapor and acetonitrile by human serum

albumin, Russ. J. Phys. Chem. 76 (2002) 2051—-2057.

V.A Sirotkin, A.N. Zinatullin, B.N. Solomonov, D.A. Faizullin, V.D.

Fedotov, Calorimetric and Fourier transform infrared spectroscopic

study of solid proteins immersed in low water organic solvents,

Biochim. Biophys. Acta 1547 (2001) 359—-369.

V.A. Sirotkin, A.N. Zinatullin, B.N. Solomonov, D.A. Faizullin, V.D.

Fedotov, Interaction enthalpies of solid bovine pancreatic a-chymo-

trypsin with organic solvents: comparison with FTIR spectroscopic

data, Thermochim. Acta 382 (2002) 151—160.

[40] A. Fersht, Structure and Mechanism in Protein Science: A Guide to
Enzyme Catalysis and Protein Folding, Freeman and Co, New York, 1999.

[41] A.L. Lehninger, D.L. Nelson, M.M. Cox, Principles of Biochemistry,
Worth, New York, 1993.

[42] D.D. Perrin, W.L.F. Armarego, D.R. Perrin, Purification of Laboratory
Chemicals, Pergamon Press, Oxford, 1980.

[43] H.A. Laitinen, W.E. Harris, Chemical analysis, 2nd edn., McGraw-
Hill, New York, 1975.

[44] V.B. Kogan, B.N. Fridman, V.V. Kafarov, Ravnovesic Mezhdu
Zhidkost’ju 1 Parom: Spravochnoe Posobie (Equilibrium between
Liquid and Vapor. Handbook), Nauka, Moscow, 1966.

[45] R.C. Weast (Ed.), Handbook of Chemistry and Physics, 58th edn.,
CRC Press, Cleveland, 1977-1978.

[46] B.P. Nikol’skii (Ed.), Spravochnik Khimika (Chemist’s Handbook),
vol. 1, Leningrad, Goskhimizdat, 1963.

[47] V.A. Sirotkin, B.N. Solomonov, D.A. Faizullin, V.D. Fedotov, IR
spectroscopic study of the state of water in dioxane and acetonitrile:
relationship with thermodynamic activity of water, J. Struct. Chem. 41
(2000) 997—-1003.

[48] V.A. Sirotkin, D.A. Faizullin, Interaction enthalpies of solid human
serum albumin with water—dioxane mixtures: comparison with water and
organic solvent vapor sorption, Thermochim. Acta 415 (2004) 127—133.

[37

[

[38

=

[39

—

[49] D.C. Carter, J.X. Ho, Structure of serum albumin, Adv. Protein Chem.
45 (1994) 153-203.

[50] B. Meloun, I. Kluh, V. Kostka, L. Moravek, Z. Prusik, J. Vanasek, B.
Keil, F. Sorm, Covalent structure of bovine chymotrypsinogen A,
Biochim. Biophys. Acta 130 (1966) 543 —546.

[517 S. Brunauer, P.H. Emmet, E. Teller, Adsorption of gases in multi-
molecular layers, J. Am. Chem. Soc. 60 (1938) 309—-319.

[52] M. Luscher-Mattli, M. Ruegg, Thermodynamic functions of biopol-
ymer hydration: I. Their determination by vapor pressure studies,
discussed in an analysis of the primary hydration process, Biopol-
ymers 21 (1982) 403-418.

[53] Yu.l. Khurgin, V.Ya. Roslyakov, A.L. Klyachko-Gurvich, T.R.

Brueva, Sorption of water vapour by a-chymotrypsin and lysozyme,

Biochemistry (USSR) 37 (1972) 398-403.

H.B. Bull, Adsorption of water vapor by proteins, J. Am. Chem. Soc.

66 (1944) 1499-1507.

[55] P. Adlercreutz, On the importance of the support material for
enzymatic synthesis in organic media. Support effects at controlled
water activity, Eur. J. Biochem. 199 (1991) 609—-614.

[56] S. Bone, Time-domain reflectrometry studies of water binding and
structural flexibility in chymotrypsin, Biochim. Biophys. Acta 916
(1987) 128—134.

[57] A. Dong, B. Kendrick, L. Kreigard, J. Matsuura, M.C. Manning, J.F.
Carpenter, Spectroscopic study of secondary structure and thermal
denaturation of recombinant human factor XIII in aqueous solution,
Arch. Biochem. Biophys. 347 (1997) 213—220.

[58] K. Griebenow, M. Vidal, C. Baez, A.M. Santos, G. Barletta, Native-
like enzyme properties are important for optimum activity in neat
organic solvents, J. Am. Chem. Soc. 123 (2001) 5380—5381.

[59] Y.I. Khurgin, N.V. Medvedeva, V.Y. Roslyakov, Study of solid-state
enzyme reactions: 2. Chymotryptic hydrolysis of N-succinyl-L-
phenylalanine-p-nitroanilide, Biofizika 22 (1977) 1010—-1014.

[60] D.G. Rees, LI Gerashchenko, E.V. Kudryshova, V.V. Mozhaev, P.J.
Halling, Chemical modification causes similar change in dependence
on water activity of chymotrypsin hydration and catalysis in hexane,
Biocatal. Biotransform. 20 (2002) 161—166.

[61] J. Partridge, P.J. Halling, B.D. Moore, Practical route to high activity
enzyme preparations for synthesis in organic media, Chem. Commun.
(1998) 841-842.

[54

[y



	Effect of dioxane on the structure and hydration-dehydration of alpha-chymotrypsin as measured by FTIR spectroscopy
	Introduction
	Experimental
	Materials
	Thermodynamic activities of water and dioxane
	FTIR spectroscopic measurements

	Results and discussion
	Dioxane vapor sorption
	Water vapor sorption
	Comparison of water and dioxane sorption
	Analysis of water sorption isotherms
	Analysis and band assignment of protein infrared spectra
	Effect of dioxane on the hydration and structure of chymotrypsin
	Hydration of chymotrypsin
	Water activity less than 0.5
	Water activity more than 0.5

	Dehydration of chymotrypsin

	Practical implications of the data obtained in the context of nonaqueous enzymology

	Conclusions
	Acknowledgements
	References


