BIOCATALYSIS-2000: FUNDAMENTALS & APPLICATIONS

37

CALORIMETRIC AND FTIR-SPECTROSCOPIC STUDY
OF SOLVENT EFFECT ON THE STATE OF DRY SOLID BOVINE
PANCREATIC a-CHYMOTRYPSIN IMMERSED
IN ANHYDROUS ORGANIC SOLVENTS

V. A. Sirotkin*, A. N. Zinatullin*, B. N. Solomonov*, D. A. Faizullin**,
and V. D. Fedotov**

Calorimetric heat effects and structural rearrangements accompanying the immersion
of dry solid bovine pancreatic a-chymotrypsin in anhydrous organic solvents and water
were measured at 298 K. It was found that the enthalpy and IR-absorbance changes being
put together obey good linear correlation. According to the extent of their influence on
the protein structure and thermodynamic state the solvents could be divided into two
groups. The first group exhibiting nearly zero effects consists of carbon tetrachloride, ben-
zene, nitromethane, acetonitrile, 1,4-dioxane, n-butanol, n-propanol and pyridine. Dry
solid protein is suggested to be stable in such media due to kinetic reasons. Immersion of
the protein into a second group solvents, namely, dimethyl sulfoxide, methanol, ethanol,
and in pure water as well, is followed by swelling of the protein and accompanied with
significant exothermic enthalpy change and structural rearrangements. It was shown that
attribution of the solvent to the first or the second group is determined by its thermody-
namic hydrophilicity (partial excess molar Gibbs free energy of water in a given solvent at
infinite dilution). The first group consists of liquids with thermodynamic hydrophilicities
all above 2.7 kJ/mol. The thermodynamic hydrophilicities of the second group solvents
are lower than 2.3 kJ/mol. At close hydrophilicities the presence of mobile protons
in the solvent molecule sufficiently accelerates the solid protein swelling. It is deduced
that thermodynamic hydrophilicity and proton donating ability could be principal factors
controlling the stability of dry solid proteins and kinetics of swelling in liquids examined

at room temperature.

Introduction

It has been firmly established that the solid proteins
immersed in organic solvents with low water content ex-
hibit some remarkable properties—ability to catalyse re-
actions not feasible in aqueous media [1, 2], greatly en-
hanced thermostability [3], “molecular memory” [4]. This
powerful biotechnological potential of suspended proteins
essentially depends on the nature of organic solvent (acti-
vating enzymes by denaturing cosolvents [5], affecting the
enantioselectivity of suspended enzymes [6], demonstrating
exothermic peaks on DSC-curves for human serum albu-
min immersed in hydrophilic liquids [7, 8], lowering the
imprinted protein—Iligand binding with increasing the sol-
vent’s propensity to form hydrogen bonds [4]).

Therefore direct information on the thermodynamics of
the solid protein - organic solvent interactions and struc-
ture of its constituents is of importance in explaining var-
ious protein activities. Due to ability to monitor the ther-
modynamic and structural characteristics of processes in
such heterogeneous systems the calorimetric methods and
IR-spectroscopy have a great potential in understanding
factors governing the solid protein - solvent interactions.

Earlier we proposed a calorimetric approach to the in-
vestigation of intermolecular processes that occur on im-
mersing the solid proteins in water-organic mixtures [9, 10].

This approach involved the measurement of the enthalpies
corresponding to the formation of the “protein + liquid”
heterogeneous systems. It was established [9, 10] that the
enthalpy of formation of partially hydrated protein sus-
pensions in water-organic mixtures is determined mainly
by two processes. The first of them is the water desorp-
tion/sorption. Solvent effect on thermodynamics of water
sorption by the protein strongly correlates with the water
solvation thermodynamics in organic media [9]. The sec-
ond process is followed by the significant heat effect and
increase in the surface area accessible for sorption of water.
It was qualified as protein swelling in water-organic mixture
[7, 9]. But it is remained unclear whether the processes are
accompanied by conformational changes and of what kind
they could be.

On the other hand FTIR spectroscopy has been suc-
cessfully applied to investigation of the state of protein
secondary structure in organic solvents of different nature
[11, 12]. It was shown that several solvents could induce
conformational changes in protein while others are not but
still remains unknown what are the factors governing the
protein structure in low-water organic media.

Proceeding from the above considerations in the present
study we attempted to elucidate (a) what are the rela-
tionships between calorimetric and structural parameters
of protein state and (b) what is the effect of solvent nature
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on protein secondary structure and heat effects of interac-
tion of solid protein with organic liquids. Bovine pancreatic
a-chymotrypsin was used as model protein.

As is known the water sorption on the protein suspended
in organic solvents significantly influence catalytic proper-
ties [2], conformation [12], thermostability [3, 8] and calori-
metric enthalpies of suspension formation [9, 10]. It seems
rather difficult at present time to rationalise separately
protein—water and protein—organic solvent interactions
in such complex systems. Therefore the starting point of
calorimetric and spectral experiments was the essentially
dry solid protein (dehydrated at water activity no more
than 0.01) plus anhydrous pure organic solvents.

The data obtained were then compared with those char-
acterising the protein state in water, its natural environ-
ment. Therefore organic solvents were selected as to com-
pose ascending series on their hydrophilicity.

1. Materials and Methods

Materials. Bovine pancreatic a-chymotrypsin (EC
3.4.21.1; specific activity of 52 units/mg of solid) were ob-
tained from Sigma Chemical Co. (Product No. C 4129).
Organic solvents were purified and dried according to the
recommendations [13] and than were stored over dry 3A
molecular sieves for at least 24 h prior to use.

FTIR measurements. FTIR-spectrometry has been
carried out on Vector 22 (Bruker) FTIR-spectrophotometer
at 4 cm ! resolution. Vibration spectra were obtained with
a glassy like protein films casted from 2% (w/v) water so-
lution onto the CaF, window at room humidity. After
mounting windows in the sample cell the film was dehy-
drated flushing the stream of air dried over PO 5 powder.
Relative pressure of water vapors over phosphorus pentaox-
ide at 298 K does not exceed 0.01 [14]. The sample was
flushed until no further spectral changes were detected in
3450 cm ~! water absorbance region and amide A contour
in this side represented a smooth line without any visible
shoulders. The cell was then filled by the desired organic
solvent and a number of spectra were recorded as a function
of time until equilibrium was achieved. For to compensate
solvent absorbance the spectra from another cell of equal
gap filled by the same organic liquid but without protein
sample were recorded and afterwards digitally subtracted
from sample spectra.

Protein spectra in water environment have been ob-
tained on highly hydrated films by flushing damp air at
99% relative humidity. Spectrum of liquid water was then
digitally subtracted from the spectra of wet films in accord
with the criteria described in Ref. [15]. Secondary structure
alterations have been analyzed using known correlation be-
tween secondary structure elements in proteins and peak
positions in the amide I spectra [16, 17].

Calorimetric  measurements. Commercial
lyophilized protein preparation was further dried under
vacuum using microthermoanalyzer equipment (Setaram,
MGDTD-17S) at 298 K and 0.1 Pa until approaching con-
stant sample weight. Water content of the dried protein was
estimated as 0.003 & 0.003 g of water/g of dry protein by
the Karl Fischer titration method [18]. Calorimetric heat

effects on immersing the dry protein powder into organic
solvents and water were measured at 298 K with a Setaram
BT-215 microcalorimeter according to the described proce-
dure [10]. Typically, 4-8 mg of protein sample was placed
in the calorimetric cell and brought in contact with 4.0 ml
of a given solvent. The enthalpy changes on dissolution
of the dry CT powder in water were measured at protein
concentration of 1 g/L.

Solubility. The dry solid a-chymotrypsin were insolu-
ble in all the studied organic solvents as confirmed by mea-
surements on Vector-22 FTIR-spectrophotometer in amide
I region. No noticeable variation in the absorbance of the
liquid phase was observed after exposing the protein sample
for at least 6 h to the studied anhydrous organic solvents.

Solvent hydrophilicity. Partial molar excess Gibbs

free energy G > of water in a solvent at infinite dilution
and 298 K was used as a measure of solvent hydrophilicity.

The G values have been calculated by us in Ref. [19]
using the equation

G = RTIn~, (1)

where v2° is a mole fraction basis activity coefficient for
water at infinite dilution. (7, — 1 at z,, — 1). Reference
state is pure liquid water. In such a hydrophilicity scale

—E
the more hydrophilic solvent holds the more negative G >
value. Partial molar excess Gibbs energy of water in water

itself equals zero. The @Eoo values are presented in Table 1.

Table 1

Enthalpy changes (A Hiot ) on immersing the dry solid
chymotrypsin into anhydrous organic solvents and water,
corresponding normalized areas (A A) of positive parts in

solvent induced difference spectra and the partial molar

excess Gibbs free energy (ano) of water at infinite
dilution in the solvent at 298 K

—FEoco
AHtot AA G
No. Solvent (J/g) (cm—1) (kJ /mol)
First group
1 Carbon
tetrachloride 1.6+2.5 0.240.1 18.5
2 Benzene — 0.44+0.4 15.0
3 Nitromethane 1.8+0.2 — 9.0
4 Acetonitrile 9.4+2.8 0.7+£0.5 5.0
5 1,4-Dioxane 2.84+2.3 0.74+0.4 4.6
6 n-Butanol — 0.54+0.3 4.2
7 n-Propanol — 0.8+£0.3 3.4
8 Pyridin —04+1.1 0.7£0.3 2.7
Second group
9 Ethanol —38.1+1.9 | 42+£0.7 2.3
10 Methanol —63.0+2.5 | 4.44+0.7 1.0
11 Water —86.6+2.1 | 85£1.5 0
12 DMSO —76.3+2.1 | 6.8+£0.8 —-3.0

The data are presented as the average + S.E. for 3—6 in-
dependent determinations.

2. Results and Discussion

Enthalpy and integral absorbance change follow-
ing immersing of dry solid chymotrypsin in an-
hydrous organic solvents. Figure la represent CT
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Fig. 1. Amide I spectra of dry chymotrypsin films immersed
in (A) first group solvents (solid line—in dry air, dashed
lines—in anhydrous organic solvents: carbon tetrachloride,
benzene, acetonitrile, 1,4-dioxane, n-butanol, n-propanol,
and pyridine) and (B) second group solvents (I—in ethanol,
2—in methanol, 3—in water, /—in DMSO, and 5—in dry
air). (C) difference spectra, induced in the second group sol-
vents (respective lines 1—4 were shifted for clarity). As exam-
ple the calculated positive area (AA) of difference spectrum
in DMSO is shown shaded.
spectra in the carbon tetrachloride, benzene, acetonitrile,
1,4-dioxane, n-butanol, n-propanol and pyridine. Only sub-
tle absorbance changes if any could be recognized in this
case. Figure 1b reveals much more sizable alterations when
immersing dry protein in methanol, ethanol, DMSO and

water.

The overall changes in the protein secondary structure
on immersing into organic solvents or in water environment
relative to its initial state in the dry solid sample were
quantitatively characterized by the positive area of solvent
induced difference spectrum of protein in the amide I re-
gion (AA). The corresponding areas induced for example
by DMSO are shown shaded in Fig. 1c. All AA values
are normalized on amide I peak absorbance of the protein
sample in dry air.

Corresponding A A values, enthalpies of the formation
of heterogeneous “solid enzyme + organic solvent” systems
and enthalpy changes on dissolution of the dry CT powder
in water (AH,.t ) are presented in Table 1.

Obviously interaction of the dry protein with its envi-
ronment depends on a variety of factors therefore measured
calorimetric heats and spectral alterations are those of com-
plex nature. Nevertheless this bulk parameters being put
together obey linear correlation both for CT,

—AHiot = (—6.9£6.3) + (12.2 £ 1.3)AA, (2)

correlation coefficient r = 0.972, rms deviation sg = 10.5,
number of points n="7.

Nearly zero constant term in Eq. (2) means that calori-
metric heat effects reflect predominantly the structural re-
arrangements. On the other hand observed linear depen-
dences AH,, on AA values suggest that the more struc-
ture has been changed the proportionally more heat has
been emitted irrespective of the solvent nature and partic-
ular secondary structure rearrangements.

Influence of solvent nature on enthalpy and in-
tegral absorbance changes. The data of Table 1 were
analyzed to find correlation between measured calorimet-
ric and spectral changes, on the one hand, and the most
widely used solvent properties, namely, polarity, hydropho-
bicity, molecular size, Lewis base, and acid strength as well
as thermodynamic hydrophilicity, on the other. Dielectric
constant e [20], log P [21] (where P is partition coefficient
between 1-octanol and water), molar volume V;,, of solvent
molecule, donor and acceptor numbers [20] and the partial

molar excess Gibbs energy @EOO of water in a given solvent
at infinite dilution (Table 1) were used to characterize the
outlined properties of solvents.

AH and AA values for chymotrypsin show no obvious
correlation with the solvent dielectric constant, hydropho-
bicity, molar volume, donor number and acceptor number
(Fig. 2a—e). Observing the presented data sets one could
easily find that in some cases to the given certain argument
value more than one single value of AH;,; (and AA as well)
function corresponds simultaneously. Those are points 3, 4,
and 10 in Fig. 2a; 4 and 9 in Fig. 2b; 3, 4, and 9 in Fig. 2¢;
points 7, 9, 10, and 11 in Fig. 2d; 6, 7, and 9 or 3, 4, and 12
in Fig. 2e. Observed discrepancy between measured A Hyoy
(or AA) values for named points is hardly to be explained
without additional suggestions.

But only along the thermodynamic hydrophilicity the
data turns out to be arranged unequivocally (Fig. 2 f and
Table 1). The solvents examined could be definitely shared
between two groups in accord with the values of calorimetric
heats and structural alterations they induce in dry protein
and the attribution of the solvent to the first or the sec-
ond group is determined completely by its thermodynamic
hydrophilicity.

The first group consists of liquids of positive ther-
modynamic hydrophilicity values above 2.7 kJ/mol: car-
bon tetrachloride, benzene, nitromethane, acetonitrile, 1,4-
dioxane, m-butanol, m-propanol, and pyridine. The en-
thalpies of interaction of the first group solvents with dry
solid protein are close to zero. The second group consists of
the most hydrophilic liquids: water, DMSO, methanol and

ethanol. Their G'° values are lower than 2.3 kJ /mol. ITm-
mersion of dry solid albumin into the second group solvents
is followed by significant exothermic enthalpy changes.
Heat effects of water and DMSO interactions with solid
chymotrypsin are of the most exothermic ones.

According to the extent of structural changes induced
in dry solid protein the solvents can be divided into the
same two groups. In the solvents of first group the protein
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2. Enthalpy changes (AH) and positive areas (AA) in difference spectra induced by organic solvents in dry

chymotrypsin plotted vs solvent’s dielectric constant (A), hydrophobicity (B), molar volume (C), donor number (D) and
acceptor number (E) and partial excess molar Gibbs free energy of water at infinite dilution in a given solvent at 298 K (F).

Squares— AH values, circles—AA values.

secondary structure does not differ markedly from its ini-
tial state in dry CT in the absence of solvent (AA =0).
Immersion of the dry protein into the second group sol-

vents is followed by essential changes in protein structure
(AA > 4.0 cm~1). The most significant changes are ob-
served in water and in DMSO.
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We believe that interaction of dry solid protein with
solvents of the second group should not be considered as
a simple physical adsorption on surface of solid protein
phase. This process if took place has not to induce sig-
nificant changes in the structure of sorbent. It is more
probable that both the essential changes in the protein sec-
ondary structure and exothermic heat effects observed in
the second group solvents manifest the swelling of dry solid
biopolymer in organic low molecular liquids (i.e., dissolu-
tion of the organic molecules in solid protein phase). In case
of water the protein swelling is followed by dissolution.

The dry solid protein keeps to be stable against the
first group solvents at room temperature regardless of pro-
ton donating ability of solvent, polarity, hydrophobicity,
molecular size, Lewis base and acid strength, as well as
thermodynamic hydrophilicity. The reason is that the pro-
tein being dehydrated falls in kinetically “frozen” state [22].
The energy barrier of solid protein swelling seems to re-
main too high in this group of solvents to be overcome
at room temperature. This conclusion is supported by re-
sults of Ref. [7] where the thermostability of HSA suspen-
sion in m-hexane-pyridine mixtures has been examined by
DSC. It was found that solid HSA suspended in pyridine
(a solvent belonged to the first group) at 298 K is in the
non-equilibrium state which is evidenced by appearance of
exothermic peak on the DSC curves at higher temperatures.

Influence of proton donating ability. The proton
donating ability of solvent molecule seems to be the crucial
factor lowering potential barrier of swelling of solid protein.
For example, thermodynamic hydrophilicities of EtOH and
pyridine are close (2.3 and 2.7 kJ/mol, respectively). At the
same time the AA and AH;, values are nearly zero for
both proteins in proton accepting pyridine, but immersing
dry protein into proton donating ethanol is followed by the
significant structure and heat effects (Table 1). Only on
heating of the HSA suspension in pyridine to about 353 K
did the DSC-thermogram exhibit exothermic peak due to
the protein swelling (—34 J/g) [7].

As an another example confirming the influence of pro-
ton donating ability of the solvent on the potential energy
barrier of solid protein swelling the following pair of solvents
may be considered such as water and DMSO. Among the
liquids examined those are the most hydrophilic solvents.

Their gEoo values equal to 0 and —3 kJ/mol, respectively.
But the heat evolution following immersing the dry CT in
water was completed within 30 min and in contrary con-
tinued to slowly exude during about 2 h in proton acceptor
DMSO. Analogous extended heat evolution on immersing
the HSA preparation containing 0.1 g of water/g of dry
protein into water—-DMSO mixtures was observed by us ear-
lier [23]. The same trends have been registered in spectral
measurements.

In our mind, it is reasonable to point to the following:
among the proton accepting solvents examined just only
one—DMSO—was able to induce structure alterations in
dry protein. But even in DMSO the rate of structure re-
arrangements turns out to be much slower than in the less
hydrophilic methanol and ethanol (time course of heat evo-
lution within 40 min). It may be deduced that in proton
donating media the height of energy barrier of swelling is

lower than in proton accepting ones of nearly equal ther-
modynamic hydrophilicities.

Classification of solvent effect on protein
swelling. Proceeding from the above considerations we
propose a quality scheme that could allow to predict the
behavior of dry solid protein in organic solvents on the base
of their thermodynamic hydrophilicity and proton donating
ability. The scheme depicts the potential energy changes of
reacting features along the reaction coordinate for a three
typical cases presented in the this work. The primary idea
the scheme is founded on is that the potential energy barrier
of protein swelling depends mainly on hydrogen bonding be-
tween protein and solvent. According to this idea the more
hydrogen bonds contribute to the total energy of formation
of the “solid protein + organic solvent” system the lower
energy barrier of swelling is observed and protein swelling
became more probable.

From the other hand the G value is a measure of the
deviation of water state in organic solvent from ideality [24].
Obviously this deviation mainly arises from the formation
of hydrogen bonds between water and organic molecules.

Consequently the éEDO values may be considered as good
characteristics of the degree of such hydrogen bonding.
This means that the more negative G”™ value is observed
the more significant contribution from hydrogen bonding
could be expected in a given solvent. Therefore we suggest
that among the solvents examined the energy contribution
from hydrogen bonding between protein and organic solvent
to the total energy of system formation changes propor-
tionally to the thermodynamic hydrophilicity. Concerning
the data reported it means that in the first group solvents
where the value of thermodynamic hydrophilicity exceeds
2.7 kJ/mol the contribution from hydrogen bonding is too
small and potential barrier of solid protein swelling is too
high to be overcome at room temperature. Only at heating
to essentially high temperatures the pool of energetically
rich molecules becomes large enough for they to jump over
the barrier and reaction to proceed markedly—just the sit-
uation observed for dry HSA suspended in pyridine [7].

In the second group solvents (ethanol, methanol, water
and DMSO) of the thermodynamic hydrophilicity value be-
ing lower than 2.3 kJ/mol the hydrogen bond contribution
is rather large allowing the dry protein to swell even at
room temperature. At close thermodynamic hydrophilicity
in proton accepting media the potential barrier of swelling
is higher comparative to proton donating ones. Markedly
slow swelling of albumin in DMSO in comparison with that
in water and total lack of swelling in pyridine in contrast
to ethanol exemplify this proposition.

Thus it permits to conclude that the solvent thermody-
namic hydrophilicity and proton donating ability would be
principal factors controlling the stability of dry solid chy-
motrypsin and kinetics of its swelling in anhydrous organic
liquids and water at room temperature.
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