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Abstract

UV scanning ofa-chymotrypsin dissolved in neat glycerol and water showed no significant differences in its spectra at pH 7.8.
Fluorescence scanning revealed a strong dependence on pH values (between 5.9 to 10.5) of the maximum wavelength emission in water
and no pH-dependence in 99% glycerol supplemented with 1% of appropriate buffers. The profile ofa-chymotrypsin activity dissolved in
water-glycerol mixtures with phenyl acetate as substrate displayed two maximum: highest peak was found at 100% water, and the second
one was observed in 99% glycerol concentration with about 40% of the relative activity. Optimum pH of the solublea-chymotrypsin in
glycerol showed a displacement of 1 pH/U towards the alkaline side compared to water at pH 8.0. Kinetic and thermodynamic analysis using
kinetic measurements of the thermal stability ofa-chymotrypsin showed a higher inactivation rate in neat glycerol as compared to water
in 30 to 45°C range, however, when temperature increases enzyme stability in glycerol is better than water. Thermostability of trypsin and
a-chymotrypsin dissolved in glycerol at 100°C showed a half reaction time of approximately 7 and 20 h, respectively, and less than 1 minute
in aqueous buffer for both enzymes. © 2000 Elsevier Science Inc. All rights reserved.
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1. Introduction

Biocatalysis in organic solvents is an important area of
current research in biotechnology. However, most of the
research in nonconventional media was developed in enzy-
matic heterogeneous systems (i.e., suspended powders and
micelles) [1]. Strong efforts have been developed to solu-
bilize enzymes in nearly anhydrous media by using chem-
ical modifications techniques such as coupling proteins with
water-soluble molecules such as some polyols, or surfac-
tants [2,3]. However, these methods have some drawbacks,
such as system characterization, optimization and scaling-
up, very important issues in industrial process.

On the other hand, aqueous solutions of polyols, as
additives, are currently used to study thermostabilization of
enzymes at concentrations lower than 40% [4–6]. In recent
work, 73% polyol concentration was used to study enzyme
specificity [7]. However, in most of the cases at high co-
solvent concentration, aggregates and/or precipitates of pro-

teins in buffer were observed [5,8]. Biocatalysis using dis-
solved proteases in neat organic solvents were recently
reported for subtilisin, and the study was extended toa-chy-
motrypsin, thermolysin, and trypsin [9,10]. Glycerol was
considered the most suitable solvent for these enzyme re-
actions because of high reaction rates and enzyme stability
[9,10]. However, high viscosity of glycerol is the main
problem in the mass transfer process associated with reac-
tion kinetic at room temperature. Glycerol high viscosity
can be overcome by increasing the working temperature.
Enzymatic catalysis at high temperatures has some advan-
tages, such as thermodynamic shifting to products, increas-
ing of reaction rate, high solubility of substrates and prod-
ucts, reduction of microbial contamination, but one of the
major problems is enzyme thermostability. To stabilize en-
zymes at high temperatures chemical modification of en-
zymes such asa-chymotrypsin was previously described
[11], and the presence of additives in aqueous solutions,
such as polyols ona-chymotrypsin thermostability were
also reported [12].

TheKm andVm of solublea-chymotrypsin in neat glyc-
erol were approximately 103 higher and 23 lower respec-
tively compared to water, using phenyl acetate as substrate
[10].
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In this study, the catalytic properties of solublea-chy-
motrypsin and trypsin in neat glycerol and in aqueous so-
lutions related to pH, solvent mixture composition and ther-
mostability were examined and compared.

2. Materials and methods

2.1. Materials

Alpha-chymotrypsin (E.C. 3.4.21.1), and trypsin (E.C.
3.4.21.4) from bovine pancreas were purchased from Sigma
Chemical Co. (St. Louis, MO, USA). Commercial enzymes
were dissolved at 5.0 mg/ml in 50 mM buffers containing 10
mM CaCl2 at the following pH range: 5.9 and 6.6 (MES),
7.0 and 7.8 (MOPS), 8.2 and 9.0 (TAPS), and 9.7–10.5
range (CAPS). Enzyme solutions were lyophilized for 48 h
(250°C, 10 mm of Hg), and the dry powders stored at
220°C under Argon.

Analytical grade glycerol was stored with 3Å molecular
sieves under Argon at room temperature before usage. The
water content was measured by the titrimetric Fisher
method [13]. Water did not exceed 0.05% (w/w) in pure
glycerol.

2.2. UV—visible spectra

Wavelength scanning was performed by using 1.0 mg/ml
enzyme concentration in buffer and 99% glycerol at pH 7.8.
The sample readings were performed by using solvent con-
trols in a double bean spectrophotometer Hitachi U-3110.

2.3. Fluorescence experiments

Alpha chymotrypsin solutions (100mg/ml) were pre-
pared dissolving 1.0 mg enzyme (containing 12 to 17 en-
zymatic units) in appropriate volume of solvent (glycerol or
buffer systems) at room temperature, and fluorescence emis-
sion was measured immediately. Experiments were per-
formed in a Flouromax-2 (Jobin Yvon-spec, Edison, NJ,
USA) with an excitation wavelength of 280 nm. Emission
wavelengths were scanned between 300 to 350 nm (1 nm
increment, 1 s integration time), and slits of 5 nm. Light
scattering produced by solvent was subtracted from the
samples.

2.4. Analytical assays

Enzymatic cleavage of 30 mM phenyl acetate was as-
sayed by HPLC by using Waters C18 reverse phase column
(3.9 3 150 mm). Substrate and product were eluted iso-
cratically with acetonitrile (38%)2 water (62% containing
0.4% of CF3CO2H) solvent mixtures at 0.35 ml/min flow
rate at room temperature. Concentrations of phenol and
phenyl acetate were calculated from peak areas after cali-
bration with standard solutions. Initial rates were deter-

mined by the increase of phenol concentration up to a 5.0%
conversion at 30°C.

Enzymatic assays in glycerol were performed with 1% of
appropriate buffers. For kinetic determinations in glycerol,
samples of 50ml were withdrawn and vortexed with 200ml
of acetonitrile for 2 min. In water kinetic measurements,
200 ml of samples were withdrawn, mixed with equal vol-
ume of isopropyl ether, and vortexed for 2 min. After
centrifugation at 10 0003 g for 1 min, 20 ml of the top
phase (acetonitrile or isopropyl ether) was analyzed by
HPLC.

In water-glycerol mixtures,a-chymotrypsin activity in 0
to 50% glycerol concentration were measured using isopro-
pyl ether system, and in glycerol concentration higher than
50% were assayed with acetonitrile extraction solvent as
mentioned before.

2.5. Inactivation experiments

Time course ofa-chymotrypsin deactivation was fol-
lowed by measuring the concentration ofp-nitroaniline lib-
erated from succinyl-L-alanyl-L-alanyl-L-prolyl-L-pheny-
lalanyl p-nitroanilide (SPN) at 410 nm by using Hitachi
U-3110 UV-VIS spectrophotometer [14]. In the experi-
ments, 1.0 mg ofa-chymotrypsin (12–17 enzymatic units)
or trypsin (was dissolved in 1.0 ml of solvent, glycerol or
MOPS-Calcium buffer (pH5 7.0), and incubated at con-
stant temperatures (30–65°C). At zero time, specific activ-
ities were in the range of 0.80 to 0.100 mM/h mg in all
experiments. Periodically, aliquots were withdrawn, cooled,
and residual activities were assayed in aqueous buffer sys-
tem containing 1.0 mM SPN. Enzyme deactivation was
followed by two steps first order model [11]:

EO¡
k1 E1

a1
O¡
k2 E2

a2

Where E, E1, and E2 are enzymes states, k1 and k2 are
first-order deactivation rate constants,a1 and a2 are the
ratio of specific activities in each state. The residual activity,
a, is given by the equation:

a(t)5 a2 1 S1 1
a1k1 2 a2k2

k2 2 k1
De2(k1 t) 2 k1 Sa1 2 a2

k2 2 k1
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Experimental deactivation parameters were calculated using
iterative convergence method of non-linear regression
(Marquardt–Levemberg method). Experimental and theo-
retical data was considered in good agreement when the
correlation coefficient were higher than 0.90 for a single
experiment.

Arrhenius plots were used to estimate the activation
energy for inactivation in glycerol and water using the
following equation [15]:

ln k1 5 2
Ei

R
z
1

T
1 ln C
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Where k1 is the inactivation reaction initial rate constant
(1/s), Ei is the activation energy for inactivation (kJ/mol), R
is the gas constant (8.314 J/mol K), T is a temperature (K°),
and C is a constant.

Experiments at 100°C were performed by using 2.0
mg/ml of a-chymotrypsin and trypsin lyophilized at pH 7.0
dissolved in glycerol or in buffer (50 mM MOPS, 10 mM
CaCl2, pH 5 7.0). Initial specific rates were in the range of
0.120 to 0.165 mM/h. mg for trypsin anda-chymotrypsin
experiments. Samples were incubated at 100°C for different
times, and them cooled at 0°C for 5 min before measuring
the residual activity at 30°C by using HPLC under standard
conditions as described above.

2.6. Gel electrophoresis

SDS-PAGE was performed by using Fast System with
20% Phast gel homogeneous media according to instruction
manual of the manufacturer (Amershan Pharmacia Biotech,
Uppsala, Sweden). The molecular weights were estimated
with low molecular weight standard markers (14,4–94,0
kDa.) (Amershan Pharmacia Biotech, Uppsala, Sweden).
SDS-gels were stained using silver-Coomassie double stain-
ing procedure previously described [16].

3. Results and discussion

Comparative UV absorbance spectra ofa-chymotrypsin
dissolved in neat glycerol (99%) and in water at pH 7.0 did
not show any significant changes in their profiles between
250 to 320 nm (Fig. 1). Considering that UV spectral prop-
erties of aromatic residues reflect their environments, it is

possible to assume that conformations ofa-chymotrypsin
aromatic residues in neat glycerol and in water are practi-
cally the same at pH 7.8. Similar comparative profiles were
found using trypsin dissolved in neat glycerol and in water
(data not shown).

Solublea-chymotrypsin in glycerol-water mixtures dis-
played a maximum emission UV spectra red-shifted (to
longer wavelength and lowers energies) when the concen-
tration of glycerol was increased between 5 to 90% (data not
shown). Concomitant with the red shift, the enzyme activity
decreased between 4 to 53 in glycerol mixtures compared
with activity in pure (Fig. 2).

Previous report describesa-chymotrypsin inactivation
and aggregation at 10 M (about 73% v/v) and higher glyc-
erol concentrations [8]. These results were not observed in
our experimental conditions. On the contrary, comparative
high activity, near to 40% relative to water, was found at
99% glycerol concentration in the mixture (Fig. 2). These
discrepancies could be attributed to the pH of commercial
enzymes, that it was not adjusted to optimum enzyme values
before dissolve in organic media in previous work [8]. The
“pH memory” of proteins plays an important role to solu-
bilize enzymes in organic solvents as previously described
[1].

In 100% glycerol concentration,a-chymotrypsin activity
decreased more than 100-folds compared to water. Presence
of small amount of water, 10% is essential fora-chymo-
trypsin activity (Fig. 2). Changes of enzyme activity and
spectra related to the solvent composition of soluble polyols
such as glycerol as a water co-solvents were reported pre-
viously, and attributed to water activity and protein hydra-
tion, but the mechanisms remains unclear [4,10,17,18].

To study the effect of solvents related to the protein

Fig. 1. UV spectra ofa-chymotrypsin in glycerol (. . .) and water (—).
Fig. 2. Dependence ofa-chymotrypsin activity with the solvent mixture
composition at 30°C.
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conformation changes associated with pH,a-chymotrypsin
lyophilized at different pHs were dissolved in 99% glycerol
and water and analyzed by fluorescence spectroscopy.

Displacement of approximately 25 nm maximum emis-
sion wavelengths in water was observed between 5.9 to 10.5
pH range (Fig. 3). On the contrary, fluorescence emission
profile of a-chymotrypsin was almost pH-independent in
neat glycerol (Fig. 3). Fluorescence of proteins is a very
sensitive indicator of the tryptophan residues microenviron-
ment. Alpha chymotrypsin has eight tryptophan residues,
six located at the surface, and other two buried in the
interior of the aqueous native protein. In water above pH
9.0, the emission wavelength (lmax) showed an abrupt red
shift, to high wavelengths and lower energies values, indi-
cating an important structural change (Fig. 3). This result
confirmed previous finding ofa-chymotrypsin conforma-
tion changes in water related to pH using Raman spectros-
copy [19]. However, maximum emission wavelength
against pH ofa-chymotrypsin dissolved in glycerol was
approximately constant in all pH range, indicating a more
rigid enzyme conformation in this solvent (Fig. 3).

Using a-chymotrypsin lyophilized at different pH be-
tween 5.9 to 10.5, the dependence of the soluble enzyme
activity associated to the pH showed sigmoidal and bell
shaped curves in water and in neat glycerol respectively
(Fig. 4). In water, the maximum activity ofa-chymotrypsin
was detected at pH 8.0, and fast decay of enzyme activity
was observed above this pH, as previously reported [20].
Low enzymatic activity at alkaline pH in buffer is in agree-
ment with the fluorescent shift, and usually associated to
protein denaturation.

The a-chymotrypsin activity dependence with pH in
glycerol was shifted in approximately one pH unit to the

alkaline side compared to the aqueous systems. The effect
of pH buffer solution before lyophilization plays a crucial
role in enzyme activity in organic solvents [1]. Deprotona-
tion of Ile-16 residue and destruction of salt bridge between
Ile-16 and Asp-194 were considered the cause fora-chy-
motrypsin inactivation at alkaline pH in water [20]. In neat
glycerol, proton exchange of Ile-16 residue with the sur-
rounding solvent could not be favored until strong alkaline
condition was reached, 103 higher compared to water.
Alpha-chymotrypsin was more resistant to the inactivation
at higher pH in glycerol probably because the constraint of
enzyme structure in organic solvent is higher than in water
as suggested by fluorescence experiments.

Inactivation of solublea-chymotrypsin in neat glycerol
and buffer was examined at pH 7.0 between 30 to 65°C.
Deactivation ofa-chymotrypsin between 30 and 37°C could
be considered as an autolysis process. In water, autolysis of
a-chymotrypsin at 37°C was relative slow: less than 10%
was inactivated in 7 h (Fig. 5a). On the contrary, a second
order inactivation curve of solublea-chymotrypsin in neat
glycerol was found, 41% of residual activity was detected
after 7 h incubation (Fig. 5a). Degradation ofa-chymotryp-
sin by autolysis mechanism in glycerol was confirmed by
gel electrophoresis (Fig. 5b). The second order autolysis
process in glycerol could be explained by presence of al-
most two enzyme fractions with different sensitivity to
degradation [11].

At temperatures higher than 42°C,a-chymotrypsin inac-
tivation proceeded at comparable rates in water and 99%
glycerol, with similar profiles as previously showed in Fig.
5a (data not shown). Thermal deactivation mechanism was
in agreement with two-steps kinetic model reported previ-
ously for a-chymotrypsin in water [12]. However, the ex-

Fig. 3. Effect of pH on maximum wavelength emission ofa-chymotrypsin
in glycerol (h), and water (E) at 30°C.

Fig. 4. Effect of pH on the activity ofa-chymotrypsin in glycerol (h), and
water (E) at 30°C.
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perimental results showed differences between first, and
second inactivation constant rates higher than 104-folds
(data not shown). In addition, specific activity ratios for the
first stage (a1) were near to the unit, and for the second
stage (a2) were more than 1003 lower (data not shown).

Therefore, deactivation process ofa-chymotrypsin was

governed by the first inactivation constant. Above 45°C in
water,a-chymotrypsin activity showed a strong dependence
of the first inactivation constant rate (k1) with the temper-
ature compared with neat glycerol (99%) (Fig. 6a). At
temperatures below 45°C (318.15 K), inactivation process is
more favorable in glycerol than water and the k1 are ap-

Fig. 5. Autolysis ofa-chymotrypsin at 37°C. A enzyme inactivation in glycerol (h) and water (E). B, SDS-PAGE ofa-chymotrypsin, lane 1, MW markers;
lanes 2 and 3, 0 and 7 h incubation in water, respectively; lane 4, 7 h incubation in neat glycerol.

Fig. 6. Effect of temperature on the inactivation specific rate constant (k1) of a-chymotrypsin in glycerol (h), and water (E).
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proximately constant for both solvents. However, there is a
fast increase of k1 over 50°C (323.15 K), but it is more
marked in water compared with glycerol (Fig. 6a). Ther-
moinactivation at temperatures higher than 65°C (338.15 K)
is very fast and k1 can be not experimentally estimated. The
relationship between specific reaction rate and the inverse of
temperature can be expressed by a function formulated
previously by Arrhenius. Alpha chymotrypsin activation
energy for inactivation estimated by Arrhenius plot was
59.6 kJ/mol and 204.7 kJ/mol for glycerol and water re-
spectively (Fig. 6b). Decrease of activation energy for in-
activation in glycerol compared with water could be linked

to the low availability of water molecules a surrounding the
enzyme molecule.

Using inactivation kinetic data, half-life reaction time
(t1/2) and standard free energy (DG#), of solublea-chymo-
trypsin in neat glycerol and water were calculated (Table 1).
The dependence of half-life reaction time with temperature
was higher in water than in glycerol. The t1/2 of a-chymotryp-
sin between 37 and 45°C decreased 213 in water, and only 23
in glycerol in the same temperature range (Table 1).

Standard free energy of solublea-chymotrypsin in neat
glycerol and water showed very similar absolute values, but
a positive slow trend with the increase of temperature could
be observed in the non-aqueous solvent (Table 1). On the
contrary, the standard free energy for the inactivation pro-
cess ofa-chymotrypsin in buffer showed a negative trend
with the temperature. These trends indicated that the energy
barrier for solublea-chymotrypsin inactivation in 99%
glycerol became higher with the temperature, so the non-
aqueous solvent stabilizes the enzyme against thermoinac-
tivation. If a-chymotrypsin unfolding is considered as first
step in thermoinactivation process, changes of free energies
between maximum and minimum work temperatures in
both solvents less than 10 kJ/mol are in good agreement
with the small amount of free energy required for stabiliza-
tion against protein unfolding as previously reported [4].

Free standard energy of enzyme deactivation (DG#(T))
for the first stage may be calculated using the following
equation from experimental data:

DG# (T) 5 RT ln (kbT/k1h)

Fig. 7. Temperature dependence onD(DG#) of a-chymotrypsin deactivation in glycerol compared with water.

Table 1
Effect of temperature on inactivation parameters of soluble
a-chymotrypsin in glycerol and water

Solvent Temperature (K) T1/2(h) DG# (kJ/mol)

Glycerol 303.15 2.24 97.9
310.15 1.54 99.2
318.15 0.77 100.0
323.15 0.60 101.0
328.15 0.41 101.6
333.15 0.31 102.4
338.15 0.18 102.5

Water 310.15 34.66 107.3
318.15 1.65 102.1
323.15 0.49 101.0
328.15 0.10 97.8
333.15 0.07 98.3
338.15 0.05 99.0
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Where R, kb and h are Universal gas, Boltzmann and Planck
constants, respectively.

Comparative dependence ofa-chymotrypsin stabiliza-
tion in neat glycerol and water with the temperature can be
described by changes on standard free energy (DG#(T)) for
the first stage inactivation at each temperature [4].

D(DG#(T)) 5 (DG#
Glycerol(T)) 2 (DG#

water(T))

A positive variation ofD(DG#) with the temperature would
be observed fora-chymotrypsin in glycerol compared with
water when the temperature was increased (Fig. 7).

Thermoinactivation of solublea-chymotrypsin at 100°C
displayed very dramatic differences in water and in glycerol
(Fig. 8). To confirm that the enzymatic activity in the
samples was not related to small amount of trypsin that is
usually present in commercial samples ofa-chymotrypsin,
trypsin thermoinactivation assays were performed. In water,
a-chymotrypsin and trypsin were fully inactivated in less
than 1 min. However, after 10 h of incubation in neat
glycerol the residual activity of solublea-chymotrypsin was
approximately 80% (Fig. 8). Trypsin showed higher ther-
modeactivation sensitive profile thana-chymotrypsin.
About 80% of trypsin activity was found after 4-h incuba-
tion time at the same experimental conditions (Fig. 8).
These results of solublea-chymotrypsin and trypsin in neat
glycerol can be explained by reversible unfolding at high
temperature and partial refolding after cooling the samples.

Thermoinactivation of enzymes takes place by unfolding
and covalent alterations in the primary structure of the
molecule.

In summary, glycerol can be used as alternative solvent
to carry out enzymatic reactions in homogeneous phase with
a-chymotrypsin. The results show that the use of glycerol
has the advantage of providing enzyme activity at high
temperatures and alkaline pH, physicochemical conditions
that can be not used in aqueous solutions.
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