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Abstract 

The effects of organic solvents on the stabilities of bovine pancreas trypsin, chymotrypsin, carboxypeptidase A and 
porcine pancreas lipase were studied. Water-miscible solvents (ethanol, acetonitrile, I ,4-dioxane and dimethyl sulfoxide) and 
water-immiscible solvents (ethyl acetate and toluene) were used in 100 mM phosphate buffer (pH 7.0) or 100 mM Tris/HCl 
buffer (pH 7.0) in concentrations of 2040% (v/v>. All hydrolytic enzymes studied were inactivated by mixtures containing 
dimethyl sulfoxide at higher concentrations. Trypsin and carboxypeptidase A resisted solvent mixtures containing aceto- 
nitrile, l,4-dioxane and ethanol. They preserved more than 80% of their starting activities during 20-min incubations. The 
activities of lipase and chymotrypsin decreased with increasing concentration of water-miscible polar organic solvents, but at 
higher concentrations (80%) 70-90% of the activity remained. In mixtures with water-immiscible solvents, the decrease in 
activity of carboxypeptidase A was pronounced. Trypsin and chymotrypsin underwent practically no loss in activity in the 
presence of toluene or ethyl acetate. In respect of stability, the polar solvent proved to be more favorable for lipase. These 
results suggest that the conformational stabilities of hydrolytic enzymes are highly dependent on the solvent-protein 
interactions and the enzyme structure. 0 1998 Elsevier Science B.V. 
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1. Introduction 

The application of organic media allows the 
use of hydrolytic enzymes for synthetic pur- 
poses to catalyze esterification, transesterifica- 
tion, transpeptidation, etc. Further, the solubili- 
ties of substrate and/or product may be im- 
proved. However, the solvent influences the 
catalytic properties and stabilities of enzymes to 
a large extent [l-3]. 

At present there is considerable interest in the 
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utilization of enzymes as industrial catalysts in 
the presence of an organic liquid phase [4,5]. 
The choice of an organic solvent for a given 
reaction should be determined by the effects of 
the solvent on the reaction and on the biocata- 
lyst stability. Some enzymatic biotransforma- 
tions require that polar solvents be used to 
dissolve the substrates (sugars and their deriva- 
tives) because of their high polarities. 

The aim of the present work was to study the 
effects of different water-miscible and water- 
immiscible organic solvents on the conforma- 
tional stabilities of some hydrolytic enzymes in 
buffered aqueous solution. 
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2. Materials and methods 

2.1. Materials 

Bovine pancreas trypsin (EC.3.4.21.4), chy- 
motrypsin (EC.3.4.21.1). carboxypeptidase A 
(peptidyl-t-amino-acid hydrolase, EC.3.4.17.1; 
CPA), N-benzoyl-L-arginine ethyl ester (BAEE), 
N-acetyl-r,-tyrosine ethyl ester (ATEE) and hip- 
puryl-L-phenylalanine were purchased from 
Sigma-Aldrich Company (Budapest). Lipase 
(triacylglycerol ester hydrolase, EC.3.1.1.3) 
from porcine pancreas was obtained from Fluka 
AG (Buchs). The specific activities were; chy- 
motrypsin: 10.000, trypsin: 15.900, CPA: 55 
and lipase: 2.55 units/mg. All other chemicals 
were reagent grade products (Reanal, Budapest). 

2.2. Assay qf enzyme activities 

The activity of trypsin was measured by fol- 
lowing the increase in absorbance at 253 nm [6] 
in a reaction mixture (3 ml) containing 46.7 
mM Tris/HCl buffer (pH 8.01, 19 mM CaCI, 
and 0.9 mM BAEE, the reaction being initiated 
by 100 pg of enzyme dissolved in 1 mM HCl. 
One unit of enzyme activity was defined as the 
amount of enzyme that hydrolyses 1 pmol of 
BAEE per min at pH 8.0 and at 25°C. For the 
measurement of chymotrypsin activity, ATEE 
was used and the changes in absorbance at 237 
nm were followed [6] in a reaction mixture (3 
ml) containing 40 mM Tris/HCl, 50 mM CaCl, 
and 0.5 mM ATEE. The reaction was initiated 
by 20 pug of enzyme. One unit of enzyme 
activity was defined as the amount of enzyme 
that catalyses the hydrolysis of 1 pmol of ATEE 
per min at pH 7.0 and 25°C. The CPA activity 
was determined by following the change in 
absorbance at 254 nm [7] in a reaction mixture 
(3 ml) containing 55 mM Tris/HCl buffer (pH 
7.5). 500 mM NaCl and 0.5 mM hippuryl-L- 
phenylalanine, the reaction being initiated by 
the addition of 100 pg of enzyme (5 U). One 
unit of enzyme activity was defined as the 
amount of enzyme that hydrolyses 1 pmol of 

hippuryl-L-phenylalanine per min under the as- 
say conditions. The activity of lipase was mea- 
sured by pH-stat titration, using an automatic 
titrator (Radiometer, Copenhagen) as described 
earlier and with olive oil as substrate [8]. The 
titrant used was 10 mM NaOH and olive oil was 
emulsified by using arabic gum as emulsifier. 
One unit of enzyme activity was defined as the 
amount of enzyme that catalyses the formation 
of 1 pmol of fatty acid from olive oil as 
substrate per minute at pH 8.9 and 37°C. 

2.3. Stability tests 

The stabilities of the enzymes were deter- 
mined in 100 mM phosphate buffer (pH 7.0) 
containing different concentrations of organic 
solvents and 20-50 units of enzymes. In the 
case of CPA, 100 mM Tris/HCl buffer (pH 
7.0) was used instead of phosphate buffer. The 
samples were incubated for appropriate periods 
of time (up to 40 mitt) at 24°C and aliquots 
were then withdrawn. The residual activities of 
the enzymes were determined by using standard 
methods as described above. 

3. Results 

3.1. l5fect.F qf water-miscible soluents 

In the presence of different concentrations of 
dimethyl sulfoxide, the hydrolytic enzymes were 
incubated for 40 min in 100 mM phosphate 
buffer at pH 7.0 and 24°C. The changes in 
activity were monitored at 5, 20 and 40 min. As 
may be seen from Fig. 1. up to a solvent 
concentration limit (chymotrypsin 30%, CPA 
60%. trypsin 50% and lipase 40%) no changes 
were observed in the catalytic activity. Above 
these concentrations, the catalytic activities of 
all the enzymes studied decreased dramatically, 
with the exception of trypsin, which preserved 
about 60% of its starting activity even in the 
presence of 80% dimethyl sulfoxide, and a small 
activation of the enzyme was observed at lower 
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Goncentrat~on of dImethyl sulfoxlde (v/v %) 

Fig. I. Effects of dimethyl sulforide on activities of ( + ) trypsin. 

(0) chymotrypsin. (0) CPA and (x) lipase. Incubations were 

performed for 5 min at 24°C. For details. see text. 

dimethyl sulfoxide concentrations. It was also 
observed that the effect of the organic solvent 
on the enzyme conformation was relatively fast. 
On the other hand. the effects of this solvent on 
the enzyme activities were general and did not 
reveal high enzyme-dependent differences. 

The effects of acetonitrile, ethanol and 1.4- 
dioxane on the enzyme activities are presented 
in Figs. 2-4. These organic solvents caused 
only slight decreases in the activities of trypsin 
and CPA. Jn contrast, the activities of chy- 

Fig. 7. Effects of acetonitrile on activities of ( ??) trypsin. (0) 
rhymotrypsin, (III) CPA and (x) lipase. Incubations were per- 
formed for 20 min at 24°C. For details. see text. 

Fig. 3. Effect\ of ethanol on activities of (+) trypsin. (0) 

chymotrypyin. (0) CPA and (w) lipase. Incllhations were per- 

fnrmed 20 min at 24°C. For details. see text. 

motrypsin and lipase exhibited a sharp mini- 
mum with increasing concentrations of organic 
solvent. The lowest activities were measured in 
40--50% acetonitrile and about 50% ethanol or 
I .4-dioxane. 

3.2. l$Gects of water-immiscible solvents 

The effects of the water-immiscible organic 
solvents toluene and ethyl acetate are summa- 
rized in Fig. 5. Trypsin and chymotrypsin pre- 

0 
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Concentratm of 1 4-dmxane (v/v %) 

Fig, 4. Effects of 1.4-dioxane on activities of (*) trypsin, (0) 
chymotrypqin. (0) CPA and (x) lipase. Incubations were per- 
formed for 20 min at 24°C. For details. see text. 
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Fig. 5. Effects of (A) toluene and (B) ethyl acetate on activities of 
(+) trypsin, (0) chymotrypsin, (0) CPA and (x) lipase. Incuba- 
tions were performed for 20 min and at 24°C. For details, see text. 

served practically all of their starting activities 
in both solvents. The CPA activity decreased in 
both solvents with increasing organic solvent 
concentration, but more quickly in toluene than 
in ethyl acetate. A decrease in activity of lipase 
was observed in toluene, but not in ethyl ac- 
etate. 

4. Discussion 

There is great interest in the use of enzymes 
as industrial catalysts in an organic liquid phase. 
Current research is directed partly towards the 
study of the effects of different solvents on the 
activities and stabilities of biocatalysts. It seems 
that there might be high yields of reverse reac- 
tions not only in low water-organic co-solvent 
systems (l-5%) [9-l 11. We therefore studied 

the effects of organic solvents in the concentra- 
tion range 2040%. Organic solvents may af- 
fect the conformational stabilities of biocatalysts 
in several ways, including interactions with the 
hydration layer essential for catalysis and proper 
folding, as well as alterations of the protein 
structure by direct interactions with protein sol- 
vation sites, either hydrophobic or H-bonding. 
Selection of the appropriate solvent for a reac- 
tion, with the enzyme being active and stable, 
has been a critical point and many studies have 
attempted to relate enzyme activity in an or- 
ganic solvent selected for a catalytic reaction 
with a molecular parameter of the solvent. The 
logarithm of the partition coefficient (log P> of 
an organic solvent in the standard water/oc- 
tanol system has proved a useful factor for the 
prediction of enzyme activity and/or stability in 
nonpolar solvents [ 12,131. The disadvantages of 
using solvents having a log P lower than 2 
relating to their denaturing properties on pro- 
teins resulted in taking into account new param- 
eters (water solubility of organic solvents, 
three-dimensional solubility parameter, etc.). In 
spite of the efforts that have been made, only 
some general rules can be applied to define the 
interactions between different solvents and en- 
zyme stability. The solvent may also inhibit 
enzymes directly. With a bulk organic phase, 
the activity and stability are generally favorable 
in solvents with a higher log P value. Solvents 
may influence enzyme enantioselectivity not 
only through their bulk properties, but also by 
binding directly to the protein molecule. The 
X-ray crystal structures of subtilisin in aceto- 
nitrile [ 141 and of y-chymotrypsin in n-hexane 
[ 151 have demonstrated directly that solvent 
molecules are bound to the enzyme molecules. 
In the former case, four of the twelve 
subtilisin-.bound acetonitrile molecules were 
found in the active center, while in the latter 
case, two of the seven chymotrypsin-bound hex- 
ane molecules were localized near the active 
site. 

Dimethyl sulfoxide, which is known as a 
good solvent for proteins, exerts very dramatic 



L.M. Simm rt a/. / Joumul of Molecular Ctrtal\sis B: Gqvmcrtic 4 11998) 41-45 45 

effects on enzyme stabilities when it is present 
at high concentrations. 

Miscible polar solvents such as acetonitrile, 
ethanol and 1,4-dioxane exerted different effects 
on the activities of the enzymes. Trypsin and 
CPA behaved in a similar manner: increasing 
amounts of the organic solvent resulted in slight 
decreases in the activities, probably causing 
small changes in the conformations of the en- 
zymes. It was surprising that chymotrypsin 
characterized by a certain homology, with the 
trypsin in the primary and three-dimensional 
structure displayed quite different behavior. Hy- 
drophobic interactions generally play a domi- 
nant role in maintaining the catalytically active 
conformations of enzymes. At higher concentra- 
tions, the solvents can replace water in the 
hydration shell, and they possess the ability to 
maintain the solvophobic interactions to a suffi- 
cient degree. It may be concluded that the re- 
placement of water in the bulk causes a reduc- 
tion in activity at certain concentrations, but at 
higher solvent concentrations the properties and 
interactions of the solvents might contribute 
significantly to the preservation of the catalytic 
activities of the enzymes. It is known that the 
enzymes are stable at solvent concentrations up 
to 98-99% [16]. These results suggest the sig- 
nificance of the hydration shell and/or the dele- 
terious effects of the solvent on the enzyme 
molecules. 

In the water-immiscible polar solvent ethyl 
acetate, trypsin, chymotrypsin and lipase pre- 
served practically all of their activities. The 
activity of CPA decreased with increasing 
amount of ethyl acetate. 

The apolar toluene influenced the stabilities 
of lipase and CPA significantly. Slight de- 
creases were observed in the activities of chy- 
motrypsin and trypsin. 

It may be stated that the conformational sta- 
bilities of enzymes in highly polar solvents are 
relatively poor. This may be related to the abil- 
ity of the solvent to solubilize and strip away 
from the enzymes the water essential for protein 
folding. On the other hand, enzymes dispersed 

in hydrophobic, water-immiscible organic sol- 
vents display stabilities greater than those in 
aqueous solution. Although these liquids are 
nonsolvents for protein, they tend to interact 
less extensively with the protein molecules. The 
decrease in stability of CPA is the opposite. The 
behavior of lipase in toluene is also surprising, 
because the lipases are known to be active in 
hydrophobic organic solvents with a limited 
water content. 

These results show that, under given condi- 
tions, the effects of organic solvents depend 
partly on their interactions with the water 
molecules in the micro- and/or macroenviron- 
ments of enzymes. The changes in stability of 
enzymes in organic solvents are also greatly 
affected by the individual structures of the en- 
zymes. 
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