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(Lipase-catalyzed synthesis reactions must be performed in nonaqueous media organic
)sol®ents or sol®ent-free systems . The choice of the optimal sol®ent is usually a fastidi-

ous task that necessitates the determination of kinetic parameters in each sol®ent. The
approach used here, to o®ercome the lack of a model that can predict the kinetics
whate®er the sol®ent, consists in the use of thermodynamic acti®ities instead of concen-
trations of components, and assumes that acti®ity-based kinetic parameters are the same
in all sol®ents. This assumption is discussed, and a solution is proposed which takes
into account some obser®ed residual sol®ent effects. The reaction chosen to test this
approach was the esterification of oleic acid with ethanol catalyzed by an immobilized
lipase, Lipozyme. For this reaction, the kinetics predicted in ®arious organic sol®ents
and in sol®ent-free systems is in agreement with the experimental data.

Introduction
There is a growing interest in developing economic and

functional processes of enzyme catalysis in nonaqueous me-
Ždia: peptide synthesis by proteases Kise and Hayakawa,

. Ž1991 ; synthesis of oligosaccharides by invertase Bieleki and
. Ž .Somiari, 1998 and glucosidase Laroute and Willemot, 1992 ;

biotransformation of polycyclic aromatic hydrocarbons
Ž . ŽVazquez-Duhalt et al., 1994 and asphaltenes Fedorak et

.al., 1993 ; modification of fats and oils, synthesis of organic
compounds, detergent supplements, biodegradable lubri-
cants, enantiomerically pure compounds and analytical pro-

Žcedures using lipases Bjorkling et al., 1991; Macrae and¨
.Hammond, 1985 .

The reactions listed above are thermodynamically impeded
in monophasic aqueous systems, but they can be performed
in organic media, which favor equilibrium towards synthesis

Ž .and offer additional advantages: a solubilization of hy-
drophobic compounds that have a serious mass-transfer limi-

Ž .tation in aqueous systems; b the thermostability of several
Ženzymes is improved in organic solvents Zaks and Klibanov,

. Ž .1984 ; c from an industrial point of view, products and en-
zyme recovery after reaction could be easier by evaporation
of the solvents.

Correspondence concerning this article should be addressed to A. Marty.

An ideal solvent enables a high initial rate of reaction and
an optimal degree of conversion to be obtained, presents low
toxicity and flammability and, in the case of synthesis in con-
tinuous systems, the solvent must evacuate the water pro-

Žduced by the reaction to avoid biocatalyst deactivation Col-
.ombie et al., 1998 . Optimization between these factors would´

be rendered much easier if a predictive model was available.
However, from existing studies, there is no general model to

Žpredict the effects of the medium on kinetics Halling, 1994;
.Vermue and Tramper, 1995; Yang et al., 1997 , on enzyme

Ž .stability Zaks and Klibanov, 1984 , on enantioselectivity
ŽNakamura et al., 1995; Parida and Dordick, 1993; Westcott

. Žand Klibanov, 1993 and on reactor stability Colombie et al.,´
.1998 . Consequently, optimization of these processes is a hard

task and involves determining kinetic parameters for each one
of the enzyme-catalyzed reactions in every solvent.

Attempts have been made to establish correlations be-
tween activity of the enzyme and different physicochemical

Žproperties of the solvents, such as dielectric constant Affleck
.et al., 1992; Reslow et al., 1987; Valivety et al., 1991 and

Ž .hydrophobicity Laane et al., 1987; Torres et al., 1998 , but
Žthe validity of these correlations is not general Janssen et al.,

1993; Laroute and Willemot, 1992; van Tol et al., 1995a,b,c;
.Yang et al., 1997 . An interesting macroscopic analysis of

nonaqueous enzyme-kinetics was developed by Nurok et al.
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Ž .1999 using multiple linear regression. Their model corre-
lates initial rate for lipase and Subtilisin Carlsberg-catalyzed
transesterifications in solvents with Log P �2.2, but in this
model, concentrations of substrates are not implied, and it is
not capable, for instance, of taking into account changes in
inhibition vs. the used solvent. A more general approach con-
sists in the use of thermodynamic activities instead of concen-
trations in kinetic equation. Although this concept was stud-
ied as long ago as 1974 by Bell et al., there are few studies
using thermodynamic activities in enzyme kinetic equations.
These publications discuss the effect of solvent on substrate

Ž .thermodynamics Ryu and Dordick, 1992 and the impor-
tance of correct kinetic constants for substrate solvation
ŽReimann et al., 1994; Straathof et al., 1992; van Tol et al.,

.1992 . A more refined theory was developed by van Tol et al.,
.1995c according to the transition state theory. The transition

state complex is assumed to be in equilibrium with the ground
state of the substrate and enzyme, the corresponding thermo-
dynamic equilibrium constant expressed in activities is not af-
fected by the solvent and also the resulting specificity con-

Ž Žw x . .stant equal to V r Enzyme � K in the Michaelis equationm m
based on activity is independent of the solvent when the fol-

Ž .lowing hypotheses are valid: 1 The solvent has not a direct
Ž .interaction with the active site of the enzyme; 2 The energy

of desolvation of the active site must be independent of the
Ž .nature of the solvent; 3 The solvent does not affect the cat-

Ž .alytic mechanism of the enzyme; 4 The extent of solvation
Žof the enzyme species enzyme, enzyme-substrate complex

.and transition state complex should be equal and likewise
for their activity coefficients. It implies that the substrate must
be completely shielded from the solvent in its complexes with
the enzyme.

Kinetic constants based on activity are called ‘‘intrinsic pa-
rameters,’’ because the solvent does not affect them. When
the above premises are valid, values of intrinsic parameters
should be equal in all solvents. However, differences between
their values in different solvents have been observed
ŽGarcıa-Alles and Gotor, 1998; Janssen et al., 1996, 1999; van´

.Tol et al., 1995a,b,c . Different explanations for these re-
Žmaining differences have been proposed van Tol et al.,

.1995c : the solvent may affect the mobility of amino acid
residues and therefore the activity of the enzyme or it might
compete with substrate for binding to active site. A subse-
quent approach was made considering a competitive inhibi-
tion by the solvent, and an extra parameter was added to the

Ž .kinetic equation based on activity van Tol et al., 1995b . The
results of this approach gave a best fit of the experimental
data in the cases of diisopropylether and 2-butanone, but in
the cases of hexane and tetrachloromethane results were not
satisfactory. This raises the possibility of other solvent effects
on the enzyme. In addition, it is essential to consider that to
incorporate an extra parameter involves a greater number of
experimental data and a more complex parameter estimation
method.

All previous studies using the thermodynamic activities of
the substrates in the kinetic equation were performed calcu-
lating the intrinsic parameters in each solvent and comparing
them. Such an approach, using thermodynamic activity based
kinetics, termed here the TABEK approach, has appeared to
us to be very promising and the major aim of this work is to
contribute to its development. For the fist time we explored a

slightly different approach, conserving the activity-based pa-
rameters determined in one reference solvent and using them
to predict the kinetics in different solvents.

The hydration of the immobilized catalyst has been de-
scribed as one of the crucial parameters to control since it
defines the conformation of the protein. As we have used a
commercial immobilized enzyme Lipozyme, all tested sol-
vents were hydrated at the same water activity in order to
have the same enzyme conformation and to compare their

Ž .effects suitably Adlercreutz, 1991; Marty et al., 1992 . The
quantity of water added to solvents was calculated in order to
obtain an optimal 0.55 water activity adsorbed on the catalyst
Ž .see Material and Methods section .

Thus, in the present study we propose to use the TABEK
approach, which is based on intrinsic parameters determined
only in a suitable arbitrarily chosen solvent. Our objective is
to predict initial rates in a number of organic solvents with-
out previous determination of all kinetic parameters. This
method would reduce considerably the number of experi-
ments required and facilitate the choice of the optimal sol-
vent and of the most favorable reaction conditions.

Materials and Methods
Chemicals and sol©ents

Ž .Immobilized lipase EC.3.1.1.3 , Lipozyme, 200 Urg from
R. miehei, supported on macroporous anionic resin beads, was
kindly provided by Novo Industry, Denmark. Oleic acid
Ž . Ž . Ž .70% , absolute ethanol, hexane 95% , heptane 99% , cy-

Ž . Ž .clohexane 99% , and isooctane 99.5% , were purchased
Ž .from Prolabo, France. 5-methyl-2-hexanone 98% was pur-

chased from Fluka, Switzerland.

Initial rate determination
Ethyl oleate synthesis was carried out in a glass tube with

Ž .10-mL solution containing oleic acid 200 mM and ethanol
Ž .50�1,000 mM and 30 mg of Lipozyme in the cases of reac-
tions with solvent. In the case of free solvent reactions the
total volume was 5 mL and the quantity of enzyme was 100
mg. All reactions were performed at 40�C and magnetically
stirred at 500 rpm to overcome external diffusional limita-
tions. Samples were taken from the tube at various times and
analyzed by HPLC, equipped with a Varian R1 refractome-
ter. Standard curves had been previously produced enabling
the concentrations of the residual acid and of the ester prod-
uct to be followed with time. Reactions never exceeded 15%
of total conversion in order to respect the hypothesis of ini-
tial kinetics.

Determination of the acti©ity coefficients of the substrates
Activity coefficients were determined using the UNIFAC

group contribution method based on vapor-liquid equilibria
Ž .Freudenslund et al., 1977 . The activity coefficients were
based on a mol fraction scale with reference to an ideal solu-
tion as defined by Raoult’s law, since in this way the equilib-
rium constant is independent of the solvent, which is obvi-
ously needed in our approach. The PhoPhy v. 2.1 software

Ž .from ProSim S.A. Toulouse, France was used with a FOR-
TRAN program for UNIFAC calculations.
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Determination of intrinsic parameters in n-hexane
Parameter estimation was done by the general reduced

Ž . Ž .gradient method GRG2 Lasdon and Smith, 1992 , using
Microsoft Excel solver. A set of 90 experimental data in n-

Žhexane with concentration of oleic acid varying from 5 to
.200 mM and ethanol concentration varying from 8 to 750 mM

was used. The variation of the activity-based kinetic parame-
ters was constrained between zero and one for the reason
that the activity coefficients were based on a mol fraction
scale.

Medium polarity
The logarithm of the partition coefficient octanol-water

Ž .LogP was adopted as the polarity scale for this work. All
Ž .LogP used are experimental values taken from Hansch 1995 .

In the case of cosolvent mixtures, the LogP value was calcu-
Žlated from LogP values of pure solvents as follows Laane et

.al., 1987

LogP s x LogP q x LogPmix 1 1 2 2

where x and x are the mol fractions of solvents 1 and 2,1 2
respectively.

Sol©ent hydration
In order to adjust the water activity in the initial reaction

system to the optimal value of 0.55 for the Lipozyme, the
Ž .quantity of water added to the reaction media Table 1 was

Ž .calculated by the method described in Condoret et al. 1997 ,
and we used the UNIFAC model to estimate the activity co-
efficients. Because, in the case of hydrophobic solvents
Žhexane, 90% hexaneq 10% 5-methyl-2-hexanone, cyclohex-

.ane, heptane, isooctane , the necessary amount of water pre-
dicted by UNIFAC exceeded the maximal solubility, which is
a well-known limitation of UNIFAC, we made an adjustment
based on the experimental water adsorption isotherm for the
hexane. Given that the water solubility in hexane, cyclohex-
ane, heptane and isooctane is similar, the quantity of water
added to these media was the same.

Results and Discussion
The reaction model chosen was the esterification of oleic

acid with ethanol catalyzed by Lipozyme. It follows a Ping-

Table 1. Water Added to Initial Reaction Media

Ž .Water Added grL
Ž .Ethanol Concentration mM

Solvent 50 100 200 300 500 750 1,000
Ž .5-Methyl-2-hexanone 5M2H 7.0 7.0 7.5 8.0 8.5 9.5 10.5

25% Hexaneq75% 5M2H 5.4 5.5 5.9 6.0 6.8 7.5 8.5
50% Hexaneq50% 5M2H 3.9 4.0 4.2 4.4 5.0 5.5 6.4
75% Hexaneq25% 5M2H 2.2 2.4 2.6 2.7 3.1 3.6 4.3
90% Hexaneq10% 5M2H 0.50 0.50 0.60 0.70 0.80 0.90 1.1
Hexane, Heptane, Cyclohexane,

�Isooctane 0.40 0.40 0.43 0.47 0.57 0.73 0.83

�Since the water solubility of hydrophobic solvents is similar, the quantity
of water added is the same.

Pong mechanism in n-hexane with competitive inhibition by
Ž .the alcohol Chulalaksananukul et al., 1990 . The equation

for initial kinetics is

Vi

w x w xV Oleic Ethm
s

w xEth
w x w x w x w xKm Eth 1q qKm Oleic q Oleic EthOleic Ethž /K i

1Ž .

where V is the initial reaction rate, V is the maximum ini-i m
w x w xtial velocity, and Oleic and Eth are the initial concentra-

tion of oleic acid and ethanol, respectively; Km andOleic
Km are the affinity constants for oleic acid and ethanol,Eth
respectively, and K is the inhibition constant of the ethanol.i

According to our initial considerations, the activity-based
kinetic parameters should have a constant value in all media.
Consequently, it is viable to predict initial rates in different
solvents from one set of kinetic constants determined in any
solvent by fitting of the parameters contained in the equation
based on activity

V a am Oleic Eth
V s 2Ž .i aEth

Km a 1q qKm a qa aOleic Eth Eth Oleic Oleic Ethž /K i

where V is the initial reaction rate, a and a are thei Oleic Eth
initial thermodynamic activities of oleic acid and ethanol, re-
spectively. Kinetic parameters have the same significance as
in Eq. 1, but they are based on activity in Eq. 2.

In Table 2 are presented the activity-based kinetic parame-
ters for our model determined in n-hexane, which will serve
to predict initial rates in other solvents. In the numerical
identification procedure the variation in the activity-based ki-
netic parameters was constrained between 0 and 1 for the
reason that the activity coefficients were based on a mol frac-
tion scale. Considering the values of V , in concentration andm
in activity, it appears very positive that numerical identifica-
tion of these two distinct approaches has led to close values.
The ethanol affinity constant reaches 1, the maximum value
possible. This is not surprising since the value of this concen-

Ž .tration-based parameter 600 mM is considerable, proving
the low affinity of the enzyme for the ethanol.

Figure 1 shows that for solvents with similar polarity to
n-hexane the prediction of kinetics appears to be satisfactory

Table 2. Concentration and Activity-Based Kinetic
Parameters for Lipozyme-Catalyzed Esterification of

Oleic Acid with Ethanol in n-Hexane Hydrated at
a s0.55w

Kinetic Value in Conc. Value in Activity
Ž . Ž .Parameter Eq. 1 Eq. 2

Ž . Ž .V 45.6 mmolrmin �g 49.8 mmolrmin �gm
Km 450 mM 0.51 mmolrmmolOleic
Km 600 mM 1 mmolrmmolEth
K 60 mM 0.52 mmolrmmoli
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Figure 1. Initial rate as a function of ethanol concentra-
tion in hydrophobic solvents.
w xOleic acid s 200 mM, a s 0.55. Symbols, experimentalw
data; curves, calculated using Eq. 2 and activity-based pa-
rameters of Table 2.

and correctly accounts for the alcohol inhibition effects. For
Žthese solvents, the optimal concentration in ethanol at which

. wthe initial rate is maximal is approximately 100 mM at Oleic
xacid s200 mM, as predicted by the model. Therefore, the

TABEK approach, in spite of small deviations from the ex-
perimental value of the initial rate, can be used to estimate
the most favorable reaction conditions. The maximal activity
was observed in isooctane as well as in hexane. As isooctane

Ž .is less toxic than hexane Johnson and Whim, 1996 , it could
be considered as an alternative for industrial applications.

Kinetics obtained in less hydrophobic media are presented
Ž .in Figure 2. Different mixtures of n-hexane Log Ps3.90

Ž .and 5-methyl-2-hexanone 5M2H, Log Ps1.88 were tested
to observe if model deviation increases with the solvent po-
larity.

Good correlation is obtained up to the mixture with 75%
hexane, but after that, deviation increased progressively with
the addition of 5M2H. Nevertheless, it is evident that this
deviation concerns the absolute value of initial rate whereas
the shape of experimental and predicted curves is similar. In
particular, the model enables the decrease in ethanol inhibi-
tion to be predicted. Indeed, with a polar solvent, the ethanol
activity coefficient decreases, leading to low inhibition. It is
possible that inaccuracies in UNIFAC predictions had con-
tributed to these deviations. Even so, the tendencies of devia-
tion from ideality predicted by UNIFAC must be right. In-
deed, from the values of Table 3, at a given ethanol concen-
tration, we can observe that oleic acid exhibits similar activity
coefficient in all hydrophobic solvents, and this is also true

Žfor ethanol. In Table 3, when medium polarity increases due
.to the increase in 5M2B fraction , ethanol activity coefficient

decreases, as expected. When we plotted ethanol activity vs.

Figure 2. Initial rate as a function of ethanol concentra-
tion in different mixtures of n-hexane and

( )5-methyl-2-hexanone 5M2H hydrated at aw
s0.55.

w xPercentages are based on volume. Oleic acid s 200 mM.
Symbols, experimental data; curves, calculated with Eq. 2
and activity-based parameters of Table 2.

predicted initial rate for the mixtures hexane-5M2H, the same
Žethanol optimal activity ethanol activity giving the optimal

. Ženzyme activity was observed for all percentages data not
.shown , contrasting with the large variation in ethanol opti-

mal concentration observed in Figure 2. This leads to the
assumption that the estimation of the activity coefficients is
correct.

In the case of solvent effects nonaccounted for our model
Ž .called residual solvent effects , the validity of the hypotheses
of the model has to be analyzed. The X-ray structures of sub-

Žtilisin Carlsberg Fitzpatrick et al., 1993, 1994; Schmitke et
. Ž .al., 1997, 1998b and chymotripsin Yennawar et al., 1994

were studied in various organic solvents, and it was shown
that the overall structure is basically the same as in water,
but in some cases solvent molecules were found in the active
site. Consequently, hypothesis 1 that assumes no direct inter-
action of the solvent with the active site might be questioned.

If the substrate is partially exposed to the solvent when
complexed with the enzyme, the interactions with the solvent
are not the same in all forms of the enzyme, and, therefore,
hypothesis 4 might also be open to criticism. If one solvent
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( ) ( )Table 3. Activity Coefficients for Oleic Acid � OL and Ethanol � ETH in Solvents and Their Mixtures
[ ]Hydrated at a s0.55, Oleic acid s200 mMw

Solvent

Hexane Heptane Cyclohexane Isooctane
w xEth mM � OL � ETH � OL � ETH � OL � ETH � OL � ETH

50 2.68 18.83 2.61 17.36 2.21 22.33 2.47 15.23
100 2.47 16.70 2.41 15.42 2.03 19.59 2.28 13.48
200 2.16 13.59 2.11 12.59 1.77 15.69 1.99 10.96
300 1.93 11.44 1.89 10.62 1.59 13.06 1.79 9.26
500 1.63 8.70 1.61 8.11 1.35 9.78 1.54 7.11
750 1.41 6.71 1.39 6.28 1.17 7.47 1.35 5.59

1,000 1.26 5.49 1.26 5.16 1.06 6.07 1.23 4.66

Solvent Mixtures Hexane-5M2H

0% Hexane 25% Heptane 50% Hexane 75% Hexane 90% Hexane
w xEth mM � OL � ETH � OL � ETH � OL � ETH � OL � ETH � OL � ETH

50 1.09 2.35 0.89 2.92 0.88 4.03 1.18 6.76 1.77 11.19
100 1.09 2.33 0.89 2.88 0.87 3.94 1.15 6.48 1.69 10.42
200 1.09 2.28 0.88 2.79 0.86 3.76 1.09 5.98 1.55 9.15
300 1.09 2.24 0.88 2.72 0.84 3.60 1.05 5.55 1.44 8.15
500 1.08 2.16 0.87 2.57 0.82 3.32 0.98 4.86 1.28 6.69
750 1.08 2.06 0.86 2.42 0.80 3.04 0.91 4.21 1.14 5.47

1,000 1.09 1.98 0.86 2.29 0.78 2.80 0.87 3.72 1.05 4.65

better solvates the substrate partially exposed to the solvent
in the enzyme-substrate complex, it causes a slightly lower
relative energy of the enzyme-substrate complexes and the
intrinsic parameter V becomes larger or K becomesm m

Ž .smaller Reimann et al., 1994 .
Another point to be possibly considered is also the possible

interaction of solvents with the enzyme solid-support itself
which might cause reactant partition. However, nonimmobi-
lized enzymes being insoluble in organic solvents, catalysis
has to be realized anyway in heterogeneous medium.

Since it is not possible to formally take into account the
above described solvent effects in the TABEK model and
based on the fact that this model appears to fail to predict
the value of the initial velocity rather than the shape of the
curve, we propose to replace the intrinsic maximum initial
velocity parameter V in Eq. 2 by an analogous solvent-m
adapted parameter V �, which includes this residual solventm
effects. V � can be easily determined with one experimentalm
datum using Eq. 2 and the rest of the intrinsic parameters
determined in n-hexane. Thus, for each solvent, an experi-

w xmental measurement of the initial velocity at Ethanol s100
mM was realized to identify the maximum initial velocity cor-

Ž �.rected by solvent effects V . These maximum initial veloci-m
Ž .ties Table 4 will be used with the rest of the activity-based

parameters of Table 2 to predict kinetics in all media.
Results with this ‘‘solvent-adapted’’ model are given in Fig-

ure 3. A good agreement between experimental data and
predicted curves was obtained. This signifies now that it is
possible to reduce drastically the number of experiments to
determine kinetic parameters in various solvents. As a result,
the choice of the optimal solvent and the most favorable re-
action conditions can be made easily.

With the aim of obtaining a completely predictive model,
we tried to find a correlation for our variable parameter V �

m
with a number of solvent properties. As in previous works
Ž .Laane et al., 1987; Valivety et al., 1991 , the best results were

obtained with the popular Log P value of the solvent. All
Log P values used are experimental values taken from Hansh
Ž . �1995 . No simple correlation of V as a function of Log Pm

Ž .can be deduced Figure 4 . Therefore, when we segregated
the experimental points for the mixtures n-hexaneq5M2H, a
clear linear correlation was observed. This agrees with the

Ž .results of Yang et al. 1997 , where a good correlation be-
tween Log P or dielectric constant and the reaction rate was
found for a given cosolvent mixture, but there was no clear
relationship when different cosolvent mixtures were com-
pared.

Solvent polarity is indeed a determining factor in biocata-
lyst activity, but it is not the only one and it is difficult to
correlate a solvent polarity parameter directly with a kinetic
parameter. These more sophisticated methods for predicting
V � as a function of solvent properties do not give better re-m
sults and, for this reason, it is preferable to adapt the TABEK
model by including residual solvent effects in a variable pa-
rameter V � determined simply with one experimental da-m
tum. The model with the experimentally determined V � ism

Table 4. Solvent-Adapted Maximum Initial Velocity
( �)Parameter Values V for Lipozyme-Catalyzedm

Esterification of Oleic Acid with Ethanol in Different
Solvents Hydrated at a s0.55w

�Vm
Ž .Solvent mmolrm �g

5M2H 15.2
25% Hexq75% 5M2H 26.1
50% Hexq50% 5M2H 30.6
75% Hexq25% 5M2H 47.3
90% Hexq10% 5M2H 52.3
n-Hexane 49.8
n-Heptane 42.6
Cyclohexane 45.5
Isooctane 42.8
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� ( )Figure 3. Kinetics prediction with corrected V in: Am
( )hydrophobic solvents; B different mixtures

of n -hexane and 5-methyl-2-hexanone
( )5M2H .
w xOleic acid s 200 mM, a s 0.55. Percentages are based onw
volume. Symbols, experimental data; solid lines, calculated
with Eq. 2 and activity-based parameters of Table 2, except
V which was replaced by V � of Table 4.m m

simple and effective, so we consider that looking for a corre-
lation to predict V � theoretically is only justified in the casem
of mixtures of solvents, where a good correlation is possible.

Sol©ent-free media
In the case of a solvent-free system, we may consider each

medium with different molar ratio of substrates as a different
Ž‘‘solvent’’ such as, LogP varies from 3.73 to 1.35 for molar

w x w x .ratios Ethanol rOleic acid of 1 and 4, respectively . This
would seem to imply the need to determine experimentally
the V � for every molar ratio and not for a single ratio. How-m
ever, if we consider the solvent-free system as a ‘‘cosolvent’’
mixture, a similar linear correlation between LogP and V �

m
must be obtained. Given that the molar fraction of sub-
stances in our solvent-free system is linearly proportional to
the LogP value of the medium, a linear correlation should be
observed if we plot V � as function of the oleic acid molarm

Ž . �fraction Figure 5 . To find V as a function of the oleic acidm
molar fraction, we have taken the equation of the straight

w x w x Žline connecting two points at Ethanol rOleic acid s1 Xoleic
. Ž .acids0.5 and 4 X s2 .oleic acid

Figure 4. Corrected V� as a function of solvent LogPm
values.
w xOleic acid s 200 mM, a s 0.55. All LogP values for purew

Ž .solvents are experimental values from Hansch 1995 . For
cosolvent mixtures LogP was calculated from LogP of pure

Ž .solvents as proposed by Laane et al. 1987 . Solvents are:
5M2H, 5-methyl-2-hexanone; Hex, hexane; x %Hex, hexane
q5-methyl-2-hexanone mixture where x is the hexane per-
centage based on volume; Chex, cyclohexane; Iso, isooctane;
Hep, heptane.

We have perferred a correlation with the substrate mol
fraction to a correlation as a function of LogP because in this
way we save from searching LogP values, which vary in the
different bibliographic references and are often unavailable
or doubtfully estimated, as is the case of LogP for the oleic
acid.

The V � values calculated with the correlation from Figurem
5 were used with the rest of the activity-based parameters to
predict the kinetics of the solvent-free system. These results
are presented in Figure 6 and compared with the results ob-
tained from a kinetic model based on concentration.

The V value used in the concentration-based calculationsm
for the solvent-free media corresponds to the value deter-

Figure 5. Corrected V� in function of oleic acid molarm
fraction for different solvent-free media.
Numbers near points represent the molar ratio
w x w xEthanolrOleic acid .
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Figure 6. Kinetics prediction for different solvent-free
media as a function of substrates molar ratio.

Ž .The curves were calculated using Eqs. 1 concentration and
Ž .2 activity , and parameters of Table 2, except V which wasm

Ž .replaced by V s 28 mmolr min�g for the concentration-m
based model and V � calculated for each molar ratio withm
the correlation of Figure 5 for the activity-based model.

w Ž .xmined in n-hexane not hydrated 28 mmolr min�g , due to
the fact that solvent-free experiments were performed with-
out previous addition of water. This value of V was takenm
as a constant in the concentration-based model for all
w x w xEthanol rOleic acid molar ratios, while in the activity-based
model a different V � was calculated from the correlation ofm

w x w xthe Figure 5 for each Ethanol rOleic acid molar ratio.
Amazingly, concentration and activity-based models give

practically the same results. However, according to the con-
centration-based model, a decrease in the initial rate is due
to inhibition, while in the TABEK model it is the decrease in
the V � value which is responsible for this effect.m

We can observe the evolution of activity coefficients before
and at the end of reaction in solvent-free media in Table 5.

( )Table 5. Activity Coefficients for Oleic Acid � OL , Ethanol
( ) ( ) ( )� ETH , Ethyl Oleate � ESTER , and Water � W

in Solvent-Free Media before Reaction and at Equilibrium�

Molar Ratio
Ž w w xEthanolr Oleic Ethanol ,

. xOleic Acid Acid , M M X X � OL � ETHoleic acid ethanol

1.0 2.66 2.66 0.50 0.50 1.12 1.41
1.5 2.47 3.71 0.40 0.60 1.22 1.32
2.0 2.31 4.62 0.33 0.67 1.33 1.26
2.5 2.19 5.48 0.29 0.71 1.44 1.21
3.0 2.03 6.09 0.25 0.75 1.55 1.18
4.0 1.81 7.27 0.20 0.80 1.78 1.13

Molar Ratio Conv. at
Ž .EthanolrOleic Acid Equilib. � OL � ETH � ESTER �W

1.0 86 0.98 3.07 1.05 24.6
1.5 87 0.92 2.17 1.31 16.8
2.0 89 0.94 1.65 1.66 12.0
2.5 90 1.03 1.40 2.12 9.41
3.0 92 1.16 1.31 2.71 8.16
4.0 96 1.51 1.17 4.39 6.29

� Water partition between reaction media and enzymatic support was considered in
activity coefficient calculations.

Logically, an increase in the polarity of the medium has led
to an increase in the activity coefficients of nonpolar sub-

Ž .strates oleic acid and ester , and on the contrary, to a de-
Žcrease in the activity coefficients of polar solutes ethanol and

.water .
There is no reason that kinetic parameters determined in

concentration in n-hexane correlate experiments in com-
pletely different media without solvent, where there is no
buffering effect in respect to the ratio of substrates, the wa-
ter partition and the physical properties of the medium. Given
that the TABEK approach predicts correctly ethanol inhibi-
tion in the cases of hexaneq5M2H mixtures, and that the
concentration-based model cannot, we can assume that in the
case of solvent-free media, the concentration-based model
accuracy is merely coincidental.

Conclusion
In this study, a recent approach for enzymatic kinetics, pio-

Ž .neered by van Tol et al. 1995c , was considered and desig-
nated here as the thermodynamic activity-based kinetics
Ž .TABEK approach. It has been clearly shown to provide
useful predictions for kinetics in different solvents and in sol-
vent-free media. The idea of using the thermodynamic activ-
ity of components instead of their concentrations in the ki-
netic equations is valuable if hypotheses defined by van Tol

Ž .et al. 1995c are valid, as mentioned in the introduction. It
appeared here that hypotheses 1 and 4 that suppose no di-
rect interaction of the solvent with the enzyme or enzyme-
substrate complexes have to be questioned, and the possibil-
ity of solvent interaction with the enzymatic support has to
be considered. For the reason that the solvent effects on the
structure of the enzyme and on the enzymatic support cannot
mathematically be taken into account in the TABEK model,
we had to implement a ‘‘solvent-adapted’’ parameter for the

Ž .maximum initial velocity V to account for observed devia-m
tions.

In this work the TABEK approach has also been success-
Žfully tested in the case of solvent-free reaction media with

.the same restriction concerning the V parameter , but inm
this case a linear variation of this adapted parameter, as a
function of the composition, has been derived. In such media
this approach may be of great help because, when reactions
are performed at various molar ratios of substrates, an in-
ducement of great variations in the concentration of compo-
nents and no buffering by a solvent are expected. This sol-
vent buffering effect appears to act mainly through the con-
stant nature of the activity coefficients that are included in
the parameters of concentration-dependent kinetic equations
and are responsible for their variation with the nature of the
solvent.

ŽIn all cases studied here pure solvent, cosolvent mixture,
.solvent-free media , the number of experiments required to

predict and describe the kinetic evolution of the system, is
considerably reduced, compared to a conventional concentra-
tion-based approach.

Indeed, once intrinsic parameters are determined in one
reference medium, only one extra experimental point is
needed to adapt the model. We have used here n-hexane as
the reference solvent, but this choice was arbitrary and was
made because many studies, as well as our own laboratory
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know-how, related to this solvent. Hindsight would indicate
that a less hydrophobic medium would have brought better
accuracy in the determination of these intrinsic parameters.

To investigate in more detail the direct interactions of the
solvent with the enzyme and substrates and to give an under-
standing of the solvent-adapted parameter V �, the use ofm
molecular modeling methods would be very useful. This will
be the direction of new research axis in our laboratory.

Finally, the TABEK approach has been tested here on a
specific reaction, the lipase-catalyzed esterification. We are
confident that, because of its thermodynamic background, it
could be successfully tested against other reactions catalyzed

Ž .by lipases transesterification, interesterification, amidation
Žor by other enzymes peptide synthesis by proteases, synthe-

.sis of oligosaccharides by invertase and glucosidase in order
to generalize its validity.
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