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a b s t r a c t

Lipase-catalyzed esterifications in biphasic media (heptane–water, 1:1) were conducted by using Ther-
momyces lanuginosus lipase (TLL) as biocatalyst. Different carboxylic acids (from acetic to lauric) were
thus esterified with 1-butanol at different pH values (2–10). For all carboxylic acids tested, pH optima for
the enzymatic esterifications were ca. 3–5, in clear agreement with previous literature, and quite different
from optima pH of TLL in hydrolytic reactions (8–11). Interestingly, the interval of pH in which TLL was
active in esterifications, varied markedly depending on the carboxylic acid. Thus, for long-chain acids (i.e.
lauric), such pH interval was much wider than for short-chain carboxylic acids (i.e. acetic). To understand
this effect, simple pKa values of carboxylic acids, retrieved from open literature, are not sufficient, since
those values are measured in pure water. When a second phase is added, aspects related to partition coef-
ficient of each carboxylic acid need to be considered as well, thus leading to the apparent pKa concept.

Herein we performed theoretical calculations to obtain such app pKa of each carboxylic acid. When such
calculations were compared with the pH interval, a clear correlation was observed. Overall, results con-
firm that lipases accept only the protonated form of the carboxylic acid (R–COOH) during esterifications
in biphasic media.
. Introduction

Lipases are well-known biocatalysts, very useful for the produc-
ion of a wide range of compounds under mild reaction conditions.

any processes involving the use of lipases have been implemented
t industrial scale [1–8]. An important asset of these enzymes is
heir capability to efficiently catalyze reactions also in non-aqueous
onditions – organic solvents, solvent-free systems, ionic liquids,
nd supercritical CO2 – which obviously confers these biocatalysts a
uperior scope of applications [1–11]. In addition, the use of lipases
o conduct synthetic reactions in biphasic media (i.e. esterifica-
ions), and by means of reverse micelles (which are actually biphasic

edia), has been reported as well [12–17].
Despite this ample use of lipases in biocatalysis, limited

ttention has been paid, however, to the influence of pH in
ipase-catalyzed esterifications in biphasic media. Apart from some

rticles focusing on the electrostatic contribution to hydrolytic per-
ormances [18–22], to the best of our knowledge no systematic
tudies regarding the influence of the pH in hydrolase-catalyzed
sterifications in biphasic media were published until 2005, when
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the innovative work of Buthe et al. was disclosed [23]. In that article,
it was reported that pH optima for lipase-catalyzed esterifications
differed widely from values observed when hydrolytic reactions
were conducted. Buthe et al. showed that pH optima for lipase-
catalyzed esterifications in two-phase media were around 3–5 [23].
In virtue of the results reported, it was formulated then the hypoth-
esis that lipases would only accept the protonated form of the
carboxylic acid. Therefore, reactions at pH values lower than the pKa

of the carboxylic acid would show higher enzymatic synthetic per-
formances, as more actual substrate molecules would be available
for the lipase [23]. We were particularly interested in exploring this
pH-influence concept when different carboxylic acids were applied.
In this paper part of that research is disclosed.

2. Experimental

2.1. Chemicals and biocatalyst

Heptane, carboxylic acids and alcohols were all obtained

from Sigma–Aldrich and Fluka, and were used without further
purification. Thermomyces lanuginosus lipase (TLL) was purchased
from Novozymes: Lipozyme TL® 100L (LAP 40001), 100 KLU/g.
1 KLU (kilo-lipase-unit) is the amount of enzyme that liberates
1 mmol/min of titratable butyric acid from tributyrin.

http://www.sciencedirect.com/science/journal/13811177
http://www.elsevier.com/locate/molcatb
mailto:Pablo.dominguez@akzonobel.com
dx.doi.org/10.1016/j.molcatb.2009.03.004
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.2. Enzymatic reactions.

The following procedure was used to evaluate the effect of pH
nd acid type on esterification reaction rate. 25 mL of distilled water
as mixed with 25 mL of heptane. Subsequently, alcohol (300 mM)

nd carboxylic acid (300 mM) were added. During experiments
ith lauric acid, 600 mM of both acid and alcohol were added.

or molar calculations, one phase (25 mL) was considered. Previous
xperiments in our laboratory showed that at those reaction con-
itions a linear relationship between substrate concentration and
nzymatic rate was found. The pH was adjusted to the desired value
y adding concentrated HCl or NaOH. The system was stirred vigor-
usly until the desired pH was reached and was constant, meaning
hat the partition of both substrates in the biphasic system had
eached the equilibrium. Significant variations of pH (>0.2 units)
ere not observed during the enzymatic reactions, since only ini-

ial rates were measured, and at that time range conversions were
ow (<10%). Reactions were carried out at 25 ◦C, and in the pH inter-
al from 2 to 10. The reaction was started by addition of 200 �L of
LL. Aliquots of the organic phase were taken during the reaction.
or acetic acid, propionic acid and hexanoic acid, the reaction sys-
em contained two distinct separate phases, whereas for octanoic
nd lauric acid, an emulsified system was observed. Initial rates (up
o 6 h reaction) were measured, and data normalized separately in
ach pH case.

.3. Analytical methods

Enzymatic reactions were followed by GC analysis, using hex-
decane as external standard for the calculation of the conversion.
o this end, calibration curves of products (butyl esters) were per-

ormed (range 0–100 mM) using pentane as solvent, with a fixed
oncentration of hexadecane (100 mM). Thus, a “Response Factor”,
hat is [area butyl ester]/[area 100 mM hexadecane] was calcu-
ated, and plotted in a graphic (response factor vs. [butyl ester]). For

easurements of real samples, conversions were obtained by cal-

ig. 1. Active pH-profile in the TLL-catalyzed esterification of aliphatic carboxylic acids (
mol ester formed L−1 h−1. The % activity, is the percentage of maximum esterification

atterns, and graphics were normalized in all cases. Highest rate values (mM/h) of each ca
separated two-phases), and 2.3 (emulsion); lauric, 0.68 (emulsion). Rates were measured
Scheme 1. General scheme of the TLL-lipase-catalyzed esterification performed in
biphasic system.

culating that response factor in each case, and intrapolating values
in calibration curve. For the GC analysis, an initial column temper-
ature of 40 ◦C was set. This temperature was increased 75 ◦C/min
until 230 ◦C. The injector temperature was 275 ◦C, and a constant
column flow of 1 mL/min. Detector temperature was 290 ◦C, using
helium as carrier gas. Samples of 0.1 �L were analyzed.

3. Results and discussion

We studied lipase-catalyzed esterifications in biphasic systems
(heptane–water) by using butanol and different aliphatic carboxylic
acids – from acetic to lauric acid – as substrates, and operating at dif-
ferent pH levels (Scheme 1). Lipase from Thermomyces lanuginosus
(TLL) was chosen as model biocatalyst in virtue of its wide differ-
ence in pH optima between hydrolytic and synthetic approaches
(8–11 vs. 3–5 respectively) [23].

The results of our investigations about enzymatic esterifications
in biphasic systems using different carboxylic acids are summarized
in Fig. 1.

As observed in Fig. 1, all carboxylic acids tested showed an anal-
ogous pH-optima profile, displaying a maximum of activity of TLL
at a pH of ca. 3–5. This is in clear agreement with data reported

by previously [23]. Remarkably, from Fig. 1 another interesting fact
can be observed: the pH interval of the enzymatic activity profile
varies with the chain length of the carboxylic acid used in each
case. In this respect, when lauric acid was tested as substrate, it
was possible to observe TLL-catalyzed esterifications up to a pH

acetic to lauric) with butanol in biphasic media. Activity was determined by GC, as
activity observed for that specific acid. Each acyl donor displayed different kinetic
rboxylic acid were: acetic, 0.004; propionic, 0.042; hexanoic, 0.043; octanoic, 0.030

up to 6 h reaction, and <10% conversions were achieved in all cases.
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f approximately 8–9, though at low conversion rates. These lat-
er results regarding lauric acid correlate well with publications
n which lipase-catalyzed processes in reverse micelles (which are
ctually a type of biphasic media) were conducted at a neutral pH
pH 7) [13,14]. Moreover, a recent work reported by Fernandes et al.
24], who studied TLL-catalyzed esterifications by entrapping the
iocatalysts in such reverse micelles, showed that, out of the dif-
erent carboxylic acids evaluated as acyl donors, only lauric acid
ppeared to be a proper substrate for the enzyme to produce alkyl
aurate at pH 8, whereas smaller aliphatic carboxylic acids were not
sterified by TLL at this pH [24]. In addition, those authors found an
ptimum pH of 5.6 for this esterification with lauric acid in biphasic
reverse micelles) media. That pH of 5.6 has also been recently used
or hydrolase-catalyzed esterification of oleic acid in biphasic media
s well, suggesting that this pH interval is optimum for other fatty
cids (see below in this paper) [25]. Notably, and contrary to the per-
ormance of the lauric acid, the pH interval of enzymatic activity for
cetic acid was rather narrow (active pH of ca. 3–5, Fig. 1).

In their inspiring work, Buthe et al. [23] suggested that only
he protonated form of the carboxylic acid (R–COOH) would be
he actual acyl donor for the lipase. Therefore, those pH values
elow pKa would be the most suitable ones for synthetic reactions.
owever, pKa values reported in literature for aliphatic carboxylic
cids are in the range of 4.74–4.90 (acetic to lauric). Obviously,
hose values cannot fully explain the behaviour herein observed.
or instance, lauric acid is accepted as substrate at pH values of ca.
, which is ca. 3 pH units higher than its reported pKa (Fig. 1). To be
ble to understand these intriguing results, we reasoned that pKa

alues reported in literature are measured in water, a single phase
ystem, instead of the biphasic heptane–water system herein used.
he pKa values reported in literature are thus markedly different
rom the so-called apparent pKa (app pKa), which is influenced by
he distribution of the acid over the two phases existing in a bipha-
ic media (in our case, water–heptane). Therefore, the app pKa is
elated to the pKa, as obtained in open literature from single phase
ater systems [26], as well as to Khw (the partition coefficient of

cids in heptane and water Khw = [Ac]h/[Ac]w) (Fig. 2).
From Fig. 2, apparent pKa can easily be obtained by making use

f Eq. (1):

pp pKa = pKa + log
(

1 + Khw × Vh

Vw

)
(1)
Since, in our experiments equal volumes of heptane and water
ere used, Eq. (1) can be simplified to Eq. (2):

pp pKa = pKa + log(1 + Khw) (2)

ig. 2. Carboxylic acid partition in two phases. Significance of (apparent) pKa

epending on the pH.
Fig. 3. Correlation between log P (partition coefficient octanol–water) [26], and
log(Khw (1st)) (partition coefficient heptane–water, modelled) of different carboxylic
acids (from acetic to lauric).

Eq. (2) means that long-chain aliphatic carboxylic acids will
actually have a higher app pKa than short chain ones, since their
lipophilicity will lead to increased solubility in the organic phase
and thus a larger partition coefficient Khw. Conclusively, a stronger
alkalinity (higher pH) will be needed to dissociate the total acid
fraction. Thus, a correlation between pH interval of lipase activity
and these app pKa’s should be found.

To test this hypothesis for our reaction system, true pKa val-
ues of the carboxylic acids (in water) were retrieved from literature
[26]. Subsequently, two approaches were used to obtain values for
the partition coefficient Khw. In the first approach the Khw val-
ues were assessed from liquid–liquid equilibrium (LLE) calculations
with Aspenplus, using the UNIFAC model (results of these calcu-
lations are shown in Table 1, column 1, for log(Khw (1st)). In this
approach, it is important to consider that this theoretical assess-
ment assumes that acid molecules are either fully dissolved in the
organic phase or in the aqueous phase. Therefore, partial partition-
ing, where part of the molecule resides in the organic layer and
the other part in the aqueous layer – like emulsifiers, e.g. octanoic
acid and lauric acid do – is not taken into account. Consequently,
due to this “simplification” for these longer chain carboxylic acids,
extremely high activity coefficients were obtained in our model cal-
culations, leading to overprediction of Khw and thus of the app pKa

as well. Therefore, to improve the assessment of these values for
longer chain carboxylic acids a second approach was used. In this
approach log(Khw) was obtained based on the assumption that for
all carboxylic acids used, there would be a linear relation between
log(Khw) and the well known and documented log P, the partition
coefficient between n-octanol and water (Fig. 3).

As observed in Fig. 3, for short-chain carboxylic acids this linear
dependency between log P and our log Khw (1st) approach is indeed
found, and can be described by Eq. (3).

log(Khw (1st)) = 1.204 × log P + 0.7602 (3)

However, for longer chain carboxylic acids (octanoic acid and
lauric acid) the value for log(Khw (1st)) deviates from the linear
dependency – compared to log P – and higher values than expected
are found on the basis of the correlation. As explained above,
this may be because our Aspenplus-UNIFAC model assessment for
log(Khw (1st)) assumes that acids are either in one phase or in the

other, and thus, important surfactant-like behaviours (partial par-
titioning), are not considered. To overcome this issue, in our second
approach we therefore calculated log(Khw (2nd)) values according
to the linear dependency shown in Eq. (3).
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Table 1
Theoretical calculations of the app pKa of different carboxylic acids in a two-phase system (water–heptane).

Acid Input Output

1 2 3 4

“True” pKa
a log(Khw (1st))b log(Khw (2nd))c App pKa

d

Acetic (CH3COOH) 4.756 0.597 0.556 5.4
Propionic (C2H5COOH) 4.874 1.103 1.158 6.1
Hexanoic (C5H11COOH) 4.849 3.085 3.072 7.9
Octanoic (C7H15COOH) 4.895 4.855 4.432 9.3
Lauric (C11H23COOH) 4.900 8.640 6.299 11.2

a Taken from open literature [26].
b Values resulting from the first theoretical calculation of the partition coefficient, based on Aspenplus-UNIFAC.
c Theoretical reassessed calculation, based on Eq. (3).
d Value obtained from this second theoretical assessment, using Eq. (2).
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ig. 4. The active pH interval related to app pKa determined by theoretical calcula
oefficient of the acid in heptane and water (Khw).

Later on, based on the estimation of log(Khw (2nd)) the app pKa

f each carboxylic acid was then calculated from Eqs. (1) and (2). In
able 1 all relevant data of this study are summarized.

From Table 1 it can be concluded that app pKa’s of different
liphatic carboxylic acids differ considerably. Furthermore, the val-
es will vary even for the same acid, if physico-chemical conditions
f the environment (and/or the type (and volume) of organic sol-
ent) are changed [27,28], as these conditions affect the partition
oefficient.

Interestingly, a correlation is observed between the pH reaction
nterval (pH widening), in which TLL-catalyzed esterification occurs
or the different carboxylic acids (Fig. 1), and the app pKa values
Fig. 4).

The app pKa can therefore be considered as an important factor
or explaining the reported lipase-catalyzed biocatalytic perfor-

ances in biphasic media. Furthermore, based on the correlation
btained, pH ranges for which reactivity of the enzyme is expected
an be determined. As observed in Fig. 3, for longer chain aliphatic
arboxylic acids still a deviation from a linear relation between pH
nterval and app pKa is found. Possibly, the use of a more sophisti-
ated theoretical model, in which other parameters are considered
s well, might lead to better correlations when long-chain car-
oxylic acids are evaluated.

It is important to note that this pH interval (for enzymatic
sterifications) is an absolute measurement. That means that we

re evaluating if a lipase is either active or not at a certain pH
hen a certain carboxylic acid is added, in certain (biphasic) reac-

ion conditions. Therefore, specific parameters that each lipase
ill have towards each substrate/reaction system – that is, con-

entration, potential inhibition, Km, Kcat, conversion at equilibria,
based on pKa of the aliphatic carboxylic acid in water, as well as the partitioning

etc., – will certainly change the performance of the enzyme, but
will not influence the pH interval, since this value simply indicates
whether or not a carboxylic acid is present as active substrate for
the lipase (R–COOH). Likewise, this consideration can also have
value in (biochemical) aqueous systems in which a non-soluble
acid is added. Since that set-up is actually a biphasic medium, it
is expected that the apparent pKa will also play a role in results
observed.

4. Conclusions

The apparent pKa of carboxylic acids is an important parameter
to understand hydrolase-based reactivities in biphasic media. Our
work fully confirms the hypothesis made by Buthe et al. [23], stating
that only protonated forms of the carboxylic acids are actual sub-
strates for the enzymes. The herein presented correlation between
pH interval and app pKa can be used to assess whether at a specific
pH a desired lipase-catalyzed esterification in a biphasic medium
will occur or not. The same type of reaction may thus have a
narrower or wider active pH interval simply depending on the car-
boxylic acid used. Traditionally, the studies aiming to understand
hydrolase-catalyzed behaviours are based on changes produced in
the protonation states of amino acidic residues present in the active
site at different pH values. Our results show that, besides those
clearly important issues, the nature of the reagents and solvents

used influences the enzymatic performance to a large extent as well.
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