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Triglyceride hydrolysis using lipase has been proposed as a novel method to produce raw materials in food
and cosmetic industries such as diacylglycerol, monoacylglycerol, giycerol and fatty acid. In order to design a
reactor for utilizing this reaction on industrial scale, constructing a kinetic model is important. Since the
substrates are oil and water, the hydrolysis takes place at oil-water interface. The triglyceride has three ester
bonds, so that the hydrolysis stepwise proceeds. Thus, the reaction mechanism is very complicated but
simplified models were applied up to now. Those models were still not enough to describe the complicated
mechanism of the enzymatic triglyceride hydrolysis under wide rénge of operating conditions. T His is because
the differences between the interfacial and bulk concentrations of the enzyme, substrates and products and the
interfacial enzymatic reaction mechanism were not rigorously considered in the models.

The purpose of this research is to construct a rigorous mathematical model which can describe the stepwise
hydrolysis of triglyceride using lipase under wide range of operating conditions. As a model system, the
experiments of triolein hydrolysis using a nonspecific lipase are performed in a biphasic oil-water system having a
definite interfacial area. A rigorous mathematical model considering the differences between the interfacial and
bulk concentrations of the enzyme, substrates and products, and stepwise enzymatic reaction mechanism with two
substrates and two products at the interface is proposed. The model is applied to the experimental results
obtained under various conditions of the initial enzyme concentration, the interfacial area and the initial
concentrations of triolein and a fatty acid. The experiments of the triolein hydrolysis using a lipase with a
positional specificity are also performed in the same system and the proposed model is modified by considering
the difference of rates for cleaving the respective ester bonds of each substrate to describe the hydrolysis behavior
using the specific lipase. Triolein hydrolysis behavior under various conditions either in biphasic or emulsion
system is simulated by the models for predicting the appropriate conditions to efficiently produce the desired

product such a diacylglycerol.

Chapter 1 Introduction
The background of this research, present status of the kinetic model for the triglyceride hydrolysis using lipase,

—199—



the purpose and outline of this research have been described.

Chapter 2 Triolein Hydrolysis Experiments

The hydrolysis experiments using a nonspecific lipase (CRL) were conducted in a biphasic oil-water system.
The oil phase was isooctane containing triolein, and the water phase was phosphate buffer containing lipase. The
effects of the initial enzyme concentration, the interfacial area and the initial concentrations of triolein and oleic
acid on the triolein hydrolysis behavior were experimentally investigated. The consumption or formation rate of
the respective components increased with the initial enzyme concentration and then tended to become constant at
saturated enzyme concentration. The reaction rates also increased with the interfacial area. This is because the
amounts of lipase and substrates existing at the interface increased. On the other hand, the reaction rates
decreased with increasing the initial concenirations of triolein and oleic acid. At the same initial triolein
concentration, lower reaction rates and the resulting time delay for giving the maximum concentration of the
intermediates were observed when the oleic acid was initially added in the oil phase. Thus, the slower reaction

rates were considered to be due to the competitive inhibition by oleic acid.

Chapter 3 Construction of a Kinetic Model for Hydrolysis Using Nonspecific Lipase
In the triolein hydrolysis using nonspecific lipase, the ester bonds of the triolein were stepwise hydrolyzed to
produce diolein, monoolein and glycerol while an oleic acid was released at each reaction step. In the biphasic
system, triolein, diolein, monoolein and oleic acid were dissolved into the oil phase and glycerol was dissolved
into the water phase. The model describing the stepwise hydrolysis of triglyceride by nonspecific lipase in the
biphasic oil-water system was formulated on the basis of the following assumptions:
1) Each hydrolysis reaction proceeds via a Ping Pong Bi Bi mechanism;
2) The inhibition by oleic acid follows the competitive inhibition mechanism;
3) The total enzyme concentration at the interface is expressed by Langmuir adsorption isotherm;
4y The linear adsorption isotherm provides the reiationship for the interfacial and bulk concentrations of the
substrates and products;
5) The nonspecific lipase evenly cleaves the ester bonds I and II (at the edge and the center of the glycerol
backbone, respectively) of each substrate.
Model equations for hydrolysis using nonspecific lipase were derived. There are 13 model constants including
the kinetic constants (6), the inhibition constant (1), and the adsorption constants (6). These constants were
estimated by fitting the model equations with the 12 sets of experimental data using CRL obtained under various

conditions.

Chapter 4 Application of the Present Model and Discussion

The model constructed in chapter 3 was applied to experimental results discussed in chapter 2 to estimate the
model constants. The model well described the effects of various operating factors, such as the initial enzyme
concentration, the interfacial area and the initial concentrations of triolein and the fatty acid, on the stepwise
triolein hydrolysis by nonspecific enzyme. The validity of the estimated values was discussed. The kinetic
constants were newly introduced in the present model. By comparing the constant values with the literature

values, the inhibition constant and the adsorption constants were considered to be reasonable. The sensitivity
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analysis for the model constants having no literature values showed that the reliability of the model constants
except for one kinetic constant was considered to be high.

In order to discuss the present model’s advantages, the model considering the Ping Pong Bi Bi mechanism
without the inhibition by oleic acid, called the PP model and the model considering the conventional
Michaelis-Menten mechanism instead of the Ping Pong Bi Bi mechanism, called the MM model, were also
applied to the experimental results. The fitted results by the present model were in better agreement with the
experimental results under any condition. Thus, in order to rigorously describe the entire process of the triolein
hydrolysis, it is important to consider the stepwise reactions based on the Ping Pong Bi Bi mechanism as well as
the inhibition by oleic acid.

Triolein hydrolysis behavior under various conditions not only in the biphasic but also in the emulsion system
was simulated by the model for predicting the appropriate conditions to efficiently produce the desired product
such a diacylglycerol. The maximum diolein yield was almost constant under various conditions. The reaction
time giving the maximum value became faster with increasing the initial enzyme concentration and the interfacial
area, but became slower with increasing the initial triolein concentration. In the emulsion system, at the same
initial enzyme concentration, the total interfacial enzyme concentration decreased with the droplet diameter
because of increase in the interfacial area. Therefore, increasing the interfacial area should be accompanied with

increasing the initial enzyme concentration to keep interfacial enzyme concentration at saturated condition.

Chapter S Modification of the Present Model to Hydrolysis Using Specific Lipase

The experimental results using the positional specific lipase (PPL) were compared with those using the
nonspecific lipase. In the case of PPL, the consumption or formation rates were much slower because of the
catalytic activity of PPL was much lower than that of CRL. The maximum concentrations of diolein and
monoolein using PPL were much higher than those using CRL, respectively. The positional specificity of PPL
seemed to contribute to the difference in the maximum values. The model for the hydrolysis using nonspecific
lipase was applied to the experimental results using positional specific lipase. However, poor fiited results were
obtained under any conditions. Thus the model was modified to describe the triglyceride hydrolysis by
positional specific lipase, and was formulated on the basis of the assumptions 1)-4) of the model for nonspecific
lipase, and a following modified assumption:

5%) The positional specific lipase does not evenly cleave the ester bonds I and II of each substrate.
Model equations for hydrolysis using specific lipase were derived. There are 21 model constants including the
kinetic constants (12), the inhibition constant (1) and the adsorption constants (8). These constants were
estimated by fitting the model equations with 8 sets of the experimental data using PPL obtained ﬁnder various

conditions.

Chapter 6 Application of the Modified Present Model and Discussion

The modified model for positional specific lipase constructed in chapter 5 was applied to the experimental
results for PPL under various conditions. The modified model well described the effects of various operating
factors, such as the initial enzyme concentration, the interfacial area and the initial triolein concentrations, on the
stepwise triolein hydrolysis by positional specific lipase. Therefore, in order to describe the hydrolysis using

positional specific lipase, it is important to consider the difference of rates for cleaving the respective ester bonds
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of each substrate. Since no literature values were found for the model constants, it is difficult to quantitatively
discuss the validity of the estimated values. Then, the model constants related to the rates for cleaving the
respective ester bonds of each substrate were qualitatively discussed. The estimated values of these constants
showed that the rate for cleaving the ester bond I was faster than the ester bond . Thus, the estimated values of
seven model constants related to the rates for cleaving the respective ester bonds of each substrate were
considered to be reasonable.

Triolein hydrolysis behavior using PPL under various conditions not only in the biphasic but also in the
emulsion system was simulated by the modified model for predicting the appropriate conditions to efficiently

produce diacylglycerol similar to Chapter 4. PPL gave better diolein yields under any condition. ’

Chapter 7 Summary

The works done in this research were summarized.

—202—



i L AL R DB

Y R—EEERIC L 2HBOMKLRIT. RREVEBO/ V) v BVWABEEEL2FETEE/), U7
VAT Y Eu— Vi EORBCHEREE OB R EEFEL LTEBE SN TRY, ZoRINE TER
B CHAT 3 RGEBERFNICBV UL, RINEERET VORBENREE LR, TORIGEK, BAKRE
THELBZE, BIRIICETTAZ L, ZEETARYRIETHE Z LR M LIERBICEETHY, =
NE CRECHER LI NEEERTT VAEA IR CE R, AFETIE, BESCEEORE~DOEES -
JRBERE . RE COBRM R _EE ZARMERGEELER T LI X Y., BEREEETAEE
KL, UBBRRIEOROVERBIUOD ABEEL BV EBADEFHREMET COMKSFEER 2T L,
FRIZINODORREE LD, VAA—FPEBRCLDBIEOMKSEESZMBALLZLOTERTIEL
Ni2d,

B1IEIIERTHY, AFEOER, 18k0HR,. B, BIUERIZ SV THRTW S,

F2EIZRBWTIE, FEBEEAOBEMARMK ZAHRIZBWT, MMERIREDORWY S—FEBEEZ A
ThYZ VY FOMKGHEEREZITV, IKSBEEHCRETHEFORELERNOICHLMZLT
W3,

B 3EICBWTIL, BREIEEOWARE~ORE - BEE, FE CORRMRRE., “EE A5
OMREEESHEREE, ERPEEEZERTIZLICLY, FRLAEEETVEZEHRLTWS,

FAEIIRBWTE, EHLAEET AV R2EL4 OEHF T TOERBRICEATAZ LiIZLY, =T VERK
DHEEIT-o> T B, £, MOBMREELZAVWEEFT L EDHERIZ LY . KEF VOB EFHRE
T5 e, REFLEAVC, BOEBEELET 3 PMERY THBUT VAT Y Bu—L EaihE
FICAEETEIEME,. SDICRERARTHI LY s VR TOSMEEHEZ Y I=2L— LTS,

ESEIZBWTIE, FRMBERMEDH B U —F 2 AWK EERZITV., BIRED 72V B
RLOSMEBHOBVNERLNIZLTWVWS, FLT, BROMBRBIRELZERTHIZ LTk, e
FNDIEIRE T > TN 3B,

EOEILBWTIX, IEERETNV 2B OFGT COEREBERICERATAZ LX), EFVEEDH
BEITH L, BAIMBEEERB ST I ) v u—VOERETHE I 2 L— LT3,

ETEIIERTHY ., FRL2EDRIELIT> T35,

Db, BFAICABRTL. MEETAMCLED VI al—Yary LEROBEN D, Bx OBIREEE
T U RN—EEERIC X D MIEOIKS R SZEE % EEMICHRA L 0T, BRI E LENR4RE
FHRELTAVDEOOFEDRARERELTRBY ., EURBETLTEORRBIZEFEST S L ZAH58E,

koT, FxXidEtL (I%) ORI E L TAKEEDD,

—203—



