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Abstract: We developed a kinetic model that describes a
heterogeneous reaction system consisting of a solid substrate suspension for the production of D-amino acid using D-hydantoinase. As a biocatalyst, mass-produced free
and whole cell enzymes were used. The heterogeneous
reaction system involves dissolution of a solid substrate,
enzymatic conversion of the dissolved D-form substrate,
spontaneous racemization of an L-form substrate to Dform, and deactivation of the enzyme. In the case of using whole cell enzymes, transfer of the dissolved substrate and product through the cell membrane was considered. The kinetic parameters were determined from
experiments, literature data, and by using Marquardt’s
method of nonlinear regression analysis. The model was
simulated using the kinetic parameters and compared
with experimental data, and a good agreement was observed between the experimental results and the simulation ones. Factors affecting the kinetics of the heterogeneous reaction system were analyzed on the basis of
the kinetic model, and the efficiency of the reaction systems using free and whole cell enzymes was also compared. © 1999 John Wiley & Sons, Inc. Biotechnol Bioeng 64:
272–283, 1999.
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INTRODUCTION
Optically active D-amino acids find wide applications as
building blocks of semisynthetic antibiotics, insecticides,
and sweetners and are currently produced from 5-substituted hydantoins using microbial D-hydantoinase (Syldatk et
al., 1990; Yamada et al., 1978). In the D-hydantoinasecatalyzed process, a racemic mixture of chemically synthesized D,L-5-mono-substituted hydantoin is used as a starting
substrate. Of the two isomers, D-form substrate is asymmetrically hydrolyzed to N-carbamoyl-D-amino acid by Dhydantoinase, and this intermediate is further converted to
the corresponding D-amino acid either by a chemical
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method or by an enzymatic one using D-carbamoylase
(Ogawa et al., 1994; Runser et al., 1990). The unreacted
L-form substrate is spontaneously racemized to the D-form
under alkaline conditions, and, theoretically, a 100% conversion yield is obtained.
In an effort to develop the D-hydantoinase-catalyzed process for the production of D-amino acids, we isolated the
D-hydantoinase form Bacillus stearothermophilus SD-1
(Lee et al., 1995) and cloned and overexpressed the gene
encoding the enzyme in Escherichia coli (Lee et al., 1996).
For the practical application, the enzyme was successfully
mass-produced by batch culture of recombinant E. coli (Lee
et al., 1997). Among various D-amino acids, we focused on
D-p-hydroxyphenylglycine since this D-amino acid has the
large commercial demand. In this case, a racemic mixture of
chemically synthesized D,L-5-(4-hydroxyphenyl)hydantoin
(HPH) was used as the starting substrate.
In the development of the enzymatic process, however,
the low solubility of the substrate HPH has been a serious
problem. The solubility of HPH in water is reported to be
about 60–70 mM (Takahashi, 1986). To overcome the solubility problem, we tried using various organic solvents, but
no positive effect was observed in terms of the reaction rate
and conversion yield in the D-hydantoinase-catalyzed reaction. As an alternative approach, we carried out the enzyme
reaction in a heterogeneous reaction system in which most
of the substrate is present in suspended particles and optimized the reaction system (Lee and Kim, 1998). So far, the
heterogeneous reaction system consisting of solid substrate
has been attempted in steroid biotransformation (Constantinides, 1980; Maxon et al., 1966), and the hydantoinasecatalyzed reaction with moderate substrate concentration
(Deepa et al., 1993; Lee and Lin, 1996; Olivieri et al.,
1981), but systematic analyses on the kinetics of the reaction system have not been performed. Recently, a kinetic
model was tested for ␣-chymotrypsin-catalyzed hydrolysis
of benzylmethylmalonate (Wolff et al., 1997), and in this
case, deactivation of the enzyme was not considered, and a
very low concentration of solid substrate (∼2 g/L) was used.
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In order to better understand the kinetics of the heterogeneous reaction system and to optimize it for practical application, a detailed kinetic analysis of the reaction system
is a prerequisite.
In this paper, we present the kinetic model which describes the heterogeneous reaction system for the production of N-carbamoyl-D-p-hydroxyphenylglycine (NCHPG),
which is readily converted to D-p-hydroxyphenylglycine
under acidic conditions, from poorly soluble 5-(4hydroxyphenyl)hydantoin (HPH) by using the massproduced D-hydantoinase. The model involves dissolution
of the solid substrate, enzymatic conversion of the D-form
substrate, racemization of the L-form substrate to the Dform, and deactivation of the enzyme. In the case of the
whole cell enzyme, transfer of the dissolved substrate and
product through the cell membrane was considered. The
performance of the reaction systems using free and whole
cell enzymes was predicted and compared with the experimental results (Lee and Kim, 1998). Factors affecting the
kinetics of the heterogeneous reaction systems were also
analyzed on the basis of the kinetic model.

strate is hydrolyzed to N-carbamoyl- D -p-hydroxyphenylglycine (NCHPG) by the enzyme. As the enzymatic
reaction proceeds, unreacted L-form substrate is spontaneously racemized to D-form. Production of NCHPG results in
the pH drop of the reaction mixture, and NaOH solution is
added for titration. The enzyme is subject to deactivation by
several factors during the reaction. When the whole cell
enzyme is used (Fig. 1B), the system is almost the same as
the free enzyme system except that there is a transport barrier for the substrate and product across the cell membrane
because the enzymes are inside the cell membrane. As a
result, the transfer rates of solubilized substrate and product
are affected by their permeabilities through the cell membrane. The enzyme inside the cells also loses its activity
during the reaction.
On the basis of the above analysis, we established a mathematical model of the heterogeneous reaction system for the
conversion of poorly soluble substrate using free and whole
cell enzymes.

MODEL DEVELOPMENT

The dissolution rate of solid substrate can be expressed as

In order to develop a kinetic model which describes the
heterogeneous reaction system, the reaction system was
firstly analyzed in more detail. Fig. 1 shows the schematic
diagram of the reaction systems using free and whole cell
enzymes. In the case of the free enzyme system (Fig. 1A),
the solid substrate (HPH) dissolves into the reaction mixture, and of the two enantiomers, the dissolved D-form sub-

Free Enzyme System

dS
= ksap共S* − S兲.
dt

(1)

The dissolution process is independent of the substrate chirality, and the ks is assumed to be constant over the range of
operating conditions. The size and shape of the substrate
particles are presumed to be even and spherical.
Dissolution of solid substrate results in the reduction of
particle size, and the change of particle radius, R, is given by
the following equations:

冉 冊

HNp 4R2 −

dR
= ksNp4R2 共S* − SD − SL兲.
dt
(2a)

Thus,
ks
dR
= − 共S* − SD − SL兲,
dt
H

(2b)

where Np is the number of substrate particles per unit volume of the aqueous phase.
Of the two isomers, dissolved D-form substrate is hydrolyzed to NCHPG by the enzyme, and the reaction rate is
expressed by the simple Michaelis–Menten kinetic as
−

dSD kcatE SD
=
.
dt Km + SD

(3)

As the enzymatic reaction proceeds, the concentration of
substrate decreases, and the spontaneous racemization of L-form substrate to D-form occurs. The racemization
rate is described by first-order reversible reaction as
D-form

Figure 1. Schematic diagrams of the heterogeneous reaction systems
using free (A) and whole cell enzymes (B).

dSD
= kR共SL − SD兲,
dt
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where kR is assumed to be constant under given reaction
conditions.
Change in the concentrations of D- and L-form substrates
in aqueous phase depends on the dissolution, enzymatic
reaction, and racemization rates. From the material balance
for each substrate, variation in the concentrations of D- and
L-form substrates is given by
kcatE SD
dSD
= ksNp2R2 共S* − SD − SL兲 + kR共SL − SD兲 −
,
dt
Km + SD
(5)
dSL
= ksNp2R2 共S* − SD − SL兲 + kR 共SD − SL兲.
dt

(6)

All the concentrations in the equations are calculated with
respect to the volume of aqueous phase, Vaq, where the
volume of substrate particles is excluded. During the reaction, NaOH solution is added for titration, leading to an
increase in the volume of the aqueous phase. Thus, the
volume of added NaOH solution was included in the volume of the aqueous phase. The effect of evaporation of the
reaction mixture and the soluble product on the volume of
the aqueous phase was assumed to be negligible. Production
rate of NCHPG based on the volume of aqueous phase is
calculated as
dP kcatE SD
=
.
dt Km + SD

dE
= kdE.
dt

dE
= kpap E.
dt
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dE
= kNaOHE␥NaOH,
dt

(10)

where ␥NaOH is the addition rate of NaOH solution. Consequently, time-course variation in the active enzyme concentration is given by
kcat E SD
kNaOH,aq
dE
= −kd,aq E − kpNp4R2E −
E,
3
dt
1 + 4 Ⲑ 3NpLR km + SD
(11)
where all the concentrations are also expressed with respect
to Vaq
Whole Cell Enzyme System
In the case of using whole cell enzyme as a biocatalyst, two
points are different from the free enzyme system (Fig. 1B).
One is that there is a transport barrier for the substrate and
product across the cell membrane since the enzymes are
inside the cell membrane, and consequently, the production
rate of NCHPG is affected by the transfer rates of the sub-

(8)

The mechanism by which the enzyme is deactivated by the
presence of solid substrate particles is not clearly demonstrated, but surface tension on the interface between the
solid and aqueous phases might be the main contributing
factor. The effect of solid substrate particles on the activity
of D-hydantoinase was previously predicted by using invertase instead of D-hydantoinase because it was difficult to
determine the D-hydantoinase activity during the reaction.
Deactivation of invertase became more serious with the increasing concentration of HPH particles (Lee and Kim,
1998). On the basis of this observation, we assumed that the
deactivation rate of the enzyme by the substrate particles is
proportional to the enzyme concentration and the interfacial
area between the solid and aqueous phases. Consequently,
deactivation rate is expressed as
−

−

(7)

As for the deactivation of the enzyme, there might be several factors which cause the deactivation. In this work, we
made a hypothesis that the enzyme loses its activity by
spontaneous deactivation, by the presence of solid substrate
particles, and by NaOH added for titration based on the
previous experimental results (Lee and Kim, 1998). Spontaneous deactivation of the enzyme is assumed to follow the
first-order kinetics, and the deactivation rate is expressed by
−

Effect of NaOH on the deactivation of the enzyme was also
investigated. Figure 2 shows the stability of the whole cell
enzyme at different loadings when the substrate concentration was 300 g/L. Deactivation of the enzyme was more
serious with increasing enzyme loading at a given substrate
concentration. In other words, as the enzyme loading increases, the addition rate of NaOH also increases due to the
enhanced production rate of NCHPG, which leads to more
rapid deactivation of the enzyme. Deactivation of the enzyme by NaOH added for titration seems to occur during
mixing time. From this result, deactivation of the enzyme by
NaOH was presumed to be proportional to the addition rate
of NaOH as follows.

(9)

Figure 2. Time course of activity of whole cell enzyme at different
loadings of the whole cell enzyme when the substrate concentration was
300 g/L. Temperature and pH of the reaction were maintained at 45°C
and 8.5.
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strate and product across the cell membrane. The other is
that deactivation of the enzyme by the presence of substrate
particles is negligible because the enzymes are inside the
cell membrane. Dissolution of solid substrate, enzymatic
conversion of D-form substrate, and racemization of L-form
substrate are the same as those in the free enzyme system,
and accordingly the change in the particle size is expressed
the same way as in the Eq. (2b).
Transfer rates of dissolved substrate and product are assumed to be proportional to their permeability through the
cell membrane and the surface area of the cells. Therefore,
the transfer rate of dissolved D-form substrate is expressed by
dSD
= hSAC共SD − SD,C兲.
dt

−

(12)

As for the L-form substrate, a similar equation is obtained.
The permeability of substrate and product might be affected by the extent of permeabilization of the cell membrane. Change in the activity of the whole cell enzyme was
determined in a buffer solution at 45°C as a function of
incubation time. As shown in Fig. 3, the apparent specific
activity of the whole cell enzyme increased with incubation
time, probably due to the permeabilization of the cell membrane. On the basis of this experimental result, a saturation
model was employed to describe the change in the permeabilities of the substrate and product through the cell membrane. For the substrate, the permeability, hs, is expressed as
a function of reaction time by
hS = hS,0 + 共hS,max − hS,0兲

t

.

Pm + t

(13)

The permeability of product, hp, was assumed to be related
with that for the substrate by a constant ratio, ␣, over the

reaction time (see section Parameter Evaluation), and becomes
hp = ␣hS.

(14)

From the mass balance, variations in the concentrations of
dissolved D- and L-form substrates in the aqueous phase are
given by
dSD
= ksNp2R2 共S* − SD − SL兲 + kR 共SL − SD兲 − hSAC共SD
dt
− SD,C兲,
(15)
dSL
= kSNp2R2共S* − SD − SL兲 + kR 共SD − SL兲 − hSAC共SL
dt
− SL,C兲,
(16)
where the concentrations are expressed with respect to Vaq
except for SD,C and SL,C, which are based on the total cell
volume VC.
Change in the concentration of substrate inside the cells is
influenced by the transfer rate of dissolved substrate into the
cells and the enzymatic reaction rate. The conversion rate of
D-form substrate to the product obeys the Michelis–Menten
kinetics as the free enzyme system. The mass balances for
each substrate inside the cells are
dSD,C
VC = hSAC共SD − SD,C兲Vaq + kR共SL,C − SD,C兲 VC
dt
kcat ECSD,C
−
V
Km + SD,C C
(17a)
dSL,C
V = hSAC共SL − SL,C兲Vaq + kR共SD,C − SL,C兲 VC
dt C
(18a)
Thus, the time course of the change in the concentrations of
D- and L-form substrates inside the cells can be written as
Vaq
kcatECSD,C
dSD,C
= hSAC共SD − SD,C兲
+ kR共SL,C − SD,C兲 −
,
dt
VC
Km + SD,C
(17b)
Vaq
dSL,C
= hSAC共SL − SL,C兲
+ kR共SD,C − SL,C兲.
dt
VC
(18b)
The concentrations are calculated with respect to the toal
cell volume, VC, in the reaction mixture except for SD, SL,
and AC which are based on Vaq.
By a similar procedure, the mass balances for the product
inside the cells and in the aqueous phase are established as
below.

Figure 3. Change in the specific activity of whole cell enzyme with
incubation time in 0.01 M Tris-HCl buffer (pH 8.5). Temperature was
45°C.

dPC
kcatECSD,C
V =
V − hpAC共PC − P兲Vaq,
dt C Km + SD,C C

(19a)

dP
V = hpAC共PC − P兲Vaq.
dt aq

(20a)

Arrangement of the above equations yields
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Table I.

Kinetic parameter values used in the simulation of the model.

Estimation method
Experiments

Parameter
kcat
Km
kd,aq
kd,C
H
S*

Marquardt’s method
of nonlinear
regression analysis

Literature data

kp
kNaOH,aq
kNaOH,C
hs,max
hs,0
Pm

ks
kR
␣

Value
5.5
2.3
7.6
7.1
7.8
7.0

×
×
×
×

10
10−2
10−6
10−7

× 10−2

(3.8 ± 0.2) × 10−6
1.8 ± 0.1
2.1 ± 0.02
(3.5 ± 0.6) × 10−6
(3.5 ± 1.5) × 10−8
(4.0 ± 1.4) × 103
for 300 g/L substrate
(2.0 ± 0.04) × 104
for 50 g/L substrate
1.0 × 10−3
1.2 × 10−3
1.0 × 10−1

Dimension
s−
mol/L
s−1
s−1
mol/L
mol/L
cm/s
(mol/L)−1
(mol/L)−1
cm/s
cm/s
s

cm/s
s−1
—

dPC kcatECSD,C
Vaq
− hPAC共PC − P兲
,
=
dt
Km + SD,C
VC

(19b)

dP
= hPAC共PC − P兲.
dt

(20b)

ously obtained data (Lee and Kim, 1998) were used in simulation and analysis of the kinetic model.
Parameter Evaluation
Kinetic parameters appearing in the model equations were
determined by various methods, and are summarized in
Table I. The kcat, Km, kd,aq, and kd,C were determined from
independent experiments. For the kcat and Km, initial reaction rates were obtained at different substrate concentrations
below the solubility limit at pH 8.5 and 45°C, and a doublereciprocal plot was carried out. Since the enzyme has no
activity toward the L-form substrate, the Km for D-form
HPH was estimated under the assumption that the concentration of D-form substrate is half that of a racemic mixture.
For the estimation of the kd,aq and kd,C, free and whole cell
enzymes were incubated in the same condition, and the time

The whole cell enzyme also loses its activity during the
reaction as the free enzyme, but deactivation by substrate
particles is assumed to be negligible because the enzymes
exist inside the cells. In the case, the mass balance for the
active enzyme inside the cells is
dEC
V = −kd,CECVC
dt C
关kcatECSD,C Ⲑ 共Km + SD,C兲兴VC
− kNaOH,C
ECVC.
共1 + 4 Ⲑ 3NPR3兲Vaq
(21a)
Thus, the deactivation rate of the enzyme is expressed by
kcatECSD,C
VC
kNaOH,C
dEC
= −kd,CEC −
EC
.
3
dt
Vaq
1 + 4 Ⲑ 3NPR Km + SD,C
(21b)
For the calculation of AC and VC, the shape of E. coli cells
was assumed to be a round-ended rod with a dimension of
1.0 m × 5.0 m (Singleton and Sainsbury, 1987). Consequently, the volume and surface area of single E. coli cells
were calculated to be about 3.7 × 10−18 m3 and 1.6 × 10−11
m2, respectively. Microscopic observations revealed no alteration in the shape of the cells during the reaction (Lee and
Kim, 1998), and consequently the number of cells in the
reaction mixture was presumed to remain constant.
MATERIALS AND METHODS
Experiments
Experimental conditions were the same as described elsewhere (Lee et al., 1997; Lee and Kim, 1998). The previ-
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Figure 4. Profiles of product formation at different loadings of free enzyme. Substrate concentrations were (A) 50 g/L and (B) 300 g/L. Symbols
indicate the experimental data, and dotted lines indicate simulation data.
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to confidently estimate the ␣ value by using Marquardt’s
method of nonlinear regression analysis (see below) because the sensitivity of this value to the profiles of the
product formation was very low (see Fig. 13D). In this
work, the ␣ value was assumed to be about 0.1 on the basis
of the literature data (Tranchino and Melle, 1990).
The values of kp and kNaOH,aq for the free enzyme, and
kNaOH,C, hS,max, hS,0, and Pm for the whole cell enzyme were
simultaneously estimated by using Marquardt’s method of
nonlinear regression analysis. This numerical method is
based on a linear combination of the steepest-descent and
Gauss–Newton methods and is most commonly used to find
a set of parameters satisfying the least-squares criterion
(Constantinides, 1987; Johnson and Faunt, 1992). Profiles
of product formation with reaction time were experimentally obtained for various substrate concentrations and enzyme loadings, and the kinetic parameters of the model
which minimize the overall sum of squared residuals were

Figure 5. Predicted change in the size of substrate particles (A), and the
concentrations of the dissolved D- and L-form substrates (B) for the reaction using free enzymes.

course of the change in the enzyme activity was traced.
From the kd,aq and kd,C, it was found that the free enzyme
loses its activity ten times faster than the whole cell enzyme.
The solubility of HPH, S*, was determined in 0.1 M TrisHCl buffer (pH 8.5) at 45°C by using a spectrophotometer
according to the procedure reported elsewhere (Constantinides, 1980; Mall et al., 1995). The density of HPH, H,
was estimated by the method described elsewhere (Shugar
and Ballinger, 1996).
The mass transfer coefficient of HPH, ks, was approximated from a simple correlation with critical suspension
speed and Schmidt number (/PD) in a mechanically agitated tank as described elsewhere (Jadhav and Pangarkar,
1991). Racemization rate constant, kR, was calculated from
the experimental data of Cecere (1975). Information on the
ratio of hp to hs, ␣, is not available, and experimental determination of ␣ value was difficult. It was also impossible

Figure 6. Predicted portion of each deactivation factor to total deactivation of the enzyme in the free enzyme system.
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Solution of Model Equations
The model equations for the free and whole cell enzyme
systems were numerically integrated using 4th-order
Runge–Kutta method. The kinetic parameters summarized
in Table I were used for integration. Nonlinear regression
analyses by Marquardt’s method and integration of model
equations were performed using the BASIC programs described elsewhere with modifications (Constantinides,
1987). An IBM PC with a 586 microprocessor operating at
133 MHz was used.
RESULTS AND DISCUSSION
Simulation of Free Enzyme System

Figure 7. Profiles of product formation at different loadings of whole cell
enzyme. Substrate concentrations were (A) 50 g/L and (B) 300 g/L. Symbols indicate the experimental data, and dotted lines indicate simulation data.

estimated by fitting the model to the experimental data.
Production profiles obtained in the following conditions
were used for the parameter estimation: 105,000 units/L of
free enzyme and 300 g/L HPH; 50,000 units/L of whole cell
enzyme and 300 g/L HPH; 7500 units/L of whole cell enzyme and 50 g/L HPH. The parameter values obtained from
the experiments and literature data were used in determination of the kinetic parameters using the Marquardt’s method
of nonlinear regression analysis. The estimated parameter
values were found to be equivalently reproducible for each
data set within the region of 95% confidence intervals, except for the Pm value. The Pm value was calculated to be
different with different substrate concentrations as expected. Previous experimental results revealed that the time
required for the whole cell enzyme to be fully permeabilized
decreases with increasing substrate concentration (Lee and
Kim, 1998).
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Figure 4 shows the profiles of product formation at different
loadings of free enzymes when the substrate concentrations
were 50 and 300 g/L. Symbols indicate the experimental
results, and dotted lines indicate the simulation results. In
each simulation, the same kinetic parameters shown in
Table I were used, and good agreement was observed between the experimental results and the simulations. Increase
in the volume of the reaction mixture due to the addition of
NaOH solution was considered in the calculation of product
concentration.
Change in particle size with reaction time is predicted in
Fig. 5A when the initial particle size is assumed to be 0.5
mm. Particle size decreases more sharply with increasing
enzyme loading, which indicates that dissolution rate concomitantly increases as the solubilized substrate is consumed more rapidly due to the enhanced enzyme reaction
rate. Changes in the concentrations of the dissolved D- and
L-form substrates are shown in Fig. 5B. The concentration
of D-form substrate drops fast at the beginning of the reaction. On the other hand, in the case of L-form substrate, the

Figure 8. Predicted change in the permeability of substrate through the
cell membrane with reaction time.
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Figure 9. Predicted portion of each deactivation factor to total deactivation of the enzyme in the whole cell enzyme system.

concentration increases, showing a symmetrical pattern to
that of D-form substrate, and the sum of the dissolved D- and
L-form substrates maintains at its solubility in water. The
rapid decrease in the concentration of D-form substrate at
the beginning of the reaction is due to the fact that the
consumption rate of D-form substrate is much higher than
the racemization rate of L-form to D-form substrate. As the
reaction proceeds, however, the concentration of D-form
substrate gradually increases due to the reduced enzyme
reaction rate caused by deactivation of the enzyme, resulting
in a decrease in the L-form substrate. The concentrations of
D- and L-form substrates drop to zero when there are no
more particles in the reaction mixture.
As described in Model Development, the enzyme is presumed to lose its activity by spontaneous deactivation, substrate particles, and NaOH added for titration. Contribution
of each factor to the total deactivation of the enzyme is
predicted for different substrate concentrations. As shown
in Fig. 6A and B, deactivation of the enzyme by NaOH

Figure 10. Predicted change in the size of the substrate particles (A), the
concentrations of the dissolved D- and L-form substrates in aqueous phase
(B), and those inside the cells (C) for the reaction using whole cell enzyme.
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Figure 11. Time required for 95% conversion at different loadings of
whole cells when the specific activity of the whole cell enzyme changes.
Symbols indicate the experimental results, and solid lines indicate simulation data.

added for titration is dominant, and this deactivation becomes more serious as the enzyme loading increases. Previous observation revealed that high enzyme loading leads
to more rapid deactivation of the enzyme (Lee and Kim,
1998), which supports the simulation result. Deactivation of
the enzyme by substrate particles increases as the substrate
concentration increases. Spontaneous deactivation of the
enzyme is assumed to be similar regardless of the reaction
conditions. But, portion of spontaneous deactivation is
simulated to be high when both the enzyme loading and the
substrate concentration are low, and this can be explained
by the fact that the relative portion of spontaneous deactivation in the total deactivation is different, depending on the
reaction conditions.
From the experimental result shown in Fig. 4, it was
observed that when the enzyme loading was lower than a
certain level, for example 47,000 and 70,000 units/L, the
maximum conversion was not obtained even for a prolonged reaction time. This might be attributed to complete
deactivation of the enzyme as shown by simulation. When
the enzyme loading is 105,000 units/L, the residual activity
drops below 10% of initial value at 5 h reaction.

of the substrate through the cell membrane (Fig. 7A). In the
model for the whole cell enzyme system, the transport barrier for substrate and product through the cell membrane is
taken into account. Based on the experimental observation
shown in Fig. 3, a saturation kinetic was employed to describe the change in the permeability of the dissolved substrate and product through the cell membrane. In the determination of the kinetic parameters by using nonlinear regression analysis, the Pm value, which indicates the time
required to reach half the maximum permeability, was estimated to be different, depending on the substrate concentration; for 50 g/L substrate, Pm was 5.7 h, and for 300 g/L
substrate, Pm was 1.1 h. Accordingly, the time course of the
change in the permeability is expected to vary with substrate
concentration. As shown in Fig. 8, permeability of the substrate through the cell membrane increases more rapidly at
300 g/L substrate than at 50 g/L. The time required for the
whole cells to be fully permeabilized was observed to
shorten with increasing substrate concentration in our previous work (Lee and Kim, 1998), which supports the simulation result.
Deactivation of the whole cell enzyme in the heterogeneous reaction system also was predicted with reaction time
(Fig. 9). Since the enzymes are present inside the cell membrane, deactivation of the enzyme by the substrate particles
was assumed to be negligible. Deactivation of the enzyme
by NaOH added for titration was predicted to be dominant
as in the free enzyme system, but the residual activity of the
whole cell enzyme is much higher than that of the free
enzyme. As can be seen in Fig. 7, the conversion reached a
maximum value even at a lower loading of the whole cell
enzyme, and this might be attributed to the fact that the
whole cell enzyme is less deactivated than the free enzyme
in the heterogenous reaction system.

Simulation of Whole Cell Enzyme System
Profiles of product formation using whole cell enzyme were
also simulated. Predicted product concentration represents
the sum of each concentration both in cells and in the aqueous phase. As shown in Fig. 7, the experimental results
coincided well with the simulation ones for different reaction conditions. At the beginning of the reaction, the production rate was relatively low compared with that of free
enzyme, resulting in a sigmoid shape in the production profile, and this can be explained in terms of the permeability
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Figure 12. Comparison of the time required for 95% conversion between
free and whole cell enzymes at different biocatalyst loadings. Symbols
indicate the experimental data, and solid lines simulation ones. Specific
activity of the whole cell enzyme was 20 units/mg-dry cell weight.
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Figure 13. Effect of kinetic parameter values on the profiles of product formation: (A) solubility of substrate, (B) the racemization rate between the
dissolved D- and L-form substrates, (C) the maximum permeability of substrate across the cell membrane, and (D) maximum permeability of product
through the cell membrane.

Change in the particle size is predicted in Fig. 10A, and
a similar pattern is obtained to that for the free enzyme
system. Profiles of the dissolved substrate concentration inside and outside the cells are shown in Fig. 10B and C.
Concentration of the D-form substrate inside cells is mainly
affected by the transfer rate of the dissolved substrate into
the cells and the enzyme reaction rate. At the beginning of
the reaction, the D-form substrate concentration inside cells
is very low because the consumption rate by the enzyme is
much higher than the transfer rate. As the enzyme reaction
proceeds, the D-form substrate concentration inside the cells
gradually increases, and this can be explained by the fact
that the enzyme reaction rate reduces with reaction time due
to deactivation of the enzyme but the transfer rate of the
substrate into cells increases by permeabilization of the cell
membrane.

of the whole cell enzyme might be changed with the culture
conditions and the expression level. Consequently, the loading of whole cell enzyme to obtain a certain level of conversion in a predetermined reaction time would also be influenced by the specific activity of the whole cell enzyme.
Figure 11 shows the effect of the cell loading on the time
required for 95% conversion when the specific activity of
the whole cell enzyme ranges from 5 to 40 units/mg-DCW.
Symbols indicate the experimental data obtained from the
reactions using whole cell enzyme with the specific activity
of 20 units/mg-DCW, and a good agreement with the simulation results was observed. This plot can be useful for
determining the optimal cell loading to obtain 95% conversion in a planned reaction time when the specific activity of
the whole cell enzyme is different.

Optimal Cell Loading

Performance of Free and Whole Cell
Enzyme Systems

When the recombinant E coli cells as biocatalyst are directly
used in the enzymatic reaction system, the specific activity

To compare the performance of the free and whole cell
enzymes in the heterogeneous reaction system, the time
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Figure 14. Effect of deactivation constant of enzyme by NaOH on the
profiles of product formation: (A) whole cell enzyme and (B) free enzyme.

required for 95% conversion was investigated as a function
of biocatalyst loading (Fig. 12). When the free enzyme is
used, there exists a certain level of enzyme loading below
which the maximum conversion yield is not achieved, and
this was found to be due to the complete deactivation of the
enzyme. According to the simulation result, at least 260
units/g-substrate is required to obtain 95% conversion. On
the other hand, in the case of using whole cell enzyme, the
conversion reached the maximum at lower loadings than
those of the free enzyme even though the reaction time for
95% conversion is prolonged. There is no significant difference in the reaction time for 95% conversion between
free and whole cell enzymes when the biocatalyst loading
exceeds about 300 units/g-substrate despite the existence of
a transport barrier for substrate and product through the cell
membrane. This can be attributed to the permeabilization of
the cell membrane during the reaction.
Sensitivity Analyses
In order to evaluate the validity of the kinetic parameters
and to investigate the effect of each kinetic parameter on the
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kinetics of the heterogeneous reaction system, the sensitivity for each parameter was typically examined for the whole
cell enzyme system.
Figure 13A shows the effect of the substrate solubility on
the profiles of the product formation when the substrate
concentration is 300 g/L. Symbols represent the experimental result, and the simulation using the solubility value of
13.4 g/L gives a good agreement. Effect of the racemization
coefficient is predicted in Fig. 13B. The racemization coefficient ranging from 0.12 to 0.0012 leads to a small variation in the production profile. It can be seen from Fig. 13A
and B that an increase in the substrate solubility and racemization rate can improve the production rate, but not above
20%. The kinetic parameters such as substrate solubility and
racemization rate are mainly affected by the pH and temperature of the reaction system. The sensitivity analyses
demonstrate that the reaction conditions optimized for the
heterogeneous reaction systems in our previous work (Lee
and Kim, 1998) are well coincident with those simulated in
this work.
Effect of the maximum substrate permeability across the
cell membrane was analyzed on the production profile (Fig.
13C). The simulation with the permeability value of 3.62 ×
10−6 cm/s gave a good agreement with the experimental
result. The production rate seriously declines, as the permeability becomes lower than 0.76 × 10−6 cm/s. Profile of the
product concentration inside and outside the cells is shown
in Fig. 13D at the different ratios of permeability between
product and substrate. When the permeability of product is
2 orders of magnitude lower than that of substrate, the product seriously accumulates inside the cells at the beginning of
the reaction, and then gradually decreases due to the permeabilization of the cell membrane. On the other hand, the
product concentration outside the cells is not influenced by
the ratio of permeability.
Figure 14 shows the effect of enzyme deactivation by
NaOH on the reaction performance, and that small change
in the kNaOH results in a large variation in the profiles of
product formation, confirming that the kinetics of the reaction system is most significantly affected by the kNaOH
value. Given that there exists only a spontaneous deactivation of enzyme, the product formation profile would increase linearly with reaction time. Thus, decrease in the
production rate with increasing reaction time seems to be
mainly due to the deactivation of enzyme by NaOH solution
added for titration.
CONCLUSION
The kinetic model developed here well described the heterogeneous reaction system consisting of poorly soluble
substrate suspension for the production of optically active
D-amino acid using isolated or whole cell D-hydantoinase.
The model involved dissolution of solid substrate, enzymatic reaction, spontaneous racemization of L-form substrate to
D-form, and deactivation of enzymes. Simulation of the
model and sensitivity analyses of the kinetic parameters
confirmed the validity of the model. From the simulation
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results, it was revealed that deactivation of the enzyme by
NaOH added for titration affects most significantly the kinetics of the heterogeneous reaction system. Whole cell
enzyme was predicted to be more effective in the reaction
system in terms of conversion yield. The presented kinetic
model might find application to the optimization of a heterogeneous reaction system for enzymatic conversion of
other poorly soluble substrates and to the prediction of their
performance using a proper biocatalyst.
Nomenclature
S
S*
SD
SL
SD,C
SL,C
P
PC
E
EC
R0
R
Np
Vaq
VC
AC
ks
kR
kcat
Km
kd
kd,aq
kd,C
kp
kNaOH,aq
kNaOH,C
hS
hS,0
hS,max
hP
Pm
␣
CNaOH
aP
H

concentration of HPH in the aqueous phase (mol/L)
saturated concentration of HPH in water (mol/L)
concentration of D-HPH in aqueous phase (mol/L)
concentration of L-HPH in aqueous phase (mol/L)
concentration of D-HPH inside cells (mol/L)
concentration of L-HPH inside cells (mol/L)
concentration of NCHPG in aqueous phase (mol/L)
concentration of NCHPG inside cells (mol/L)
concentration of active enzyme in aqueous phase (mol/L)
concentration of active enzyme inside cells (mol/L)
initial radius of substrate particle (m)
radius of substrate particle during reaction (m)
number of substrate particles in aqueous phase (m−3)
volume of aqueous phase (m3)
total cell volume (m3)
surface area of cells per unit volume of aqueous phase
(m−1)
mass transfer coefficient (m/s)
racemization rate constant (s−1)
catalytic constant of enzyme for D-HPH (s−1)
Michaelis–Menten constant of the enzyme for D-HPH (mol/L)
deactivation constant of the enzyme (s−1)
constant for spontaneous deactivation of the enzyme in
aqueous phase (s−1)
constant for spontaneous deactivation of the enzyme inside
cells (s−1)
deactivation constant of free enzyme by solid substrate particles (m/s)
deactivation constant of free enzyme by NaOH solution
added for titration [(mol/L)−1]
deactivation constant of whole cell enzyme by NaOH solution added for titration [(mole/L)−1]
permeability of HPH across cell membrane (m/s)
permeability of HPH across cell membrane at time zero
(m/s)
maximum permeability of HPH across cell membrane (m/s)
permeability of NCHPG across cell membrane (m/s)
time required to reach half the hS,max (s)
ratio of hP to hS (—)
concentration of NaOH solution added for titration (mol/L)
specific surface area of substrate particles (m−1)
molar density of HPH particle (mol/L)
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