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ABSTRACT: Aldolase and transaminase coexpressed in Escherichia coli cells and
lyophilized (i.e., lyophilized whole-cell biocatalyst (LWCB)) were used as
biocatalysts for the one-pot cascade synthesis of L-homoserine with substrate cycling.
The kinetic analysis of enzymes within lyophilized cells was performed to evaluate the
behavior of the system. The best result among the performed fed-batch reactor
experiments achieved was 640.8 mM (76.3 g L−1) of L-homoserine with a volume
productivity of 2.6 g L−1 h−1. This is comparable with the results of the same cascade
synthesis using cell-free extracts (CFEs) and significantly better than the reports in
the literature applying fermentation technology. The approach applied here can serve
as guidance for the design of microbial cells with an optimal ratio of expressed
enzymes that act as biocatalysts in the cascade, resulting in lower biocatalyst cost, no
need for the addition of expensive coenzymes, and enhanced enzyme stability as
compared with cell-free extracts.

1. INTRODUCTION

Biotechnological processes have the potential to produce
specific products in high yields with low energy consumption
and minimal waste generation.1−3 It is often the case that
biocatalytic processes explored in the laboratory show
favorable opportunities from the standpoint of green chemistry
but also demonstrate limitations in terms of their economic
potential.4 Therefore, to achieve the full potential benefits that
biotechnology has to offer, processes must be optimized to
reach satisfactory process metrics, i.e., reaction yield, product
concentration, and biocatalyst yield, as emphasized in a recent
review article on the industrial application of biocatalysis.5

These values depend on the industrial sector, e.g., higher values
should be obtained for bulk chemicals than for the pharma
sector.6 In the early stages of process development, well-
defined process metrics can drive the progress in the right
direction. Thus, adequate tools must be used to speed up the
development time and to decrease the resources needed for
process optimization.7,8 Many bright examples in the recent
literature illustrate the application of mathematical modeling in
the development of biocatalytic processes, from those
simpler9−12 to significantly more complex, such as the cascade
reactions.13−18 Advanced modeling techniques increase the
rate of the development and industrialization of new
biocatalytic processes. They enable the formation of
mathematical relationships between the system variables,
allowing the prediction of the reaction scenarios without the
need of conducting experiments in the reactor. This saves time,

money, and labor.19,20 To reach that stage of utilization, the
mathematical model needs to be validated, i.e., to be applicable
for exploration of the variable space.20 In our previous work, a
model for the synthesis of L-homoserine in a complex one-pot
cascade two-enzyme reaction system was developed and
applied for process optimization and selection of the reactor
mode. An L-homoserine concentration of 80.1 g L−1 was
accomplished, yielding a volume productivity of 3.2 g L−1 h−1

in 25 h. In this work, we aim to demonstrate the behavior of
the same reaction system when both enzymes required for the
catalysis are overexpressed in Escherichia coli cells, i.e.,
lyophilized whole-cell biocatalyst (LWCB). Such a cascade is
classified as in vitro cascade according to the literature and its
advantage is in the fact that the amount of each biocatalyst can
be adjusted to reach maximum overall flux.21 The need to
combine multienzymatic synthesis, kinetic modeling, and fine
tuning of the expression system to reach required individual
enzyme concentrations was emphasized in a work by Rios-Solis
and coauthors.22 For wider implementation of cascades in the
industry, it is necessary to optimize them with respect to
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product cost, product purity, concentration, catalyst stability,
solvent tolerance, and catalyst recyclability.21 In a review
article, Rudroff covers the challenges and hurdles that need to
be overcome in whole-cell cascade biocatalysis, as well as
strategies on how to increase the overall cascade productiv-
ity.23 Enzyme kinetics characterization and modeling are
discussed within examples as one of the ways to accomplish
this goal.23 It is important to emphasize that combining
different biocatalysts in one pot to perform the cascade
reactions increases the efficiency of biocatalysis, which is
considered a powerful tool in organic chemistry.24

L-Homoserine, synthesized in this work, is a noncanonical
amino acid, a precursor of essential amino acids such as L-
threonine, L-methionine, and L-isoleucine.25−29 It is also a
valuable building block for the synthesis of 3-hydroxypropio-
naldehyde and 1,3-propanediol30−33 and has potential
applications as a fertilizer and feed additive.34,35 Several
examples in the literature35−38 reported the metabolic
engineering of microorganisms for the production of L-
homoserine. Metabolic engineering implies the use of growing
cells as catalysts, which basically means that the biocatalyst is
produced simultaneously as the reaction is carried out.39 The
downside of this technology is the formation of an unwanted
acetic acid as a byproduct during the fermentation in
concentrations of ca. 5.2−6.9 g L−1 ,35,37 which shows a toxic
effect toward E. coli at concentrations of 5 g L−1 and higher.40

This can lower the yield and productivity since the cells use the
substrate for cell growth, as well as for synthesizing the target
product.39,41 Therefore, to overcome these problems, resting,
lyophilized cells of E. coli containing a transaminase and an
aldolase (LWCB) were investigated to produce L-homoserine
using a one-pot two-enzyme cascade reaction system (Scheme
1). The first reaction is the aldol addition of pyruvate to

formaldehyde and the second one is the transamination, i.e.,
reductive amination, of the aldol adduct using L-alanine as the
amino donor. This cascade reaction was investigated previously
using purified enzymes18,42 and cell-free extracts (CFEs).18,42

In this paper, the aim was to simplify the system by avoiding
the need for enzyme isolation and purification. Another
objective was to investigate the performance of the reaction
catalyzed by CFE compared with that using LWCB. The
literature13 shows that a mathematical model of a reaction
catalyzed by free enzymes in vitro can be applied to understand

the bottlenecks of the reaction catalyzed by enzymes in the
living whole cells, as well. In this paper, we tested the
hypothesis on an in vitro approach by evaluating the kinetics of
LWCB and comparing the results with the previously reported
ones with CFE.18,42 Furthermore, the model developed for the
reaction with CFE can be used to determine the ratio of
transaminase and aldolase activities for coexpression in LWCB
necessary to achieve good process metrics. For a nonbiological
multienzymatic synthesis, the kinetic modeling of the
individual reaction steps is crucial to evaluate the best enzymes
and the optimal reactor configuration. This should be
combined with fine tuning of the expression system to achieve
the level of activities required of each enzyme within the cell. A
limited number of such studies are reported in the literature,
but this approach is highly valuable to speed up the transfer of
technology to the industrial scale.22 One of the reported
studies shows that individual reactions do not behave equally
when combined, and if purified enzymes are employed, then a
compatibility assessment with the intrinsic metabolism of the
host cell must be performed prior to in vivo development.43

For that reason, we believe this kind of research is important.

2. EXPERIMENTAL PART
2.1. Chemicals. Formaldehyde (36%, p.a.) was purchased

from T.T.T. Ltd. (Croatia). Triethanolamine (TEA), N-
(benzyloxycarbonyloxy)succinimide (CbzOSu), trifluoroacetic
acid (TFA), L-homoserine, L-alanine, pyruvate, pyridoxal
phosphate (PLP), and acetonitrile (CH3CN) were purchased
from Sigma-Aldrich (Germany). O-Benzylhydroxylamine
hydrochloride (BnONH2·HCl) and pyridine were purchased
from Acros Organics (Belgium). Lyophilized E. coli cells Yfau
(013)/PROTRANS (039) containing coexpressed transami-
nase 039 (TA 039) (E.C. 2.6.1.2) and YfaU 013 aldolase
(YfaU 013) (E.C. 4.1.2.53) were prepared and supplied by
Prozomix Ltd. (United Kingdom). 4-Hydroxy-2-oxobutanoate
was synthesized and purified in the labs of IQAC-CSIC
(Barcelona, Spain) and the Faculty of Chemical Engineering
and Technology at the University of Zagreb (Croatia).

2.2. High-Performance Liquid Chromatography
(HPLC) Analysis. The reaction was monitored by HPLC
with UV detection (Prominence, Shimadzu, Japan) at 215 nm
and at 30 °C. Precolumn derivatization of pyruvate, form-
aldehyde, and 4-hydroxy-2-oxobutanoate with BnONH2·HCl
was required before the analysis. L-Alanine and L-homoserine
were derivatized with CbzOSu before the analysis. Details of
the procedure,42 as well as the analytical method, are described
in the literature.18

2.3. Activity of Transaminase and Aldolase. Trans-
aminase and aldolase activities within the LWCB were
determined using the initial reaction rate method in a 1.0
mL batch reactor with 5 and 0.2 mg mL−1 of lyophilized cells,
respectively, in 50 mM phosphate buffer pH 7.0 at 25 °C on a
shaker at 1000 rpm. The linear slope, estimated from the
change in product concentration at the beginning of the
reaction when substrate conversion was <10%, was used to
calculate the specific enzyme activity (S.A.) presented in eq 1.
The concentration of cells required for the enzyme activity
assay was determined based on the preliminary measurements
in which the concentrations of the cells were 0, 1, 5, and 10 mg
mL−1. Preliminary measurements for the aldolase were carried
out at 100 mM concentrations of pyruvate and formaldehyde,
whereas for transaminase, 100 mM concentrations of L-
homoserine and pyruvate were used

Scheme 1. Reaction Scheme
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The kinetics of the reactions in the cascade system (Scheme 1)
was determined for each enzymatic reaction separately, also
considering the influence of the reaction compounds not
directly present in the separate reactions. Even though LWCB
contains both enzymes (i.e., aldolase and transaminase),
measurements were carried out in such a way as to prevent
the interference of the other enzyme. These measurements
with LWCB include the kinetics of (i) transamination
catalyzed by TA 039, (ii) reverse transamination catalyzed
by TA 039, (iii) aldol addition catalyzed by YfaU 013, and (iv)
retro-aldol reaction catalyzed by YfaU 013. Details of the
experimental conditions are presented in the Supporting
Information (SI) figure legends (Figures S2−S4). Considering
that cells contain enough endogenous PLP,44−46 it was not
necessary to add this cofactor in the kinetic measurements or
in the cascade reactions catalyzed by lyophilized cells.
The influence of each reaction compound on the initial

reaction rate, i.e., enzyme-specific activity, was examined by
keeping the concentrations of other compounds constant. A
series of the batch reactor experiments were carried out for
that purpose, in which the change in product concentration
was monitored by HPLC. Considering the previous knowledge
on this particular enzymatic cascade system,18 it was not
necessary to investigate the influence of all compounds, as it
was expected that certain compounds will have no influence on
the reaction rate. For example, this was the case for methanol,
which was found to inhibit transaminase in forward and reverse
reactions, but the inhibition was not very significant, and was
disregarded here. Additionally, the influence of formaldehyde
in the reverse transaminase-catalyzed reaction could not be
measured because of its fast reaction with pyruvate. Thus, the
previously estimated kinetic parameter from the CFE system
was used in this case as well. As far as the YfaU 013 is
concerned, the kinetic parameters for the second aldol addition
were not investigated here but were taken from the CFE
system. This was elaborated in detail in the Supporting
information (Sections S1 and S2).
2.4. Stability of the Reaction Components in Buffer in

the Absence and Presence of LWCB. The stability of the
reaction components in the reaction mixture was compared in
the presence and absence of cells. Single compounds at
different concentrations, i.e., L-homoserine, L-alanine, and
pyruvate, as well as the combination of pyruvate and L-alanine,

were incubated in 50 mM sodium phosphate buffer pH 7.0 and
at 25 °C shaken at 1000 rpm in a 1 mL reaction volume in
Eppendorf tubes. Their concentration was followed for several
hours, and from the initial part, the initial reaction rates of their
consumption were estimated. In these experiments, the
concentration of cells was always 50 mg mL−1. Hence, the
reaction components, single and combined, were tested with
and without the presence of cells to evaluate whether there
were any additional significant background reactions, besides
those already reported previously, i.e., 4-hydroxy-2-oxobuta-
noate and pyruvate side reactions.18

2.5. Fed-Batch Experiments Catalyzed by LWCB.
Several fed-batch cascade experiments were performed at
different conditions in the apparatus presented in Section S5,
SI. The initial volume was always 7.8 mL. Formaldehyde was
fed to the reactor for 15 h at 3 μL min−1, unless stated
otherwise, from a stock solution (3.1 M) (commercial). A
syringe pump (PHD 4400 Syringe Pump Series, Harvard
Apparatus) with a high-pressure stainless steel piston (8 mL,
Harvard Apparatus) was used for that purpose. Initial pyruvate
and L-alanine concentrations were always approx. 250 and 500
mM, respectively. Experiments were carried out with different
concentrations of lyophilized cells, i.e., ca. 51 and 76 mg mL−1,
and conducted in a glass jacketed reactor at 25 °C on a shaker
at 450 rpm in 50 mM phosphate buffer pH 7.0. Specific
experimental details are given in the legends of Figures 1−4. In
some reactions, concentrations of pyruvate and sometimes L-
alanine were increased after 6.5 h by adding fresh chemicals in
the amounts up to their initial concentration. In the final fed-
batch reaction, fresh pyruvate and L-alanine were added after
6.5 and 13.2 h (details presented in the Figure 4 legend). Part
of the experiments was planned according to our previous
findings based on the mathematical model of the CFE
system.18

2.6. Mathematical Model and Data Handling. The
kinetic model for LWCB was based on the measurements of
enzyme kinetics and considering some of the features found for
the CFE system.18 The reaction rate of the TA 039-catalyzed
transamination of 4-hydroxy-2-oxobutanoate with L-alanine
(r1) was described by the double-substrate Michaelis−Menten
equation. Unlike CFE, in this case, no substrate inhibition by
4-hydroxy-2-oxobutanoate was detected and it was thus
eliminated from the equation. The equation also included
competitive inhibitions by sodium pyruvate and formaldehyde
(eq 2, Table 1a). Methanol inhibition was excluded from the
equation due to its irrelevance, as shown in the enzymatic

Figure 1. Cascade reactions performed in the fed-batch reactor (V0 = 7.8 mL, 50 mM phosphate buffer pH 7.0, 25 °C, 450 rpm, cformaldehyde,feed = 3.1
M, qfeed,formaldehyde = 3.0 μL min−1, cformaldehyde,0 = 0 mM, γcells = 57.14 mg mL−1, 15 h of formaldehyde feed). (A) cL‑alanine = 571.0 mM, cpyruvate =
287.7 mM; and (B) experiment with washed and reused cells; cL‑alanine = 508.4 mM, cpyruvate = 221.5 mM. Legend: black solid circles, L-alanine;
gray solid squares, pyruvate; blue solid triangles, L-homoserine; open circles, 4-hydroxy-2-oxobutanoate; and black solid stars, formaldehyde.
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system.18 It was assumed that the PLP concentration within
the cells is enough to obtain maximum enzyme activity.
Therefore, it was not regarded as relevant in this model. The
reaction rate of the reverse TA 039-catalyzed reaction between
pyruvate and L-homoserine (r2) remained the same as in the
system with CFE and was described by the double-substrate
Michaelis−Menten equation with competitive inhibitions by 4-
hydroxy-2-oxobutanoate, formaldehyde, and L-alanine. How-
ever, in this case, the impact of the PLP concentration and the
noncompetitive inhibition by methanol were neglected (eq 3,
Table 1a).
The kinetic model for the YfaU 013 catalysis was found to

be the same as for the CFE system. The reaction rate of YfaU
013-catalyzed aldol addition of formaldehyde to pyruvate (r3)
was described by the double-substrate Michaelis−Menten

equation with substrate inhibition by formaldehyde and
pyruvate, as well as competitive inhibition by L-alanine and
L-homoserine (eq 4, Table 1a). The reaction rate of the retro-
aldol reaction (r4) was described by the Michaelis−Menten
kinetics with competitive inhibition by pyruvate (eq 5, Table
1a). The reaction rate of the second aldol addition of 4-
hydroxy-2-oxobutanoate to formaldehyde catalyzed by YfaU
013 (r5) was not measured in this work but was taken from the
CFE system where the rate of this reaction was found to
linearly depend on the 4-hydroxy-2-oxobutanoate (eq 6, Table
1a). Unspecific nonenzymatic transformation of 4-hydroxy-2-
oxobutanoate was also included in the model, as in the
previous work. Its reaction rate (r6) was described by the
kinetics of the first order (eq 7, Table 1a). Side consumption of
pyruvate, which was detected in our previous work, yielded L-

Table 1a. Mathematical Model for the Cascade Reaction System: Kinetic Equations

Kinetic Equations
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c

K

c

K
c

K c

/ 1

( )

1 m1 cells L alanine 4 hydroxy 2 oxobutanoate

m1,L alanine
pyruvate

i1,pyruvate

formaldehyde

i1,formaldehyde
L alanine

m1,4 hydroxy 2 oxobutanoate 4 hydroxy 2 oxobutanoate

γ= [ · · · ]

· + + + ·

+

− − − −

− −

− − − − − −

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅÅÅÅ

i

k

jjjjjjj
i

k
jjjjjj

y

{
zzzzzz

y

{

zzzzzzz
É

Ö

ÑÑÑÑÑÑÑÑÑÑÑÑÑ (2)

r V c c

K
c

K
c

K
c

K
c

K
c

/ 1

1

2 m2 cells L homoserine pyruvate

m2,L homoserine
4 hydroxy 2 oxobutanoate

i2,4 hydroxy 2 oxobutanoate
L homoserine

m2,pyruvate
formaldehyde

i2,formaldehyde

L alanine

i2,L alanine
pyruvate

γ= [ · · · ]

· + + ·

· + + +

−

−
− − −

− − −
−

−

−

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅÅÅÅ

i

k

jjjjjjj
i

k
jjjjjj

y

{
zzzzzz

y

{

zzzzzzz

i

k

jjjjjjj
i

k
jjjjjj

y

{
zzzzzz

y

{

zzzzzzz

É

Ö

ÑÑÑÑÑÑÑÑÑÑÑÑÑ (3)

YfaU 013-Catalyzed Reaction
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Unspecific Transformation of 4-Hydroxy-2-oxobutanoate Biotransformation of Pyruvate Catalyzed by LWCB
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Biotransformation of L-Alanine Catalyzed by LWCB Biotransformation of L-Homoserine Catalyzed by LWCB Operational Stability Decay Rate

r
V c

K c c

K

8
m8 L alanine cells

m8
L alanine

L alanine
L alanine
2

i8
L alanine

γ
=

· ·

+ +

−

−
−

−
− (9)

r
V c

K c9
m9 cells L homoserine

m9
L homoserine

L homoserine

γ
=

· ·
+

−
−

− (10)
V V e k t

m m0
d= − · (11)

Industrial & Engineering Chemistry Research pubs.acs.org/IECR Article

https://doi.org/10.1021/acs.iecr.1c02343
Ind. Eng. Chem. Res. 2021, 60, 13846−13858

13849

pubs.acs.org/IECR?ref=pdf
https://doi.org/10.1021/acs.iecr.1c02343?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


alanine and was monitored more closely in this work (Section
S3, SI). It was found that this biotransformation is catalyzed by
the enzyme present within the cells. According to the Kyoto
Encyclopedia of Genes and Genomes (KEGG) database,47

some enzymes from the alanine metabolism could be
responsible for that biotransformation, but this was not further
investigated. Nevertheless, the reaction rate (r7) of this
biotransformation can be described by the Michaelis−Menten
kinetics (eq 8, Table 1a). It was found that L-alanine is also
biotransformed and that the dependence of the reaction rate
on L-alanine concentration (r8) can be described by the
Michaelis−Menten kinetics with substrate inhibition (eq 9,
Table 1a). In the longer experiments, it was observed that L-
homoserine was also transformed, probably to L-threonine and
L-methionine.37 The reaction rate of L-homoserine trans-
formation (r9) was described by the Michaelis−Menten
kinetics (eq 10, Table 1a and Section S3, SI). The operational
stability decay rate of both enzymes was assumed to behave
according to the kinetics of the first order (Table 1a, eq 11).
Mass balance equations in the fed-batch reactor for the

cascade system are represented by eqs 12−17 (Table 1b).
Equation 18 (Table 1b) represents the change in the reactor
volume during the experiment defined by the flow rate of
formaldehyde solution.

All kinetic parameters, Vm, Km, and Ki, were estimated from
the experimental data, i.e., sets of specific enzyme activity
within the whole cells vs concentration, collected using the
initial reaction rate method. Nonlinear regression methods
(simplex and least-squares fit) implemented in SCIENTIST
software were used for parameter estimation.48 The same
software was used for model simulations.

3. RESULTS AND DISCUSSION

The cascade synthesis of L-homoserine with CFE was studied
previously, and modeling was found to be crucial for better
understanding of the reaction system, as well as for successful
process optimization.18 Benefits of the synergistic approach
that combines biochemical knowledge and process modeling
were demonstrated there.18 In the present work, LWCBs were
applied. Using the findings from our previous work,18,42 the
two enzymes were coexpressed in E. coli in a level to achieve
the required ratio of the aldolase/transaminase activity, a
crucial parameter for the process optimization. Model
simulations have shown that the required aldolase/trans-
aminase activity ratio should be as low as possible to obtain the
maximum concentration of L-homoserine (Figure S7, SI). The
ultimate goal of this work was to evaluate the LWCB, as well as
to establish the similarities and differences regarding the
process metrics with the reaction catalyzed by CFE. This
would offer a process improvement considering that LWCB is
cheaper than free enzymes and CFE, and there is no need to
add expensive PLP to the reactor, considering its natural
presence within the cells. Additionally, an improved stability in
comparison to free enzymes and excellent performance of
enzymes within cells has been documented in the liter-
ature,49−51 and this is also expected in the process investigated
in this work. It was expected that the reaction performance
would be similar to CFE. Therefore, reaction kinetics with
LWCB was thoroughly studied and compared with the kinetics
of CFE. As side reactions occurred when CFEs were used, it
was assumed that this would also be the case when using
LWCB. Thus, the experimental effort was focused on the
potential side reactions and to predict their effect on the
reaction outcome via process modeling and simulations. The
key difference between the CFE and LWCB is the presence of
a cell wall and membrane that can act as natural support for
enzymes. Diffusional problems were not detected with LWCB,
which indicated a normal transport of substrates/products and
retention of enzyme activity inside the membrane. This is
mostly because during the freezing−drying process, the cell
wall and the membrane are damaged, though the cells retain
some enzymatic activity.52 The results obtained in this paper

Table 1b. Mathematical Model for the Cascade Reaction
System: Mass Balance Equations

mass balances in the fed-batch reactor
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Table 2. Overview of Pyruvate Recycling for the Conducted Experiments

exp no conditions
nL‑homoserine

(mmol)
npyruvate,0
(mmol)

npyruvate,end
(mmol)

npyruvate,net
(mmol)

% pyruvate
spent

Figure 1A 2.696 2.24 0.468 1.772 79.1
Figure 1B reused cells 0.089 1.728 0.046 1.682 97.3
Figure 2A pyruvate concentration kept at 50 mM, formaldehyde feed

1 μL min−1
1.322 2.311 0.146 2.165 93.7

Figure 2B pyruvate concentration kept at 100 mM 2.446 3.857 0.734 3.123 81.0
Figure
2C

subsequent addition of pyruvate 3.02 4.452 0.348 4.103 92.2

Figure 3A subsequent addition of L-alanine and pyruvate, 1× 4.183 4.247 0.654 3.829 90.2
Figure 3B subsequent addition of L-alanine and pyruvate, 1× 4.192 4.429 0.604 3.645 82.3
Figure 4 subsequent addition of L-alanine and pyruvate, 2× 7.686 4.144 0.766 3.378 81.2
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are divided into five chapters including LWCB enzyme kinetics
with side reactions, fed-batch reactor experiments (Figures
1−4 and Table 2), and modeling and simulations of
experiments presented in Figures 5 and 6 with the
corresponding process metrics in Table 3.
3.1. Kinetics of Enzymes within LWCB. A detailed

kinetic analysis of LWCB was carried out (Sections S1 and S2,
SI). The results show that within the cells some inhibitions are
changed when compared with the results with CFE. For
example, TA 039 as CFE was slightly inhibited by 4-hydroxy-2-
oxobutanoate as a substrate, whereas the inhibition was not
found with LWCB (Ki1,4‑hydroxy‑2‑oxobutanoate, Table S1, SI). On
the other hand, the inhibition of TA 039 in LWCB by
formaldehyde was significantly higher (Ki1,formaldehyde, Table S1,
SI) than that with CFE. In some cases, the apparent affinity of
TA 039 in LWCB toward the substrate was lower (Km2,pyruvate,
Table S1, SI) and in some cases higher (Km1,L‑alanine, Table
S1, SI) than the affinity in CFE. In the case of YfaU 013, except
for the Michaelis constant for 4-hydroxy-2-oxobutanoate
(Km4,4‑hydroxy‑2‑oxobutanoate, Table S2, SI), which was lower in
LWCB, all other kinetic parameters are similar to CFE. The
results (Tables S1 and S2, SI) also show that a similar model
can be used to simulate the two-enzyme cascade catalyzed by
LWCB and CFE, as was anticipated. Indeed, our previously
reported results18 provide an excellent basis to study the
performance with LWCB, consistent with another example
reported for the living cells.13

3.2. Stability of Reaction Components during
Incubation with Cells. In view of the complexity of working
with LWCB instead of CFE, experiments were done to
evaluate the stability of the reaction components in the
presence of LWCB and to evaluate their potential impact on
the biocatalytic cascade process. The retention of some
enzymatic activities of the lyophilized cells is an important
difference of the LWCB system in comparison to CFE. Since
pyruvate is an important compound of the central cell
metabolism, investigation of the potential pyruvate side
reactions was conducted to assess their influence on the
outcome of the process. Detailed analysis of the results is
presented in Section S3, SI. It was observed that L-homoserine,
L-alanine, and pyruvate are slowly consumed by LWCB, which
starts immediately after mixing with freshly thawed cells.
Individual experiments indicated that the rate of L-homoserine
consumption is by far the slowest and is influenced by its
concentration. The dependence of the specific activity of

LWCB on the concentration of L-homoserine shows a clear
Michaelis−Menten pattern (Figure S5A, SI). However, the
estimated kinetic parameters (Table S3, SI) indicated low
activity of LWCB even at high L-homoserine concentrations.
Thus, it could be concluded that this reaction should not be
significant for the cascade process and should not cause
significant product loss for relatively short reaction times.
Similar experiments carried out with L-alanine indicated the
existence of enzymatic reaction with substrate inhibition
(Figure S5B, Ki,L‑alanine; Table S3, SI). Due to relatively
low activities in L-alanine biotransformation at concentrations
higher than 100 mM (Figure S5B, SI), it is expected that this
reaction will not have a significant influence on the cascade
reaction. Experiments with pyruvate showed that it is more
rapidly transformed than the other two compounds. The
dependence of specific activity on its concentration (Figure
S5C, SI) shows a typical Michaelis−Menten kinetics (Figure
S5C, SI). The apparent kinetic constants (Table S3, SI)
indicated that this reaction could present a more significant
side reaction, especially at concentrations above 100 mM,
which was the concentration used in the cascade reaction
experiments. Additional experiments (Figure S6, SI) revealed
that LWCB transforms pyruvate to L-alanine and it was
concluded that it is most likely the activity of an enzyme from
alanine metabolism.47 Therefore, the rate of biotransforma-
tions of pyruvate (r7, Table 1a), L-alanine (r8, Table 1a), and L-
homoserine (r9, Table 1a) was included in the model, i.e., mass
balances for pyruvate, L-alanine, and L-homoserine (eqs 15, 12,
and 14, Table 1b).

3.3. Fed-Batch Reactor Experiments. The first part of
the experiments, presented in this chapter, was carried out to
investigate the reusability of LWCB, the effect of different ways
of pyruvate addition to pyruvate recycling efficiency, and the
effect of addition of both substrates, prior to reaction
modeling. It was the purpose of this work to investigate if
the same process metrics can be reached with LWCB. The
main advantage of LWCB in comparison to that of CFE is
primarily in its price.53,54 However, in this case, side reactions
could present a more serious problem in practice. In the
enzymatic cascade system using CFE, 80.1 g L−1 of L-
homoserine was obtained with a volume productivity of 3.2 g
L−1 h−1 after 25 h. Similar methodology18 was also applied
here, as it was expected that the rules of behavior, i.e., model
describing the system, would be very similar. Considering the
negative effect of formaldehyde on the transaminase activity, as

Table 3. Overview of the Important Process Metrics for the Conducted Experiments

exp no conditions t (h)
nL‑homoserine/

npyruvate,net
γcells

(g L−1)
γL‑homoserine

(g L−1)
Qv

(g L−1 h−1)
Ybiocatalyst
(g g−1)

Figure
1A

5.52 1.52 57.14 36.03 6.53 0.63

Figure
1B

reused cells 5.70 0.05 57.14 1.36 0.24 0.02

Figure
2A

pyruvate concentration kept at 50 mM, formaldehyde
feed 1 μL min−1

6.17 0.61 76.28 19.32 3.12 0.25

Figure
2B

pyruvate concentration kept at 100 mM 9.18 0.78 76.60 28.48 3.10 0.37

Figure
2C

subsequent addition of pyruvate 11.92 0.74 57.35 36.20 3.04 0.63

Figure
3A

subsequent addition of L-alanine and pyruvate, 1× 24 1.09 57.38 47.45 1.98 0.83

Figure
3B

subsequent addition of L-alanine and pyruvate, 1× 25 1.15 76.23 47.56 1.90 0.62

Figure 4 subsequent addition of L-alanine and pyruvate, 2× 29.25 2.28 76.30 76.33 2.61 1.00
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it was well demonstrated here in kinetic measurements
(Section S1, Figure S2D, and Table S1, Ki1,formaldehyde), only
fed-batch reactor experiments with continuous addition of
formaldehyde were considered.
The first experiment (Figure 1A) was performed at the

reaction conditions very similar to CFE, and 36.5 g L−1 (306.4
mM) of L-homoserine was achieved after 5.5 h. This is 50%
better than using CFE (23.4 g L−1, 196.2 mM). After the first
experiment was finished, the cells were centrifuged, washed
with buffer, and reused in another experiment (Figure 1B).
The reused cells gave ca. 1.2 g L−1 of L-homoserine, which
indicated that the transaminase activity was extremely low. 4-
Hydroxy-2-oxobutanoate accumulated showing that the
aldolase was still active. Hence, cells cannot be reused because
transaminase loses its activity, which could be due to damage
on the cell wall during freezing and thawing and loss of PLP
during cell washing among other things.

3.4. Influence of Pyruvate Addition on the Process
Outcome. The results obtained so far (Figure 1) show that
pyruvate is spent after ca. 7 h, but L-alanine still remained
unreacted in the system, meaning that pyruvate recycling is not
efficient. With the initial concentration of L-alanine at 571 mM
and efficient pyruvate recycling, one would theoretically expect
the same final concentration of L-homoserine. Thus, further
experiments were carried out to analyze the effect of pyruvate
addition on the efficiency of its recycling, as well as on the
reaction outcome. In the first experiment (Figure 2A),
pyruvate concentration was kept below 50 mM for 24 h. To
ensure this, sodium pyruvate concentration was added stepwise
as a powder to the reactor at different time intervals (see the
arrows in Figure 2A). In a second experiment (Figure 2B), the
concentration of pyruvate was kept below 100 mM by adding
small portions of pyruvate. In a third experiment (Figure 2C),
pyruvate was added when consumed (after 6.5 h). It can be
observed that the best result was accomplished when pyruvate

Figure 2. Cascade reactions performed in the fed-batch reactor (V0 = 7.8 mL, 50 mM phosphate buffer pH 7.0, 25 °C, 450 rpm, cformaldehyde,feed = 3.1
M, qfeed,formaldehyde = 3.0 μL min−1, cformaldehyde,0 = 0 mM, 15 h of formaldehyde feed) (A) at a concentration of pyruvate below 50 mM, which was
added in amounts of ca. 25 mM at times designated by arrows, cL‑alanine = 539.4 mM, cpyruvate = 73.7 mM, γcells = 48.8 mg mL−1; (B) at a
concentration of pyruvate ca. between 50 and 100 mM (cL‑alanine = 538.5 mM, cpyruvate = 48.78 mM, γcells = 76.60 mg mL−1); and (C) with the
addition of pyruvate after 6.5 h, cL‑alanine = 538.0 mM, cpyruvate = 264.2 mM, cpyruvate,1 = 262.8 mM, γcells = 57.35 mg mL−1. Legend: black solid
circle, L-alanine; gray solid square, pyruvate; blue solid triangle, L-homoserine; open circle, 4-hydroxy-2-oxobutanoate; and black solid star,
formaldehyde. Dependence of the reaction rates related to pyruvate recycling during the reaction at the conditions of the exp. presented (D) in
Figure 1 and (E) in (C). Legend: r1, black solid line; r2, gray solid line; r3, black solid circles, r4, gray solid circles; r7, dashed dotted line; and r8,
dashed line.
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was supplied once the initial concentration was consumed
(Figure 2C), reaching 36.1 g L−1 (303 mM) of L-homoserine.
This is similar to the experiment in Figure 1A. Regarding
pyruvate recycling, the best results were obtained for the
experiment presented in Figure 2B (Table 2), where 81% of
pyruvate is spent, similarly to the experiment in Figure 1A.
This clearly means that pyruvate was not recycled efficiently. If
we discuss this from the point of reaction rates, i.e., r1,
transamination of L-alanine to L-homoserine; r2, reverse
transaminase reaction; r3, aldol addition of pyruvate to
formaldehyde; r4, retro-aldol reaction; r7, pyruvate biotrans-
formation to L-alanine; and r8, L-alanine biotransformation to
pyruvate, the situation seems clearer. The reaction rate of the
transaminase reaction, i.e., r1, is the highest and the most
significant in this cascade reaction system and they change over
time (Figure 2D). As they start to decrease steeply to reach
zero around the 9th hour of the experiment, the reaction rates
of the YfaU-reaction increase and are at the maximum at
similar times. At that point, the maximum concentration of the
aldol adduct is formed and cannot be spent due to a decrease
of the rate of transamination. According to the reaction rate
simulations, the reaction stops after reaching the maximum L-
homoserine concentration (approximately 10 h). During the
reaction, the side reaction r7, which irreversibly spends
pyruvate, is also present and decreases with time, whereas
the reaction rate of the reverse reaction, r8, is completely
insignificant. The simulation of the reaction rates (Figure 2E)
in the experiment presented in Figure 2C shows that by adding

fresh pyruvate, the rates of reactions catalyzed by both
enzymes are increased to their maximum again and that is
why L-homoserine concentration starts to increase after the
addition of pyruvate. Having a high rate of pyruvate
consumption, r3 is of crucial importance to avoid equilibrium
limitations of the transaminase reaction toward the L-
homoserine formation. As pyruvate concentration drops, the
rate of its consumption also declines, which will eventually
have a negative effect on the rate of L-homoserine production.
In the next step, experiments with the simultaneous addition

of both L-alanine and pyruvate were carried out, analogously to
the experiments performed with CFE.18 An experiment with an
addition of both substrates after 6.5 h is presented in Figure
3A. This strategy worked well with both CFE and LWCB,
reaching ca. 47.6 g L−1 (400 mM) of product after 24 h. 4-
Hydroxy-2-oxobutanoate accumulated at a concentration of
about 260 mM after 12 h. This experiment was repeated
(Figure 3B) at a higher concentration of LWCB but did not
have any effect, and similar results as in the first experiment
(Figure 3A) were achieved. Extending the reaction time up to
48 h was detrimental for both L-homoserine and 4-hydroxy-2-
oxobutanoate. This was because L-homoserine and probably
also 4-hydroxy-2-oxobutanoate were consumed by cell
metabolism (Section S3, SI). It was demonstrated in our
previous work with CFE that 4-hydroxy-2-oxobutanoate is
slowly transformed.18

Considering that the same strategy can be applicable for
LWCB and CFE, two additions of L-alanine and pyruvate were

Figure 3. Cascade reactions performed in the fed-batch reactor (V0 = 7.8 mL, 50 mM phosphate buffer pH 7.0, 25 °C, 450 rpm, cformaldehyde,feed = 3.1
M, qfeed,formaldehyde = 3.0 μL min−1, cformaldehyde,0 = 0 mM, 15 h of formaldehyde feed). (A) cL‑alanine = 625.3 mM, cL‑alanine,1 = 497.4 mM, cpyruvate =
270.33 mM, cpyruvate,1 = 209.8 mM, γcells = 57.38 mg mL−1. (B) cL‑alanine = 518.9 mM, cL‑alanine, 1 = 538.1 mM, cpyruvate = 272.5 mM, cpyruvate,1 =
192.2 mM, γcells = 76.23 mg mL−1. Legend: black solid circles, L-alanine; gray solid squares, pyruvate; blue solid triangles, L-homoserine; open
circles, 4-hydroxy-2-oxobutanoate; and black solid stars, formaldehyde.

Figure 4. Cascade reactions performed in the fed-batch reactor with two additions of L-alanine and pyruvate (V0 = 7.8 mL, 50 mM phosphate
buffer pH 7.0, 25 °C, 450 rpm, cformaldehyde,feed = 3.1 M, qfeed,formaldehyde = 3.0 μL min−1). cL‑alanine = 570.6 mM, cL‑alanine, 1 = 637.8 mM, cL‑alanine,
2 = 632.4 mM, cpyruvate = 213.5 mM, cpyruvate,1 = 187.5 mM, cpyruvate,2 = 205.6 mM, cformaldehyde,0 = 0 mM, γcells = 76.30 mg mL−1, 15 h of formaldehyde
feed. Legend: black solid circles, L-alanine; gray solid squares, pyruvate; blue solid triangles, L-homoserine; open circles, 4-hydroxy-2-oxobutanoate;
and black solid stars, formaldehyde. (B) Dependence of the reaction rates related to pyruvate recycling during the reaction presented in panel (A).
Legend: r1, black solid line; r2, gray solid line; r3, black solid circles; r4, gray solid circles; r7, dashed dotted line; and r8, dashed line.
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envisaged to further increase the concentration of L-
homoserine. Under these conditions, L-homoserine reached a
concentration of 76.3 g L−1 (640.8 mM) (Figure 4).
Interestingly, this concentration was similar to that accom-
plished with purified enzymes and CFE (80.1 g L−1)18,42 and it
is an excellent result for this complex reaction system. This is a
remarkable achievement since using LWCB, the probability of

side reactions with substrates that are central to cell
metabolism was high. The impact of pyruvate and L-alanine
addition on the reaction rates is even more significant than that
of pyruvate addition. This can be observed in Figure 4B where
the maximum rates of pyruvate consumption (r3), as well as L-
homoserine formation (r1), are significantly higher than
presented in Figure 2D,E.

Figure 5. Simulations of the mathematical model for the experiments are presented in (A) Figures 1A, (B) 2C, and (C) 3A.

Figure 6. Influence of (A) biocatalyst concentration (legend: dotted line, 10 mg mL−1; short dash, 30 mg mL−1; long dash, 57 mg mL−1; solid line,
75 mg mL−1) and (B) formaldehyde flow rate (legend: dotted line, 1 μL min−1; short dash, 2 μL min−1; long dash, 3 μL min−1; solid line, 4 μL
min−1), and (C) enzyme expression level (legend: black dotted line, activity ratio 6.1; black short dash, activity ratio 12.3; black long dash, activity
ratio 30.7; black solid line, activity ratio 61.3; gray solid line, activity ratio 122.7; gray long dash line, activity ratio 613.4; gray dotted line, activity
ratio 1226.7) on the concentration of L-homoserine. Simulations were done at the initial conditions of the experiment presented in Figure 1A,
unless otherwise stated.
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An overview of the effectiveness of pyruvate recycling in
LWCB (Table 2) shows that a minimum of ∼80% of pyruvate
is spent and that the amount of produced L-homoserine per
consumed pyruvate differs for each experiment. Experiments
presented in Figures 1A, 3, and 4 could be compared with
those carried out with CFE,18 considering similar experimental
conditions. The amount of produced L-homoserine per
consumed pyruvate varied significantly for CFE depending
on the activity ratio of YfaU 013 and transaminase from 1.18
up to 2.04 mmolL‑homoserine mmolpyruvate

−1, being the best at
the lowest activity ratio. It is difficult to draw similar
conclusions for LWCB as numbers follow a similar range
from 1.09 up to 2.28 mmolL‑homoserine mmolpyruvate

−1 but the
activity ratio of enzymes is constant. Under the best
experimental conditions for both CFE and LWCB (Figure
4), similar amount of pyruvate was spent, i.e., ca. 81% with
LWCB and 82% with CFE. Interestingly, the amount of
produced L-homoserine per consumed pyruvate is better for
the LWCB (2.28 mmolL‑homoserine mmolpyruvate

−1) than for
CFE (1.54 mmolL‑homoserine mmolpyruvate

−1).
3.5. Modeling. After the experimental investigation of the

system, the mathematical model (Tables 1a and 1b) was used
to simulate the data. Like in the CFE system, it was found that
the model predicts the trends of the experimental data.
However, it was necessary to re-estimate the maximum
reaction rates (i.e., Vm1, Vm2, Vm3, Vm4),

18 considering the
substrate channeling55−60 that occurs even easier within the
cells. The re-estimated parameters are designated in SI (Tables
S1 and S2). A significant difference can be observed for Vm3,
similar to the previous work,18 while other differences are in
the range of 2-fold increase or decrease. The kinetic parameters
for the biodegradation of pyruvate were also re-estimated (Vm7,
Km7,pyruvate). Apart from the substrate channeling, an additional
reason for the differences in the estimated kinetic parameters
could be in the undetected side reactions that may occur
within the cells. These reactions, if present, could not be
assessed but could affect the reactions by forming side
products that may inhibit or change the reaction rates and,
thus, the process metrics. Three experiments (Figures 1A, 2C,
and 3A) were simulated (Figure 5) showing that the
mathematical model describes the data well, which is also
supported by the statistical output (Section S4, Table S4, SI).
There is a deviation in the model regarding 4-hydroxy-2-
oxobutanoate formation, but the data shows the same trend as
compared with CFE (second part of the experiments presented
in Figure 5B,C). As far as the data presented in Figure 5B,C is
concerned, it should be noted that in the second part of the
experiment, after the addition of pyruvate and L-alanine, the
operational stability decay of the first order was added to the
model for both enzymes (eq 11) to describe the data better.
The estimated values of the operational stability decay rate
constants of the first order, kd, for transaminase and aldolase
were 7.07 × 10−5 and 1.66 × 10−3 min−1, respectively. This
shows that the enzymes within the cells slowly lose their
activity, which is less significant for the transaminase with a
half-life time of 163 h and more important for the aldolase
(half-life time 7 h).
Several simulations (Figure 6) were run to evaluate some of

the effects of biocatalyst concentration, formaldehyde flow rate
feed, and level of enzyme expression, i.e., activities of individual
enzymes on the final L-homoserine concentration. According
to that (Figure 6A), the concentration of the LWCB chosen
(57−75 mg mL−1, Figures 1−4) was optimal to achieve the

maximum concentration of L-homoserine. Then, the influence
of formaldehyde flow rate on the concentration of L-
homoserine was studied (Figure 6B). It appears that the
optimal was at 2 μL min−1. Under these conditions, a higher L-
homoserine concentration (inset of Figure 6B) than at 3 μL
min−1 was obtained, but the reaction rate was slower.
Therefore, the use of a higher formaldehyde flow rate
(experiments in Figures 1−4) is well justified.
The final simulation (Figure 6C) shows how the enzyme

expression level affects the concentration of L-homoserine.
According to the measurements of the enzyme activities within
the cells, it was calculated that the enzyme activity ratio was
approximately 61.3, meaning that the activity of YfaU 013 is
61.3-fold higher than the activity of TA 039 (Figure 6C).
According to the simulations, if transaminase expression is
increased further within the cells in comparison to the ratio
applied in this work, the maximum concentration of L-
homoserine could be increased from 324 up to 391 mM. This
was simulated to show how mathematical modeling and
simulations can facilitate optimization, reduce experimental
effort, and theoretically investigate if the maximum product
concentration could be further improved. However, this was
not verified experimentally considering that it is not easy to
adjust the activity ratio of enzymes within a single cell to an
exact specific value. Cells with different enzyme activity ratios
were prepared and initially tested (data not shown) but were
discarded as no good. The influence of the activity ratio within
the cells on the final concentration of L-homoserine (inset of
Figure 6C) shows that the selected activity ratio was close to
the optimum value, and further improvement can be expected
by increasing the transaminase expression level. Additional
simulation presented in Figure S7 (SI) shows a high level of
similarity between the CFE18 and LWCB systems, indicating
that the CFE results serve as an excellent groundwork for
biocatalyst optimization. Hence, mathematical models can be
used for process optimization (Figure 6A,B), as well as for
biocatalyst optimization (Figure 6C). Without simulations, the
experiments needed to reach the same conclusions would have
been time- and resource-consuming, i.e., producing biocata-
lysts and the corresponding assays. By applying the
mathematical models, different scenarios can be tested in
silico, speeding up biocatalyst and process development, and
industrial implementation.
Additional simulations (data not shown) were done to find

the major reason why pyruvate recycling was not more
successful, and it appears that the main problem is the strong
inhibition of the transaminase activity by formaldehyde and the
relatively high Km3,pyruvate (Table S2), meaning that pyruvate
concentration needs to be relatively high to achieve the
maximum reaction rate in the aldol addition. The improve-
ment of transaminase with respect to formaldehyde inhibition
would enable a process with higher formaldehyde concen-
trations, which is currently a limiting factor. As far as the
Michaelis constant for pyruvate with YfaU is concerned,
lowering of its value would enable a more efficient pyruvate
consumption by obtaining high values of reaction rate r3 even
at low pyruvate concentration. Accordingly, this would lead to
faster L-homoserine formation (r1).

3.6. Volume Productivity and Biocatalyst Yield. The
volume (Qv), biocatalyst productivity (Ybiocatalyst), and, product
concentration (γL‑homoserine) are important metrics for
bioprocess implementation and were calculated for all of the
experiments (Table 3). As expected, Qv was the highest for the
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shortest experiment (Figure 1A and Table 3). However, in this
case, the concentration of product was not satisfactory. Thus, a
compromise must be taken when more than one goal function
is optimized, such as in this case.
Similar values of product concentration and Qv were

observed for both experiments (Figure 3), but Ybiocatalyst differs
because of the different concentrations of biocatalysts that
were employed. In the best experiment, a high Qv of 2.6 g L−1

h−1 and the highest concentration of product at 76.3 g L−1

were accomplished. These numbers are comparable to CFE
that gave a Qv of 3.2 g L−1 h−1 and a product concentration of
80.1 g L−1. A Ybiocatalyst of 1 gL‑homoserine gcells

−1 should still be
increased according to the literature,61 together with the
product yield calculated according to L-alanine, which is 65.2%.
The problem of the lower product yield is related to
downstream processing procedures, which were not in the
scope of this work. The literature suggests the use of
chromatographic methods for the isolation of product.62

Using the engineered microorganism E. coli W3110 in a fed-
batch fermentation, three different publications reported a ca.
2-fold lower L-homoserine concentration (39.54,35 35.8,37 and
37.57 g L−1 3838) in a fed-batch fermentation after 40 h with L-
homoserine yield on a glucose of ca. 0.29−0.35 g g−1. With a
constructed Corynebacterium glutamicum strain, Li and
coauthors36 reported 8.8 g L−1 (73.5 mM) of L-homoserine
after 48 h. Thus, the metrics obtained using LWCB with
coexpressed enzymes are superior to those obtained by the
fermentation technology.

4. CONCLUSIONS
The synthesis of L-homoserine in the reaction system
consisting of transaminase and aldolase within LWCB starting
from pyruvate, formaldehyde, and L-alanine was studied. After
a detailed kinetic investigation, it was shown that similar rules
apply for CFE and LWCB and that the same mathematical
model can be applied for process optimization. The optimal
operational conditions were close to those with CFE.18 The
important fact was the level of expression of individual
enzymes within the cells, which was crucial for the process
outcome. The general outcome of this study is the fact that the
design of LWCB and the biocatalytic process can be optimized
by working with free enzymes. The mathematical model can
predict the occurrences in the reactor. LWCB and CFE
showed comparable efficiencies, and side reactions were not
detrimental to the process outcome. The process metrics
accomplished were satisfactory, i.e., 76.3 g L−1 and 2.6 g L−1

h−1. Further work should be directed toward increasing the
biocatalyst yield, as well as product yield currently at 65.2% to
ease the downstream processing. LWCBs are of great interest
for further research due to low biocatalyst cost, no need for
coenzyme addition, and good enzyme stability. This type of
custom-made biocatalyst has a breakthrough potential for
numerous biocatalytic process applications.
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■ LIST OF SYMBOLS AND ABBREVIATIONS
c molar concentration, mM
k kinetic constant of the first order, min−1

Ki inhibition constant, mM
Km Michaelis constant, mM
r reaction rate, mM min−1

S.A. specific activity, U mg−1

t reaction time, min
Venz enzyme volume, mL
Vm maximum reaction rate, U mg−1
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Vr reactor volume, mL
q volume flow rate, μL min−1

γ mass concentration, mg mL−1

BnONH2·HCl O-benzylhydroxylamine hydrochloride
HPLC high-performance liquid chromatography
PLP pyridoxal phosphate
TA 039 transaminase 039
YfaU 013 aldolase YfaU 013
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