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Designing a feasible in vitro enzyme cascade is a challenging task that is often preceded by optimization steps. Computa-

tional methods can increase the efficiency of the optimization process by providing a deeper insight into the system. In this

study, bottlenecks of a farnesyl pyrophosphate-producing in vitro enzyme cascade were determined by a combination of

in silico modeling and wet-lab experiments. ATP and the precursor-isomerizing enzyme isopentenyl diphosphate

d-isomerase were identified as limitations of the in vitro enzyme cascade.
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1 Introduction

The use of whole-cell biocatalysis and isolated enzymes for
the synthesis of valuable compounds becomes increasingly
important. Biocatalysis offers many advantages such as
greener processes and high regio-, stereo-, and enantioselec-
tivity [1]. The combination of several isolated enzymes and
hence sequential reactions in one pot is called in vitro
enzyme cascade. This enables the use of simple starting
materials, reduces the need for the isolation of intermediates,
and shifts the equilibrium towards product side. New synthe-
sis routes were developed for complex molecules [2] and by
the usage of in vitro enzyme cascades, the product titer can
exceed their cellular counterpart [3]. Nevertheless, working
with such a system is challenging, since many enzymes have
to be adapted to the same reaction conditions. In addition,
cofactor regeneration systems often have to be included [4].
Therefore, multi-enzyme reactions usually do not reach their
full performance directly but have to be optimized to increase
their performance [5]. This can be a challenging and labori-
ous task, especially for complex systems. In silico models of
enzyme cascades can support the identification of parameters
that have an impact on the performance by providing deeper
insights. As a result, in silico models can reduce the amount
of wet-lab experiments required for optimization [6–8].

Here, a farnesyl pyrophosphate (FPP)-producing enzyme
cascade previously reported by Dirkmann et al. was opti-

mized (Fig. 1) [9]. This cascade suffers from low yields, high
adenosine triphosphate (ATP) consumption, and many pos-
sible interactions between substrates, intermediates, and
enzymes due to many catalytic steps. The goal of the opti-
mization was the identification of the limiting steps and
subsequent adaptation of the enzyme cascade. A combina-
tion of in silico modeling and wet-lab experiments was cho-
sen for this task. A kinetic model of the ten-enzyme cascade
was developed in COPASI (Complex Pathway Simulator), a
software application for the simulation and analysis of
biological processes [10]. Using this model, bottlenecks
were identified, and wet-lab experiments validated their
importance for the cascade’s performance.
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2 Experimental

2.1 Construction of the Kinetic Model

The kinetic model for the FPP-producing cascade was con-
structed in COPASI (v4.30, http://copasi.org/) [11]. Equa-
tions were built on the basis of the reaction’s rate law
(Eq. (1))

R ¼ Umax
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with R as reaction rate, A and B as substrate concentration,
and P and Q as product concentration. Kx is the Michaelis-
Menten constant of compound x, which was obtained from
the databank BRENDA for all enzymes (Tab. S1 in the Sup-
porting Information). Umax defines the enzyme activity and
Keq was calculated by Eq. (2). If necessary, Keq was set to a
value at which the reaction would take no longer than 24 h,
a value chosen from experience (Tab. S1).

Keq ¼ Keq;0
KPKQ

KAKB
(2)

Keq,0 was set to 2 to present more substrate (Keq > 1) than
product at the beginning of the respective reaction. For irre-
versible reactions, an IF-query (Eq. (3)) was implemented to
suppress a reverse reaction.

IF: R < 0; then R ¼ 0; else R ¼ R (3)

The data that the model was built on was obtained from
literature describing the kinetic properties of the enzymes.
If such data were not available, the properties of homolo-
gous enzymes were used (Tab. S1). Parameter scans were
performed in COPASI by varying the enzyme concentra-
tions and thus the reaction rates, with the objective function
of producing the highest possible FPP yields. No limits were
set for the enzyme concentrations, but they were varied un-
til the optimum was reached. Product concentrations were
evaluated if the reaction was in equilibrium or it reached
24 h.

2.2 Materials

The chemicals were purchased from Santa Cruz Biotechnol-
ogy (Santa Cruz Biotechnology, Inc. Dallas, Texas, USA),
Roth (Carl Roth, Karlsruhe, Germany), VWR (VWR inter-
national GmbH, Darmstadt, Germany), ThermoFisher
(ThermoFisher Scientific, Waltham, MA, USA), Merck
(Merck KGaA, Darmstadt, Germany), and AppliChem
(AppliChem GmbH, Darmstadt, Germany).

2.3 Enzyme Preparation

Instructions of enzyme preparation for FPP synthesis were
taken from Dirkmann et al. [9]. PPKs were prepared
according to Becker et al. [12].
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Figure 1. FPP-producing in vitro enzyme cascade, starting with acetate and following the steps of the mevalonate pathway
[9]. Nine anabolic steps with ten enzymes are involved, while the cofactors CoA and NAPDH get recycled. The substrates
acetate, ATP, and glucose have to be added in stoichiometric amounts. AACT, acetoacetyl-CoA synthase; AcAc-CoA, ace-
toacetyl-coenzyme A; Ac-CoA, acetyl-coenzyme A; ACS, acetyl-CoA synthetase; ADP, adenosine diphosphate; AMP, adenosine
monophosphate; ATP, adenosine triphosphate; CoA, coenzyme A; DMAPP, dimethylallyl diphosphate; FPPS, (2E,6E)-farnesyl
diphosphate synthase; GDH, glucose dehydrogenase; GDL, glucono d-lactone; Glc, glucose; HMG-CoA, 3-hydroxy-3-methyl-
glutaryl-CoA; HMGR, 3-hydroxy-3-methylglutaryl-coenzyme A reductase; HMGS, 3-hydroxy-3-methylglutaryl-CoA synthase;
IDI, isopentenyl diphosphate d-isomerase; IPP, isopentenyl pyrophosphate; MDC, diphosphomevalonate decarboxylase;
MVK, mevalonate kinase; NADP(H), nicotinamide adenine dinucleotide phosphate; PMK, phosphomevalonate kinase.
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2.4 FPP Synthesis

FPP synthesis was performed in 1.5 mL Eppendorf tubes.
Tab. S3 shows the composition of the assays in 350 mL cas-
cade buffer (100 mM TrisHCl, 150 mM NaCl, 10 % glycerol,
20 mM MgCl2, pH 7.5). The reactions were performed at
30 �C in a multirotator rotating with 30 rpm for 24 h. Sam-
ples were prepared according to Dirkmann et al. [9].

2.5 Analytics

FPP was analyzed using a liquid chromatography-mass
spectrometry (LC-MS; 1260 Infinity II LC system combined
with 6120 Quadrupole MS (Agilent, Santa Clara, CA, US))
system with a NUCLEODUR C18 Gravity column (3 mm,
150 ·2 mm, Macherey-Nagel GmbH & Co. KG, Düren,
Germany). The flow rate was 0.4 mL min–1 and the column
oven was set to 35 �C. The injection volume was 3 mL. The
following gradient of 10 mM NH4Ac, pH 9.2 (mobile phase
A) and acetonitrile (mobile phase B) was used: 0–1.5 min:
5 % B, 1.5–6 min: 5–60 % B, 6–8.5 min: 60–80 % B,
8.5–14.5 min: 80 % B, 14.5–15 min: 80–95 % B, 15–20 min:
95 % B, 20–21 min: 95–5 % B, 21–25 min: 5 % B. The MS
measurement was performed in negative mode and the
electron spray ionization (ESI) was set to the following
parameters: drying gas temperature: 350 �C, nebulizer pres-
sure: 35 psig, drying gas flow: 12 L min–1, capillary voltage:
3500 V. Analytes were detected in SIM mode with m/z of
301–301.1 (for farnesyl phosphate), 381.1–381.2, and
763.2–763.3 (for monomeric and dimeric FPP, respectively).

3 Results and Discussion

3.1 Development of a Kinetic Model for In Vitro FPP
Synthesis

Even though the general feasibility of synthesizing FPP
from acetate was demonstrated, several challenges exist for
the production of FPP using an
enzyme cascade starting from
acetate: FPP is produced in low
yields, the mevalonic pathway is
strictly regulated, and ATP has to
be added in large quantities be-
cause 18 molecules are needed for
each molecule of FPP [9, 13]. The
low yield with 4 mmol L–1 FPP
of 170 mmol L–1 acetate can be
due to low substrate conversion,
accumulation or depletion of in-
termediates, or unfavorable equi-
libria [9]. Improving the perfor-
mance using only experimental
methods is a challenging task

because of the complexity of the cascade with ten involved
enzymes. The quantification of all intermediates is difficult
and the interactions of all intermediates and enzymes with
each other are hard to monitor experimentally. Therefore, a
computer model was developed for the optimization of the
FPP-producing cascade by monitoring the intermediate
levels for every time point and visualize relations between
individual reaction steps using COPASI. With this ap-
proach, a better understanding of the fundamental features
of the cascade and the identification of potential bottlenecks
to increase the product concentration was expected.

For the development of the kinetic model, corresponding
data such as Umax and KM were taken from the BRENDA
databank or were adapted from literature [13]. Values of
enzyme homologs were taken if no other data were available
and values for the equilibrium constants were either calcu-
lated or adjusted manually (Tab. S1). Finally, a mechanistic
model of the cascade was created based on published exper-
imental data [9] and time courses of the reaction were sim-
ulated (Fig. 2). Since the optimization of the final product
concentration was of particular interest, considerations
about the reaction rates were not included for further simu-
lations.

The developed model revealed that ATP is a limiting
component for FPP synthesis (Fig. 2). The cofactor was
depleted before acetate was fully consumed and the inter-
mediates mevalonate (MVA), mevalonate phosphate
(MVAP), mevalonate pyrophosphate (MVAPP), which
serve as substrates in ATP-dependent reactions, accumu-
lated. Stoichiometric limitations were hence the main
bottleneck, since for every molecule of acetate, two mole-
cules of ATP are needed.

The reference cascade of the simulations was reenacted
under the same conditions in wet-lab experiments in our
laboratory (Tab. S3). However, the produced FPP concen-
tration was too low for quantification. Therefore, we inves-
tigated the influence of an increased ATP supply on the
cascade performance.
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Figure 2. Simulated time course of ATP, ATP-dependent intermediates (mevalonate (MVA),
mevalonate phosphate (MVAP), mevalonate pyrophosphate (MVAPP)), and the product of the
FPP-producing cascade.
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3.2 The Influence of Different ATP Supplies

To investigate the observed ATP limitation, two additional
simulations were performed in which either ATP was added
stoichiometrically or ATP was regenerated in situ.

The model was adjusted to a stoichiometric ATP concen-
tration from 80 mM to 170 mM in relation to acetate with
85 mM. This ratio resulted in complete acetate conversion,
as shown by the simulations (Fig. 3A). Furthermore, ATP
was still present when FPP production stagnated and was
thus no longer the limiting component. Investigating the
amounts of the ATP-dependent intermediates showed an
accumulation of MVA, MVAP, and MVAPP, even though
enough ATP is present. This leads to the conclusion, that
the equilibria of these reactions are unfavorable for FPP
production. One way to pull the equilibria towards their
product side is to remove coproducts such as AMP and
ADP by their regeneration to ATP.

Therefore, an enzymatic ATP regeneration system was
considered. This approach also gives an economic advan-
tage of a cascade without any stoichiometric addition of
often expensive cofactors. Here, polyphosphate kinases
(PPKs) were included in the simulated cascade to phospho-
rylate the nucleotides using polyphosphate (PolyP) as phos-
phate donor, which is an established system for ATP regen-
eration [12, 14]. In the time courses of this approach, the
initial amount of 20 mM ATP was rapidly consumed

(Fig. 3B). Subsequently, acetate continued to be consumed
and FPP was formed, which can be attributed to the regen-
eration of AMP and ADP into ATP. Furthermore, the ATP-
dependent reactions were no longer limiting as acetate and
the intermediates MVA, MVAP, and MVAPP diminished
towards the end of the reaction (Fig. 3B).

Both simulations demonstrated that the achievable FPP
concentrations can be increased by either supplying higher
amounts of ATP or regenerating ATP (Tab. S2). Interest-
ingly, regeneration of the cofactor led to significantly higher
product concentrations compared to stoichiometric ATP
addition (reference without adapted ATP supply: 2.7 mM
FPP; stoichiometric ATP addition: 5.2 mM FPP; in situ
regeneration of ATP: 8.8 mM FPP). However, wet-lab ex-
periments conducted under the suggested conditions were
not successful, and again FPP was not quantifiable. Since
there can be other limitations or inhibitions in the cascade
that are not overcome by providing ATP in stoichiometric
amounts or using an ATP regeneration system, further
regulating parameters of the cascade were considered.

3.3 Isomerization of IPP and DMAPP

The substrates of the final enzyme of the cascade, farnesyl
diphosphate synthase (FPPS), are isopentenyl pyrophos-
phate (IPP) and dimethylallyl diphosphate (DMAPP). IPP

and DMAPP are isomerized by
the enzyme isopentenyl diphos-
phate d-isomerase type 2 (IDI2).
For the production of FPP, two
molecules of IPP and one mole-
cule of DMAPP are required.
However, the investigation of the
simulated time courses of the in-
termediates revealed an unfavor-
able equilibrium of the isomers
IPP and DMAPP (Fig. 3). As can
be seen in Fig. 3, the equilibrium
of the isomerization is on the
DMAPP side and only small
amounts of IPP remain present,
making further synthesis of FPP
impossible. To overcome this
limitation, other IDI variants
with different catalytic properties
were searched. There are two
evolutionary distinct forms of
this enzyme, type I (IDI1) and
type II (IDI2), which differ in
their reaction mechanism. IDI1
enzymes contain a zinc ion in
their active side and IDI2 on the
other hand is a flavoprotein that
needs additional NADPH as a
reducing agent [15]. In the simu-

www.cit-journal.com ª 2023 The Authors. Chemie Ingenieur Technik published by Wiley-VCH GmbH Chem. Ing. Tech. 2023, 95, No. 4, 543–548

Figure 3. A) Simulated time course of ATP, ATP-dependent intermediates (MVA, MVAP,
MVAPP), IDI-dependent molecules (IPP and DMAPP), and the product of the FPP-producing
cascade with stoichiometric ATP amounts. The yield of FPP amounts to 55 %. B) Simulated time
course of ATP, ATP-dependent intermediates, IDI-dependent molecules, and the product of the
FPP-producing cascade with polyphosphate kinases to regenerate ATP.
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lations and experiments, the IDI2 enzyme from Thermus
thermophilus was used. For further investigations, three
IDI1 mutant enzymes of Escherichia coli, R51K, K55A, and
R83K, were considered and compared to the IDI2 enzyme
[16]. The kinetics and structure of these three variants with
single amino acid mutations were already described in liter-
ature. They had different catalytic properties with higher
KM values than the IDI2 variant and different specific activ-
ities (Tab. 1).

The simulations did not show significantly higher yields
for the IDI mutations compared to the reference cascade
(Tab. S2). However, the wet-lab validation of these findings
discovered a different effect. All cascades, which contained
the IDI1 variants produced quantifiable FPP concentra-
tions. The IDI1 mutant with the highest FPP concentration
was R83K with 129 mM FPP, followed by K55A with 79 mM
FPP, and R51K with 3 mM FPP. Here, the mutation with the
lowest substrate affinity and lowest reaction rate shows the
lowest FPP concentration and the mutant with the highest
substrate affinity and the highest reaction rate shows the
highest FPP concentration. Thus, the last step of the cascade
seems to have a decisive influence on the FPP production.
By using IDI variants with a higher activity and affinity, the
final product concentration can be significantly increased.

Still, higher terpene concentrations have been achieved in
other systems, such as pinene from glucose in an enzymatic
in vitro system or limonene production in Escherichia coli
[13, 18]. But even though our final FPP concentrations were
low, the combination of simulations and experiments led to
a successful identification of bottlenecks of the FPP-produc-
ing cascade.

4 Conclusion

The interest in in vitro enzyme cascades has increased in
recent decades and more and more attempts on cascade
assemblies are performed [19]. Applications cover a broad
field from the synthesis of complex high value compounds
such as natural products or active pharmaceutical ingre-
dients to bulk chemicals. The complex task of making such
an enzyme cascade economically feasible makes optimiza-
tion approaches increasingly relevant. As shown in this
study, the combination of in silico and wet-lab experiments
can reduce the amount of laborious work for an optimiza-

tion. Kinetic simulations of the cascade can be performed
and valuable information can be gained, which in turn can
give indications of possible improvements. However, effects
such as different reaction conditions, protein-protein inter-
actions, or unknown inhibiting and activating influences
can hardly be modeled. Therefore, wet-lab experiments
have to validate the obtained information. Prior modeling
reduces the workload, as simulations give hints to the right
direction. This linkage enables targeted and straight-
forward optimization of in vitro enzyme cascades.
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Symbols used

Keq [–] equilibrium constant
KM [mM] Michaelis-Menten constant
Kx [mM] Michaelis-Menten constant of

compound x
R [mM s–1] reaction rate
Umax [mmol s–1] enzyme activity

Abbreviations

AACT acetoacetyl-CoA synthase
AcAc-CoA acetoacetyl-coenzyme A

Chem. Ing. Tech. 2023, 95, No. 4, 543–548 ª 2023 The Authors. Chemie Ingenieur Technik published by Wiley-VCH GmbH www.cit-journal.com

Table 1. Overview of the IDI variants, their kinetic properties, and the produced FPP concentra-
tions using these variants in enzyme cascade wet-lab experiments. n.a., not available; n.d., not
detected.

IDI variant KM [mM] Specific activity [U mg–1] FPP concentration [mM]

IDI2 (reference cascade) 0.0056 [17] n.a. n.d.

IDI1 R51K 18.5 ± 2.0 [16] 5.4 ± 0.6 [16] 3 ± 1

IDI1 K55A 14.0 ± 1.9 [16] 83.4 ± 2.4 [16] 79 ± 22

IDI1 R83K 3.0 ± 0.5 [16] 132 ± 9 [16] 129 ± 5
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Ac-CoA acetyl-coenzyme A
ACS acetyl-CoA synthetase
ADP adenosine diphosphate
AMP adenosine monophosphate
ATP adenosine triphosphate
CoA coenzyme A
COPASI Complex Pathway Simulator
DMAPP dimethylallyl diphosphate
ESI electron spray ionization
FPPS (2E,6E)-farnesyl diphosphate synthase
GDH glucose dehydrogenase
GDL glucono d-lactone
Glc glucose
HMG-CoA 3-hydroxy-3-methylglutaryl-CoA
HMGR 3-hydroxy-3-methylglutaryl-coenzyme A

reductase
HMGS 3-hydroxy-3-methylglutaryl-CoA synthase
IDI isopentenyl diphosphate d-isomerase
LC-MS liquid chromatography-mass spectrometry
MDC diphosphomevalonate decarboxylase
MVK mevalonate kinase
NADP(H) nicotinamide adenine dinucleotide phosphate
PMK phosphomevalonate kinase
SIM selected ion monitoring
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