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Abstract 

BACKGROUND: The statin side-chain synthesis by the sequential aldol condensation catalyzed by DERA 

(EC 4.1.2.4) is the most known and promising route. The advantage of this process is the formation of 

two stereocenters in a single step starting from inexpensive achiral components, acetaldehyde and 

chloroacetaldehyde. The limitation for the industrial-scale application is enzyme inactivation caused by 

substrates as well by the intermediate produced by single aldol addition.  
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RESULTS: DERA enzyme from Thermotoga maritima (DERATm) was extensively investigated in this work. 

The influence of aldehydes on DERATm stability was studied in detail. Based on experimentally 

determined kinetic parameters of all reactions included in the synthesis of statin side chain, 

mathematical models in different reactor configurations were developed. Models also include enzyme 

inactivation by all compounds that have negative impact on its stability. Mathematical model-based 

optimization enabled finding the optimal process conditions and choosing the best reactor configuration. 

The fed-batch reactor proved to be the most suitable choice. Under optimal conditions product 

concentration of 78 g/L, productivity of 56 g/(L day) and yield of 95% was achieved.  

CONCLUSION: The validated mathematical model and the used methodology can be exploited for 

further process improvement and for process design of similar systems. 

Key words: biocatalysis, kinetics, mathematical modelling, process intensification, enzymes, optimization 

 

1. Introduction 

The aldol reaction has long been recognized as one of the most powerful methods of forming useful 

carbon-carbon bonds. 1-10 Aldolases, a group of naturally occurring enzymes that catalyze in vivo aldol 

reactions, 1,7,10 are capable of exhibiting high regio- and stereoselectivity under mild conditions with 

minimal use of protecting group chemistry, and therefore are an interesting alternative to chemical aldol 

synthesis. 3-5,9-11 2-Deoxyribose-5-phosphate aldolase (DERA, EC 4.1.2.4) is the only known member of 

the aldolase family using acetaldehyde as a nucleophile 1,2,8-10,12 and the only aldolase known to accept 

three aldehydes in a sequential and stereo-selective manner for a cascade aldol reaction 1-5,7,12-15 without 

the use of any cofactors. 10,16 Interestingly, DERA catalyzes reactions in which both substrates and 

resulting products are aldehydes, 1,4,7,8,10,11,17 which is unusual among aldolases, 7,8,10 with the exception 

of engineered D-fructose-6-phosphate aldolase variants. 7 DERA accepts a broad range of acceptor 
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aldehydes, 1,5,7, 9-11,16,18-20 has a relatively large donor tolerance 1,8,10,11,17,20 for compounds having up to 

four carbon atoms, and generates (R)-configured chiral centers. 7, 8, 19 Therefore, it is not surprising that 

much attention has recently been given to its application for the synthesis of valuable chiral molecules. 

1,5,11,12,14-19 

By using achiral substrates, like chloroacetaldehyde and acetaldehyde, 4, 21 DERA catalyzes a sequential 

aldol addition that results in an enantiomerically pure lactol, (3R,5R)-6-chloro-2,4,6-trideoxyhexose. 

7,16,18,22,23 This 2,4,6-trideoxyhexose is a valuable chiral synthon for HMG-CoA reductase inhibitors, 5,6,18 

collectively known as statins, 6 and used for the production of cholesterol-lowering drugs, such as 

atorvastatin and rosuvastatin. 5-7,10,13-16,19,22 Those statins have an approximately US$20 billion worldwide 

sales, 6, 13 among which the Pfizer’s Lipitor (atorvastatin calcium) was the world’s top-selling drug 6,13,22 

with revenues over US$10 billion per year. 13,22 Therefore, the preparation of the 2,4,6-trideoxyhexose 

has attracted an immense effort because of its extremely high market price and the requirement for high 

chemical and stereochemical purity at its two chiral centers. 3,6,21 Since the chemical synthesis of statins 

is time-consuming and consists of a number of synthetic steps that are carried out at very harsh 

conditions, 3,4,20,24,25 the use of DERA for the synthesis of the statin side chains presents one of the most 

attractive and promising routes, 1,3,5,6,9,13,19-21 due to its ability to introduce both stereocenters in a single 

step. 1,3,5,6,9,19-21  

Although DERA-catalyzed reactions offer an attractive alternative to chemical methods for the synthesis 

of chiral statin side-chain precursors, 1,5,6,12,14,19,22 practical applications of DERA are still limited. 14, 21 

DERA shows poor resistance to high aldehyde concentrations 3,6,12,14,15,20 and low catalytic efficiency 

toward the sequential aldol addition of unnatural substrates. 6,21,23 Thus, large quantities of the enzyme 

are necessary to obtain industrially useful product yields. 3,6,14,17,20,21,23 This issue can be circumvented by 

improving its resistance and catalytic activity using a molecular evolution approach 3,23,26, or by applying a 
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cell-free lysate or a whole cell biocatalyst instead of an isolated enzyme 4,20 or by immobilization on 

appropriate supports. 27-30 

In pursuit of finding the most cost-effective configuration for the lactol synthesis, especially for industrial 

use, it is of great importance to understand the mechanisms and kinetics of enzyme systems in detail, 

which can be achieved by applying mathematical modelling techniques. 31-33 Although the lack of reports 

on kinetic data obtained from kinetic models of DERA-catalyzed reactions is evident, 3 some kinetic 

studies of related aldolase-based syntheses can be found. 3,34,35 Ručigaj and coworkers (2015) have 

reported a very complex model for the sequential aldol reaction involving acetyloxyacetaldehyde, 

acetaldehyde and chloroacetaldehyde as substrates, which was catalyzed by crude DERA expressing 

culture lysate. 3  

The aim of this work was to optimize the production of the statin precursor (4) from acetaldehyde (1) 

and chloroacetaldehyde (2) in the reaction catalyzed by the DERA from Thermotoga maritima (DERATm) 

(Figure 1), a hyperthermophilic organism that shows great potential to serve as a new source of highly 

stable enzymes. 15 For this purpose it was necessary to characterize the enzyme, investigate the effect of 

reaction conditions and to develop a mathematical model of the DERA-catalyzed synthesis of a statin 

side-chains precursor, which can be further used as a useful tool in designing a suitable process system 

for the investigated reaction.   

 

Figure 1. 

2. Materials and methods 

2.1 Chemicals 
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3-Deoxyribose-5-phosphate, acetaldehyde, chloroacetaldehyde, KH2PO4 were purchased from Sigma-

Aldrich (Germany), tris(hydroxymethyl)aminomethane, NADH, triethanolamine hydrochloride, 

trifluoroacetic acid, pyridine, o-benzylhydroxylamine hydrochloride from Acros Organics (USA), K2HPO4 

from Merck (Germany), acetonitrile from VWR Chemicals (France), methanol from J.T.Baker (Poland), 

triosephosphate isomerase from rabbit muscle and α-glycerol-3-phosphate dehydrogenase from rabbit 

muscle from Sigma-Aldrich (Germany), while DERATm was provided by Prozomix. 

2.2 HPLC measurements 

Samples (5 µL) taken at regular time intervals were mixed with 50 µL of a stock solution of o-

benzylhydroxylamine hydrochloride (0.02 g/mL in a mixture of pyridine/methanol/water 33/15/2) for 

derivatization. 36 After incubation on a shaker at 25 °C for 20 min, samples were diluted with methanol 

(450 μL), centrifuged and analyzed by HPLC (Phenomenex LiChrospher C18 column, 5 µm, 250 x 4 mm). 

The mobile phase consisted of solvent A (0.1% v/v trifluoroacetic acid (TFA) in acetonitrile) and solvent B 

(0.1% v/v TFA in water) with gradient elution from 90 to 28.4 %B for the first 22 minutes and from 28.4 

to 90 %B from minute 22 to 25. The flow rate was 1.2 mL/min, the column temperature was set at 30 °C, 

and the UV detection at 215 nm.  

2.3 Enzyme assay and determination of protein concentration 

The DERATm activity was determined by using the 3-deoxyribose-5-phosphate (DRP) assay 15 (assay 1) or 

in the reaction of aldol addition of 1 to 2 (assay 2).  

Assay 1: The DRP cleavage activity of DERATm was determined at 25 °C by measuring the oxidation of 

NADH in a coupled assay using triose-phosphate isomerase (TPI) and glycerol-3-phosphate 

dehydrogenase (GDH), as described in the literature. 14-16 The assay mixture contained 0.1 M TEA-HCl 

buffer, pH 7, 0.1 M NADH, 0.4 mM DRP, 11 U of TPI, 4 U of GDH, and diluted DERATm. The reaction was 
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initiated by the addition of DERATm, and the subsequent decrease of NADH concentration was monitored 

at 340 nm. 1 U of DERATm activity was defined as the amount of enzyme required for cleavage of 1 µmol 

of DRP per minute in 0.1 M TEA-HCl buffer pH 7 and at 25 °C.  

Assay 2: The DERATm activity in the aldol addition reaction was determined by monitoring a synthetic 

reaction with 200 mM of 1 and 100 mM of 2 in the indicated buffer at 25 °C. The reaction was initiated 

by enzyme addition (1 mg/mL). Samples were withdrawn at regular time intervals during the first 10 

mins of the reaction and analyzed by HPLC. 1 U of DERATm activity was defined as the amount of enzyme 

required to form 1 µmol of product per minute at 25 °C and in the selected buffer.  

Protein concentration was determined according to the Bradford's assay. 37  

2.4 Influence of pH and temperature on DERATm activity and stability 

The effect of different buffers and pH on DERATm activity and stability was investigated in 0.1 M TEA-HCl 

buffer (pH 7), 0.1 M phosphate buffer (pH 5.4, 6, 7, 8) and 0.1 M Tris-HCl buffer (pH 7, 8, 9). The effect of 

temperature on DERATm activity and stability was examined in the interval between 20 and 50 °C, with 

steps of 5 °C. 

The DERATm activity in buffers of different pH was determined according to assay 2 by following the rate 

of product formation. DERATm stability was determined by using assay 1 in the following manner. DERATm 

(10 mg/mL) was dissolved in buffer and incubated at 25 °C, and the residual activity was determined 

after 24 hours. 

To assess the enzyme thermostability at different temperatures, enzyme preparations in 0.1 M TEA-HCl 

buffer (10 mg/mL, pH 7) were incubated for 6 days during which the residual activity was determined at 

appropriate intervals using assay 1. To evaluate the activity at different temperatures, DERATm (10 
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mg/mL) was incubated for 5 min at different temperatures after which residual activity was determined 

at 25 °C by using assay 1.   

2.5 Influence of aldehydes on DERATm stability 

The effects of 1, 2, 4-chloro-3-hydroxybutanal (3) and 6-chloro-3,5-dihydroxyhexanal (4) on the stability 

of DERATm were examined. Enzyme preparations in 0.1 M TEA-HCl buffer (10 mg/mL, pH 7) containing 

different amounts (0 – 800 mM) of each single aldehyde (1, 2, 3 or 4) were incubated at 25 °C for 3 

hours. Samples were taken at regular time intervals and activity measured using assay 1 in order to 

determine the enzyme operational stability decay constant. Before the activity measurements aldehydes 

were removed by using the Amicon Ultra-0.5 Centrifugal Filter Units (MWCO 10 kDa), and the enzyme 

residue was diluted in buffer to be used for the assay. 

2.6 Kinetic analysis 

Kinetic parameters were estimated from the initial reaction rates vs concentration data in the aldol 

additions of 1 to 2 (the first addition of 1) and of 1 to 3 (the second addition of 1), as well as in the self-

aldol addition of 1 catalyzed by crude DERATm occurring as a side reaction. The initial rates were 

calculated from the change of product concentration in the first reaction period when the substrate 

conversion was less than 10% (assay 2). Product concentrations were determined by HPLC analysis. The 

obtained initial rates were fitted to the Michaelis-Menten kinetic models. One unit of DERATm activity 

was defined as the amount of enzyme necessary to produce 1 µmol of product per minute in 0.1 M TEA-

HCl buffer and at 25 °C. 

2.7 Reactor experiments 

The aldol reaction was carried out in three different reactor configurations: batch, repetitive batch and 

fed-batch. The reactions were performed at 25 °C using crude DERATm in 0.1 M TEA-HCl buffer at pH 7. In 
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batch reactor (1 mL; 1.5 mL microcentrifugal tube) the reaction mixtures contained 200 mM 1 and 100 

mM 2 with 1, 2, 5, 10, 15 or 20 mg/mL of DERATm. In case of repetitive batch reactor (3 mL; 15 mL conical 

centrifugal tubes), the reaction was carried out with three portions of substrate (200 mM 1 and 100 mM 

2) and enzyme (5 mg/mL) additions. In the fed-batch reactor (50 mL glass bottle), the initial reactor 

volume was 6 mL containing only buffer. The substrates (feed 1: 5 µL/min; 2450 mM 1, 950 mM 2) and 

the enzyme (feed 2: 2 µL/min; 100 mg/mL) were pumped separately into the reactor using two piston 

pumps (PHD 4400 Syringe Pump Series, Harvard Apparatus). The experiment was monitored for 33 h and 

the final reaction volume was 20 mL.  

In all reactor experiments samples were withdrawn at regular time intervals and analyzed by HPLC. The 

residual enzyme activity was determined at appropriate intervals using the DRP assay. 

2.8 LC-MS analysis 

The analysis of the derivatized products was done using the LC-MS analysis (Phenomenex Kinetex Core-

shell C18 column, 2.6 μm, 100 x 4.6 mm). HPLC with diode array detector (DAD) and MS detection 

(Shimadzu LCMS-2020 single quadrupole liquid chromatograph mass spectrometer) was used. The 

selected ion monitoring method was used to confirm molecular weight of the derivatized peaks of 

formed products. The mobile phase consisted of solvent A (0.1% v/v formic acid in water) and solvent B 

(0.1% v/v formic acid in acetonitrile) with gradient elution from 90 to 19 %A for the first 10 minutes and 

from 19 to 90 %A from minute 14 to 16. The flow rate was 0.5 mL/min, the column temperature was set 

at 30 °C, and the UV detection at 215 nm. The mass spectrophotometer was equipped with electrospray 

ionization (ESI) source and operated in positive polarity mode. ESI conditions were: capillary voltage 4 

kV, nebulizing gas flow 1.5 L/min, drying gas flow 15 L/min, temperature 300 °C.  

2.9 Data processing 

This article is protected by copyright. All rights reserved.



A
cc

ep
te

d 
A

rti
cl

e
The kinetic parameters of the Michaelis-Menten kinetic models (Vm, Km, Ki) were estimated from the 

independent initial reaction rate data by nonlinear regression analysis using the simplex or least squares 

method implemented in MicroMath Scientist software.38 Parameters Vm and Km were estimated from the 

dependence of the initial reaction rate on substrate concentration using the Michaelis-Menten kinetics 

whereby no inhibition occurred. In the case of two-substrate Michaelis-Menten kinetics, Vm and two Km’s 

were estimated from two sets of measurements in which one substrate concentration was kept 

constant, while the other was varied. The inhibition constant was estimated from the dependence of the 

inhibitor concentration on the initial reaction rate. Each individual constant was evaluated from one set 

of measurements using the Michaelis-Menten equation with the included effect of only one inhibitor. 

During the estimation of the Ki constant, Vm and Km values were used as fixed values estimated from 

independent measurements as described above. 

The operational stability decay constants (kd) were estimated by using the experimental data of activity 

vs time. 

The set of optimum parameters were used for the simulation according to the proposed models. For 

simulations the built-in Episode algorithm for stiff system of differential equations was used. Standard 

deviations () and coefficients of determination (R2) as measures of goodness-of-fit were calculated by 

Scientist built-in statistical functions.  

3. Results and discussion 

In this work the consecutive aldol reaction system catalyzed by DERATm was studied, in which the 

acceptor substrate 2 reacts in a first step with the donor substrate 1 to give the adduct 3, 6,9,14,19 which 

subsequently reacts with a second equivalent of the donor 1 to result in the key product 4 (Figure 1). 1 

Spontaneous cyclization of 4 after the second addition step of 1 to 3 drives the overall equilibrium 

favorably because the high stability of the cyclized lactol form of the final product removes the open-
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chain 4 from the aldol equilibrium. 1,4,6,8,10,12,14,15,18,19 For the same reason, a further, third addition step of 

1 to 4 is prevented. 1,5,8,9,19,39 Due to the nature of the donor substrate, which can also act as an acceptor 

substrate, the DERA-catalyzed self-aldol addition of 1 occurs as a side reaction (Figure 2). 5,14,15 The 

reaction of 1 self-addition is a 2-step reaction in which first an intermediate is formed and then 

consecutively the final product 3,5-dihydroxyhexanal (5). When the reaction was conducted with 

DERATm, the formation of the intermediate was in a very small amount and therefore was neglected. 

Figure 2.  

3.1 Influence of pH and temperature on DERATm activity and stability 

To find optimal conditions for the DERATm catalyzed reaction, the enzyme activity and stability in 

different buffers (pH 5.4 – 9.0) (Supplement Fig. S1 – S2) and at different temperatures (20 – 50 °C) were 

investigated (Supplement Fig. S3 – S4). The enzyme DERATm showed the highest activity in 0.1 M TEA-HCl 

buffer at pH 7.0 in the tandem reaction of 2 with 1, which is in agreement with the previously published 

codon-optimized DERA. 16 The activity increased with rising temperatures in accordance with the 

Arrhenius equation (Supplement Fig. S3). The enzyme showed very good thermostability and pH stability. 

More than 80% of its initial activity was retained after 67 h of incubation at temperatures in the range 

between 20 and 40 °C, with highest residual activity at 20-25 °C ( 87%) (Supplement Fig. S4), rendering 

the DERATm more thermostable than the corresponding DERA from Lactobacillus brevis. 21 It was found 

that the residual enzyme activity was practically constant (>80%) within the pH range from 5.4 to 8.0 and 

24 h of incubation, which also is in accordance with previous investigations. 15 The highest residual 

activity (96%) was noticed in 0.1 M TEA-HCl buffer at pH 7.0 at 25 °C (Supplement Figs. S3 – S4). Because 

of these facts, and taking into consideration the volatility of 1 (bp = 20.2 °C), further investigations were 

performed in 0.1 M TEA-HCl buffer, pH 7.0 at 25 °C.  

3.2 Experiments in batch reactor with different DERA concentration 
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It was reported that lower amounts of DERA decrease the amount of product 4 arising from the second 

aldol reaction. 19,25 Therefore, to find the optimal DERATm concentration for obtaining the highest 

concentration of 4, and to minimize the enzyme operational stability decay, several reactions were 

performed in a batch reactor using same initial substrate concentrations but different initial DERATm 

concentrations.  

The results (Figure 3) show that enzyme concentrations above 5 mg/mL result in high product 

concentration, while enzyme operational stability decay is less prominent. These results implicate that 

DERA stability is significantly affected by the presences of substrates. 2,3,15,20,25 Lower DERATm 

concentration causes a lower consumption rate for 1 and 2 and, as a consequence, the enzyme is longer 

exposed to the negative influence of the aldehyde substrates. 4,25 

Figure 3.  

3.3 Impact of aldehydes on DERATm stability 

Because of these findings and previous observations reported in the literature 15,20 the individual 

influence of 1, 2, 3 and 4 on the enzyme stability was examined. The purpose of these measurements 

was to define the operational DERA stability in order to predict the enzyme behavior in the reactor. 

Within these measurements, the mechanism of inactivation which has not yet been fully clarified,30 was 

not investigated. It was found that 1, 2 and 3 have a negative effect on the enzyme stability, whereas 4 

has practically no effect (data not shown). Three models were tested for describing the enzyme 

inactivation: the first-order decay kinetics, the second-order decay kinetics and the parallel model 

(three-parameter biexponential equation). 40 The second-order decay kinetics and the parallel model 

resulted with almost the same goodness-of-fit to the experimental data. Due to less number of 

parameters, the decrease of DERATm activity during incubation with 1, 2 and 3 was described by second-

order kinetics. Due to less number of parameters, the decrease of DERATm activity during incubation with 
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1, 2 and 3 was described by second-order kinetics. The operational stability decay constant kd was 

estimated form the experimental results of relative activity (A) vs time for each aldehyde concentration. 

The presented results show the dependence of kd on the concentration of 1, 2 and 3, described by a 

second-order polynomial model (Figure 4). The estimated parameters of the polynomial model (Eq. 1) 

are presented in Table 1.  

Figure 4.  

Table 1.  

It was noted that the concentrations of 1 and 2 of up to 100 mM influence the enzyme stability 

considerably, which is in accordance with previous findings for the DERA enzyme. 25 Substrate 2 was 

found to be a more potent deactivator of DERATm as compared to 1. This was also the case with previous 

investigations with DERA enzymes from various sources. 2,3,21,25 The operational stability decay by 1 is 

consistent with previous research carried out with DERATm. 15 More interestingly, the results indicate that 

3 has a higher destabilizing effect on DERATm, compared to either 1 or 2. Hence, it is of crucial 

importance to select optimal initial substrate concentrations and the suitable reactor configuration to 

avoid accumulation of the intermediate 3 in the reactor. 

3.4 DERATm kinetics 

The kinetic investigation of the DERATm-catalyzed aldol addition of 1 to 2 was carried out to develop a 

mathematical model that will be applicable for different reactor configuration. Since the DERA-catalyzed 

statin side-chain production is considered to be a very complex reaction system, the formal kinetic 

model was applied. During the DERA-catalyzed reaction many compounds are being produced and spent 

resulting in a system with a large number of possible interactions. Applying the mechanistic model for its 

description would result with number of parameters3 wherefore it is hard to get intrinsic control of 
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correctness in its estimation. The formal kinetic model includes the data-driven or the empirical model 

which has less kinetic constant. 41 Those constants can be independently evaluated and have a defined 

physical meaning. So, in order to describe the kinetics in the explored process, one- or two-substrate 

Michaelis-Menten equations were used. 

The experiments were carried out in a batch reactor by adding different amounts of reactants 1, 2 and 3. 

By using the initial reaction rate method, the influence of different concentrations of 1 and 2 or 1 and 3 

on the specific DERATm activity of the first (Figure 5 A) and second (Figure 5 B) addition, respectively, 

were determined. Since DERATm can also utilize 1 as an electrophilic aldol component (Fig. 2), and thus 

can catalyze a direct self-aldol addition to produce 3,5-dihydroxyhexanal (5) over two steps, the kinetics 

of this side reaction (Fig. 6) was examined as well.   

Figure 5.  

The kinetics of the first (Fig. 5 A) and second step (Fig. 5 B) of DERATm-catalyzed aldol reaction were 

described by two-substrate Michaelis-Menten kinetics (Table 2, Eqs. 2 and 3), while the kinetics of the 

DERATm-catalyzed reaction of self-addition of 1 (Figure 6) was described by one-substrate Michaelis-

Menten kinetics with competitive inhibition of 2 and non-competitve inhibition of 3 (Table 2, Eq. 4). The 

types of inhibition were determined from the Lineweaver–Burk plots (supplement, Fig. S5). The values of 

estimated kinetic parameters are given in Table 2. The DERATm-catalyzed retro-aldol reaction does not 

occur (data not shown). Product 4 does not inhibit the first or the second aldol addition. 

Figure 6.  

Table 2.  

The maximal rate of DERATm in the first addition of 1 in the reaction with 2 was 5.5-fold higher than the 

maximal rate of the second addition step (Table 2). Because of that, accumulation of 3 is to be expected. 
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20 The maximum rate of self-aldol addition of 1 was somewhat higher than the rates of the aldol 

additions of 2 with 1 (Vm1 and Vm2) but due to severe inhibition by 2 (Ki3
2) this reaction will not be the 

preferred one. 16 This suggests that the preferred reaction is the addition of 1 to 2.  

3.5 Validation of the developed mathematical model 

The kinetic model of the tandem aldol addition catalyzed by DERATm includes: (i) kinetics of formation for 

3 (Eq. 2), (ii) kinetics of formation for 4 (Eq. 3) and (iii) kinetics of formation for 5 (Eq. 4). 3 To complete 

mathematical models of the aldol reaction of 2 with 1 mass balance equations for batch and fed-batch 

reactor configurations were set based on reaction schemes (Figs. 1-2, Table 3). The operational stability 

decay of DERATm was described by second-order kinetics (Eqs. 10 and 16). The dependency of the 

operational stability decay rate constant on the concentration of 1, 2 and 3 was also included in the 

model (Eq. 18). 

The mathematical models (Tables 2 and 3) were validated in a batch, repetitive batch (Eqs. 2-10 and Eq. 

18) and fed-batch reactor configuration (Eqs. 2-4 and Eqs, 11-18).  

Table 3.  

The model validation in the batch reactor is shown in Figure 7. Complete conversion of 1 and 2 was 

achieved after 1.2 hours. The intermediate 3 was not completely transformed into 4 due to a lack of 1, 

which was also consumed in the side reaction (Fig. 2). The yield on the desired product 4 with respect to 

substrate 2 was 83%. Based on the statistic goodness-of-fit ( = 5.31, R2 = 0.98), it can be concluded that 

the model describes the experimental data well. 

Figure 7.  

Since the enzyme is deactivated by substrates 1 and 2, as well as by the intermediate 3, it is very hard to 

obtain a high final concentration of 4 in a single batch reactor. Thus, the aldol reaction was further 
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performed in a repetitive batch 42 and fed-batch reactor configuration. By supplying the substrates into 

the reactor their concentration can be maintained at lower level, by which the enzyme operational 

stability decay can be lowered, or even minimized. The enzyme should also be added into the reactor to 

maintain its activity due to the inevitable operational stability decay. The repetitive technique has been 

shown to be very effective and easy to handle. 43 Additionally, this type of reactor could be a promising 

alternative to a batch reactor for producing higher concentrations of 4 by having not only additions of 

substrates, but also fresh enzyme. Therefore, the reaction was carried out in a repetitive batch reactor 

configuration with three additions of fresh substrates and enzyme without removal of the synthesized 

product (Figure 8), as 4 does not have a negative impact on the enzyme. According to our knowledge, 

this type of reactor has not yet been described for the DERA-catalyzed reaction of 2 with 1. The usual 

reactor employed for the aldol reaction of 1 with 2 catalyzed by DERA, either as an isolated enzyme or as 

a whole-cell catalyst, were the batch reactor 4,5,12,16,19-21 and, to a lower extent, the fed-batch reactor 

4,6,20.  

The concentration of 1 was dosed in surplus reflecting on its erosive consumption in the side reaction. 3 

At 2.1 and 4.2 hours after the start of the reaction the second and the third fresh feed of substrates and 

enzyme were added into the reactor (Figure 8). After 24 hours the conversion of 1 and 2 was complete. 

The yield of product 4 was 96% (50 g/L), the selectivity 4/5 was 7.2 and the selectivity 4/3 was 20.1. The 

final product composition (w/w %) of the reaction mixture contained 3.2% of 3, 87% of 4 and 9.7% of 5. 

Enzymatic activity (Figure 8 C) is shown as a relative value taking into account that after each addition 

into the reactor its value is regarded as its maximum, defined as 1. The absolute activity after the second 

and third enzyme addition was higher for 18 and 50%, respectively, compared to the initial activity. The 

enzyme operational stability decay (Figure 8 C) occurred in all three batches and was somewhat faster 

than in the batch shown in Figure 7. A plausible reason is that this experiment was initiated with lower 
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enzyme concentration (10 mg/mL batch vs. 5 mg/mL repetitive batch), which caused a longer exposure 

of the enzyme to the negative effect of aldehydes.  

Figure 8.  

Model validation was also done in the fed-batch reactor with constant substrate (q1) and enzyme supply 

(q2) (Figure 9). At the end of the experiment (25 h), the final concentration of 4 was 70 g/L. The final 

product composition (w/w %) of the reaction mixture was 6.42% of 3, 77.12% of 4 and 16.46% of 5. The 

statistical output ( = 24.27, R2 = 0.93) was weaker than in the previous two types of investigated 

reactors. This can be attributed to relatively high concentration of aldehydes in the reaction mixture for 

which the samples have to be diluted before analysis. Additionally, due to the high concentration of the 

added crude enzyme (total enzyme addition of 20 mg/mL), the solution became more viscous, causing a 

sampling error. Despite the aforementioned difficulties, Fig. 9 shows that the model described the 

experimental data well. 

Figure 9.  

The single quadrupole MS detector allowed direct peak identification of all compounds present in the 

reaction mixture, and therefore the identities of all reaction products (3, 4 and 5) were confirmed. 

3.6 Mathematical model simulations 

Based on the experiments carried out, it can be concluded that the main drawback of DERATm-catalyzed 

statin side-chain production is the enzyme operational stability decay caused by aldehydes present in the 

reaction mixture. Therefore, the choice of an effective process design is of crucial importance to 

minimize the enzyme decay, which should lead to significant process improvement. To accomplish this, it 

is necessary to find the most effective reactor configuration. In the case of a rapidly deactivating 

biocatalyst that is not being recycled, which is the case with the applied DERA enzyme, discontinuous 
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reactors, such as the batch or semi-batch reactor, represent an optimal solution. 44,45 These reactors are 

preferred for small-scale production of highly priced products since high conversion can be achieved per 

one batch. This feature is also very important because high yield leads to the reduced cost of product 

separation and purification. In the enzyme catalysed reaction these reactors are not preferable if the 

reaction is strongly inhibited by a product, since in that case achieving a desirable product concentration 

can be quite difficult. 44 When the reaction is substrate inhibited its impact on the reaction rate can be 

avoided by dosing the substrate into the reactor. In case of the DERA enzyme, the product and substrate 

inhibition did not occur, while the impact of the substrate on the DERA stability was significant. Because 

of it, the batch reactor with a defined substrate feeding is a promising strategy in order to minimize the 

enzyme operational stability decay. 

Since the statistic output of the proposed model, together with the estimated kinetic parameters (Tables 

2 and 3), was satisfactory for all types of investigated reactors, the model was used for the predictions of 

this reaction system in different reactor configurations. The model simulations were performed by 

changing the initial conditions in the batch and fed-batch reactor.  

The concentration of 4, its conversion yield (Y, calculated as the ratio of produced 4 and total amount of 

added 2), productivity (Pr, g4/(L day)) and biocatalyst yield (BY, g4/gDERA) were taken as the measure of 

process relevant outputs of the tested systems. 46 The bottleneck of this process is the enzyme stability, 

15,20 and to optimize this process it is necessary to find the minimal enzyme concentration at which the 

optimal product yield and productivity will be accomplished. Thus, the simulations were performed by 

varying the enzyme concentration and its supply into the reactor. To minimize enzyme operational 

stability decay in the batch reactor caused by aldehyde substrates, fresh substrate additions were 

considered as well. Therefore, three different configurations of batch reactor were investigated: BR1 – 

batch reactor in which the total amount of substrates and enzyme were added at the beginning of the 
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process, BR2 – repetitive batch reactor in which the total amount of enzyme was added at the beginning 

of the process combined with three sequential substrate additions, and BR3 – repetitive batch reactor 

with three sequential additions of substrates and enzyme. In the last two configurations (BR2 and BR3) 

extra substrates and enzyme additions were simulated when yield 4 was 80%. The simulations were 

stopped when the final yield of 4 was 99% or at the time of 24 h. The results of those simulations are 

shown in Figure 10. 

Figure 10.  

The product 4 belongs to the category of pharmaceutical compounds. 4 According to the industrial 

requirements for this kind of compounds, the minimum biocatalyst yield must be 10 g/g, and the final 

product concentration must be at least 50 g/L to become economical. 4,21,46 Also, the total product yield 

should be at least 80%. Regarding the product concentration and yield, all three reactor types can satisfy 

this demand, however enzyme concentration is crucial. BR1 required enzyme addition of at least 40 

mg/mL, while in BR2 and BR3 the requirements were reached at enzyme concentrations of 15 mg/mL. 

The highest BY was achieved as in BR2, but at an enzyme concentration of 5 mg/mL at which the 

required concentration of 4 was not achieved. Taking into account the Pr, c4 and BY, BR2 ended being 

the optimal reactor configuration if the total enzyme addition of 15 mg/mL is applied. At that DERATm 

concentration, the same BY was achieved in BR3, but with lower Pr. Nevertheless, in all tested batch 

reactor configurations, the industrial requirement for the BY were not accomplished. 

For the fed-batch reactor simulation, different conditions of enzyme supply were examined; while the 

substrates were continuously fed into the reactor in all tested configurations. Three different ways of 

enzyme additions were investigated: FBR1 – fed-batch reactor with enzyme addition only through feed, 

FBR2 – fed-batch reactor with the addition of half of the amount of the enzyme at the start of the 

process and half of the amount through feed, and FBR3 – fed-batch reactor with the addition of the total 
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amount of the enzyme at the beginning of the process. Simulations were stopped at time of 33.33 h 

(2000 min) and at that moment the BY and Pr were calculated (Figure 11). 

Figure 11.  

The yield of at least 80% was achieved at total enzyme additions of 0.4, 0.18, 0.16 g for FBR1, FBR2 and 

FBR3, respectively. The highest BY was noted at 0.18 g of overall DERATm addition for FBR1 (6.57 

g4/gDERA), 0.2 g for FBR2 (10.16 g4/gDERA) and 0.18 g for FBR3 (9.25 g4/gDERA). At those points, the final 

concentration of 4 was above 70 g/L. FBR2 (total enzyme addition of 0.2 g) was chosen as the optimal 

reactor configuration for the fed-batch system based on the highest BY, since all other indicators (Y, c4 

and Pr) were similar under all conditions of enzyme supply studied. 

Based on the simulations, it was concluded that the requirements for product concentration as well as 

for yield were achieved in both types of studied reactors. The batch reactor did not achieve the desired 

BY and therefore this type of reactor did not prove to be a good choice. The model was experimentally 

validated for the optimal reaction conditions in the fed-batch reactor since this type of reactor satisfied 

all requirements. The results are shown in Figure 12. 

Figure 12.  

The obtained experimental results are in good agreement with the mathematical model simulation. At 

33 h the concentration of 4 was 78 g/L, Pr was 56 g4/(L day) and Y was 95%. The final product 

composition (w/w %) of the reaction mixture was 10.35% of 3, 2.28% of 4 and 87.37% of 5. The statistical 

analysis provided by Scientist ( = 6.95, R2 = 0.99) proved that the experimental data are in good 

agreement with the predicted model simulations.  

Even though DERATm does not seem to be a very promising catalyst in the studied reaction regarding 

productivity, as it was 13-17 fold lower than the ones reported for other DERA enzymes (improved DERA 
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from E coli and DERA from L. brevis), 6,20,21 our study performed with this enzyme can be of general 

interest for this reaction in the future. Namely, while this reaction shows to have a strong potential for 

industrial application, one of the drawbacks is the lack of a detailed approach through the application of 

mathematical modelling techniques, as these enable process optimization important for process scale-

up. It was shown and proven that in case of this specific reaction, the optimization of process parameters 

and process design can be done by the development and use of a mathematical model, which besides 

kinetic equations also includes mathematical description of enzyme operational stability decay 

dependencies on the compounds present in the reaction mixture. 

4. Conclusion 

For the studied reaction catalyzed by DERATm a mathematical model was developed, which besides the 

kinetic and reactor model also includes the model for an enzyme operational stability decay. Kinetic 

parameters and operational stability decay rate were estimated by independent measurements. The 

developed model was successfully validated in the batch and fed-batch reactor and was used for the 

optimization of reaction conditions, in order to achieve optimal biocatalyst yield, product concentration 

and volume productivity. To minimize the enzyme operational stability decay, different conditions of 

enzyme and substrate supply were considered. Experimental results confirmed model simulations and a 

product concentration of 78 g/L, productivity of 56 g4/(L day) and yield of 95% were achieved. According 

to our knowledge, this is the first time that mathematical model simulations were successfully applied 

for the optimization of the statin side-chain production catalyzed by the aldolase DERA. The used 

methodology should be an exceptional base for making this reaction industrially relevant. 
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Table 1. Parameters of the polynomial model for the dependency of the operational stability decay 

constant on the concentration of 1, 2 and 3. 

Aldehyde 
a 
[mM-2 min-1] 

b 
[mM-1 min-1] 

Equation 

1 2.70 · 10-7 5.18 · 10-5 
2   dk a c b c  (1)  2 7.40 · 10-7 9.85 · 10-5 

3 5.49 · 10-6 3.27 · 10-5 
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Table 2. Estimated kinetic parameters and the kinetic model for the double aldol addition of 1 and 2 and 

for the self-aldol addition of 1. 

Parameter Unit Value Equation 

First addition of 1 to 2 

Vm1 U mg-1 1.92  0.15 

   
1

1 1
1 1

  


  

DERA 1 2

2
1 2

m

m m

V c c
r

K c K c


 (2) 

Km1
1 mM 8.67  1.85 

Km1
2 mM 37.63  5.55 

Second addition of 1 to 3 

Vm2 U mg-1 0.35  0.04 

   
2

2

2 2

  


  

DERA 1 3

1 3
1 3

m

m m

V c c
r

K c K c


 (3) 

Km2
1 mM 1.43  0.91 

Km2
3 mM 13.31  2.18 

1 Self-aldol addition 

Vm3 U mg-1 2.51  0.21 

 

3
3

3
2

3 3

3 3

1 1

 


    
       

    

DERA 1

1 1 32
1 12 3

m

m m

i i

V c
r

cc
K c K c

K K


 (4) Km3

1 mM 29.04  3.01 

Ki3
2 mM 0.14  0.02 

Ki3
3 mM 20.44  250 
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Table 3. Reactor models of the double aldol addition of 1 and 2 and the DERATm operational stability 

decay constant model. 

BATCH REACTOR FED-BATCH REACTOR 

1 2 3

d

d
   1c

r r r
t

        (5) 
 ,0 1 1 2

1 2 3

d

d

  
   

1 11
c q c q qc

r r r
t V

       (11) 

1

d

d
 2c

r
t

                      (6) 
 ,0 1 1 2

1

d

d

  
 

2 22
c q c q qc

r
t V

                     (12) 

1 2

d

d
 3c

r r
t

                  (7) 
 1 2

1 2

d

d


   

33
c q qc

r r
t V

                           (13) 

2

d

d
4c

r
t

                         (8) 
 1 2

2

d

d


  

44
c q qc

r
t V

                                   (14) 

 3

d 1

d 3
5c

r
t

                    (9) 
 1 2

3

d 1

d 3


  

55
c q qc

r
t V

                                (15) 

 2DERA
DERA

d

d
  dk

t


  (10) 

 DERA,0 2 DERA 1 2 2DERA
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q q q
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t V

 
  (16)                       

 
1 2

d

d

V
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                                                       (17) 
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d i i i i
i
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Figure 1. The reaction scheme of the DERATm catalyzed aldol addition of acetaldehyde and 

chloroacetaldehyde. 
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Figure 2. Self-aldol addition of 1 catalyzed by DERATm. 
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Figure 3. Enzyme half-life and resulting concentration of 4 at different enzyme concentrations in the 

batch reactor (c1 = 200 mM, c2 = 100 mM, 0.1 M TEA-HCl buffer, pH 7.0, 25 °C,DERA = 1; 2; 5; 10; 15 

mg/mL). Legend: black circles – 4, grey circles – t1/2. 
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Figure 4. The influence of the concentration of 1, 2 and 3 on the DERATm operational stability decay 

constant (kd) (0.1 M TEA-HCl buffer pH 7.0, 25 °C, DERA = 10 mg /mL). Legend: black circles – 1, grey 

circles – 2, white circles – 3, line – model. 
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Figure 5. Kinetics of the tandem aldol addition of 1 and 2 catalyzed by DERATm (0.1 M TEA-HCl buffer, pH 

7.0, 25 °C, DERA = 1 mg/mL). A) First aldol addition, the dependence of initial reaction rate on 1 (c2 = 200 

mM) and 2 (c1 = 200 mM). B) Second aldol addition, the dependence of initial reaction rate on 1 (c3 = 

96.4 mM) and 3 (c1 = 200 mM). Legend: experiment: circles – 1, triangles – 2, squares – 3; model: line – 1, 

dashed – 2, dotted – 3. 
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Figure 6. Kinetics of self-aldol addition catalyzed by DERATm (0.1 M TEA-HCl buffer pH 7.0, 25 °C, DERA = 1 

mg/mL). A) The dependence of initial reaction rate on 1. B) Impact of 2 and 3 on the initial reaction rate 

(c1 = 200 mM). Legend: experiment: circles –1, triangles – 2, squares – 3; model: line – 1, dashed – 2, 

dotted – 3). 
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Figure 7. Double aldol addition of 1 to 2 in a batch reactor catalyzed by DERATm (0. 1 M TEA-HCl buffer, 

pH 7.0, c1 = 198 mM, c2 = 93 mM, DERA = 10 mg/mL). Time change of: A. substrate concentration (circles 

– 1, triangles – 2), B. product concentration (squares – 3, x – 4, empty circles – 5) and C. enzyme activity 

(line – model). 
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Figure 8. Double aldol addition of 1 to 2 in the repetitive batch reactor catalyzed by DERATm (0.1 M TEA-

HCl buffer, pH 7.0, c1 = 200 (+257+270) mM, c2 = 80 (+107+135) mM, DERA = 5 (+5+5) mg /mL, 2nd 

addition – 2.1 h, 3rd addition – 4.1 h). Time change of: A. substrate concentration (circles – 1, triangles – 

2), B. product concentration (squares – 3, x – 4, empty circles – 5) and C. relative enzyme activity (line – 

model). 
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Figure 9. Double aldol addition of 1 to 2 in the fed-batch reactor catalyzed by DERATm (0.1 M TEA-HCl 

buffer, pH 7.0, V0 = 6 mL; feed 1: q1 = 5 µL/min, c1,0 = 2450 mM, c2,0 = 950 mM; feed 2: q2 = 2 µL/min, 

DERA,F = 100 mg/mL). Time change of: A. substrate concentration (circles – 1, triangles – 2), B. product 

concentration (squares – 3, x – 4, empty circles – 5) and C. enzyme activity (line – model). 
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Figure 10. Simulations of double aldol addition of 1 to 2 catalyzed by DERATm in different batch reactor 

configurations (BR1: c1 = 741 mM, c2 = 300 mM; BR2 and BR3: c1 = 230 x 3 mM, c2 = 100 x 3 mM). 

Biocatalyst yield (A) productivity (B) and yield (C) change by total enzyme addition (line – BR1, dotted – 

BR2, dashed – BR3). 
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Figure 11. Simulations of double aldol addition of 1 to 2 catalyzed by DERATm in different modes of fed-

batch reactors (feed 1: q1 = 5 µL/min; c1,0 = 2300 mM, c2,0 = 950 mM, FBR1 and FBR2: V0 = 6 mL; feed 2: 

q2 = 2 µL/min; FBR3: V0 = 10 mL). Biocatalyst yield (A) , productivity (B) and yield (C) change by total 

enzyme addition (line – FBR1, dotted – FBR2, dashed – FBR3). 
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Figure 12. Testing the optimal conditions obtained by model based optimization in the reaction of 

double aldol addition of 1 to 2 in a fed-batch reactor catalyzed by DERATm (0.1 M TEA-HCl buffer pH 7.0, 

V0 = 6 mL, DERA = 16.67 mg/mL; feed 1: q1 = 5 µL min-1, c1,0 = 2300 mM, c2,0 = 950 mM; feed 2: q2 = 2 µL 

/min, DERA,F = 25 mg/mL). Time change of: A. substrate concentration (circles – 1, triangles – 2), B. 

product concentration (squares – 3, x – 4, empty circles – 5) and C. enzyme activity (line-model). 
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