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ABSTRACT: This study explores halohydrin dehalogenase o
(HHDH) variant ISM-4 for the synthesis of enantioenriched ::“'“E"hammm rJ%j
fluorinated B-hydroxy nitrile, focusing on the reaction engineering 2 o 10 o
perspective for the enhancement of process metrics. Detailed { %E ’;;!\ /, fo F©/t
kinetic assessments, enzyme affinities, inhibitions, and deactivation "%‘, ’%’%" " % D" . d’im
dependency are integrated into a mathematical model, providing 2 mdgha}%‘;::{f/rgz m s
insights into ISM-4 limitations and optimal conditions for (S)-3-(4- Fon V\;}{i: 4 - ceseciy
fluorophenyl)-3-hydroxypropanenitrile’s synthesis. By strategically Oy T, e - \_‘ Scale-up Reaction

feeding the substrate in a fed-batch or a repetitive-batch reactor, T e F%“ ! G - o
substantial improvements are achieved compared to the batch %ﬁ P Sivs ing r%j
reactor, yielding the 75 and 145 mM desired product with ee > 90 o ¢ R odesct \ﬁsz; —
and 80%, respectively. Additionally, findings from in silico immobilzed in aiginate beads {\: 7 o025

simulations guided the selection of process conditions for a
reaction on a 100 mL scale in a rotating-bed reactor with an immobilized catalyst, resulting in the 24.7 mM product (Y = 72%, ee
92%). This study highlights the important role of a reaction engineering approach in enhancing HHDH-catalyzed synthesis for
scalable production of valuable enantioenriched building blocks.

1. INTRODUCTION diversity of accepting nucleophiles in ring-opening reac-
tions.'”~'® Their importance is best depicted by the use of
HHDH members in the industrial production of atorvastatin,
the active ingredient of the cholesterol-lowering drug Lipitor

Optically pure f-hydroxy nitriles are versatile building blocks
in pharmaceutical and fine chemical industries."” The cyano
group in a molecule is an essential synthon for further

transformation to diverse classes of synthetically essential (Pfizer), and a key intermediate f% (8)-cidofovir, the antiviral
compounds, such as amides, amines, amino acids, and drug Vistide (Gilead Sciences).w’

carboxylic acids.” As biological target molecules are sophisti- Depending on the reaction system studied and the HHDH
cated selectors regarding chirality, optical purity increases the candidate employed, epoxide ring-opening reactions may occur
value of intermediates for the synthesis of APIs." Optically in a completely enantioselective fashion, whereby kinetic
pure f-hydroxy nitriles are a part of the production path resolutions result in higher-value products, i.e., optically pure
toward antidepressants, f-blockers, statins, etc.>™® Their P-substituted alcohols and unreacted enantiomers of the
importance further increases when molecules are not only substrates.'* However, the biocatalytic synthesis of enantio-
optically active but contain fluorinated moieties, which can pure compounds becomes more complex when the enzyme
drastically enhani.e biochemical properties of great importance accepts both enantiomers in the reactions. Some of the
for drug design.”” Since direct fluorination is challenging from catalytic and structural properties of enzymes, including

both economic and environmental perspectives, the develop-
ment of sustainable methods for modifying existing fluorinated
synthons is a valuable alternative.'”'" This work addresses the
reaction engineering perspective of the biocatalytic synthesis of -
(S)-3-(4-fluorophenyl)-3-hydroxypropanenitrile ((S)-2) and Rec?wed: Feb_ruary 4, 2024 !g%!i,@,,
(S)-2-(4-fluorophenyl)oxirane ((S)-1) catalyzed by a halohy- Revised: Apr¥1 1,2024 :
drin dehalogenase (HHDH) variant (Scheme 1). HHDHs, AccePted: Apr}l 3, 2024
involved in the reversible dehalogenation of vicinal halohydrins Published: April 12, 2024
and the formation of epoxides, are synthetically valuable

candidates because of their activity, enantioselectivity, and

enantiopreference, can be introduced or enhanced by protein
engineering methods.”"”*” Following this concept, the thermo-
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Scheme 1. Synthesis of (S)-2 through the ISM-4-Catalyzed rac-1 Ring-Opening Mediated by Cyanide Ions
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stable ISM-4 variant was obtained in previous research by the
combinatorial directed evolution strategy.”” In the respective
research, the variant was characterized in terms of temperature
vs activity profile, thermal denaturation, and half-life value (T,,
=73 °C, t,°°C = 51 h). Compared to the wild-type HheC,
ISM-4 displayed increased thermal stability and superior
resistance when subjected to the action of organic solvents,
accompanied by improved, although not absolute, enantiose-
lectivity.”* As this enzyme variant proved to be a promising
and robust candidate for the synthesis under demanding
reaction conditions,”* in this work, the potential of ISM-4 for
the production of optically active compounds was further
evaluated. The enzyme variant was subjected to kinetic
characterization in cyanolysis of rac-1 (Scheme 1), with a
special emphasis on the differences between its catalytic
activities toward enantiomers of the substrate. The main goal
was finding the conditions that will enable the synthesis of the
product in highly enantioenriched form by employing a
bioreaction engineering approach. The application of reaction
engineering principles plays a decisive role in choosing reaction
conditions for enhanced efficiency and selectivity. Mathemat-
ical models offer not only valuable insights into the kinetics of
catalyzed reactions, leading to a better overall understanding of
the occurring processes but also support the design and
optimization of reaction systems, with the final goal of
facilit;isth;% the processes scale-up for industrial applica-
tions.”™

2. MATERIALS AND METHODS

2.1. Materials. Commercially available chemicals were
purchased from suppliers and used without further processing:
Acros Organics (Belgium)—tris(hydroxymethyl)-
aminomethane (Tris); Fisher Scientific (USA)—dimethyl
sulfoxide (DMSO), methanol (MeOH), acetonitrile
(MeCN), ethyl acetate (EtOAc), n-hexane, isopropanol (i-
PrOH), and rac-2-(4-fluorophenyl)oxirane (rac-1); abcr
GmbH (Germany)—(R)-2-(4-fluorophenyl)oxirane ((R)-1);
Carl Roth (Germany)—arabinose, ethylenediaminetetraacetic
acid (EDTA), Luria—Bertani broth, agar, and ampicillin;
Sigma-Aldrich Corporation (SAD)—calcium lactate pentahy-
drate and sodium sulfate; Roche (Switzerland)—protease
inhibitor cOmplete, and Honeywell Fluka (USA)—sodium
acetate, sodium alginate. Commercially unavailable chemicals
were synthesized with respect to the following protocols: para-
nitro-2- bromo-l-phenzlethanol (PNSHH) and para-nitro
styrene oxide (PNSO),” 3-(4-fluorophenyl)-3-hydroxypropa-
nenitrile (rac-2),”" and rac-1-(4-fluorophenyl)-1,2-ethanediol
(rac-3).*" Synthetic procedures for (S)-2-(4-fluorophenyl)-
oxirane ((S)-1) and (R)-3-(4-fluorophenyl)-3-hydroxypropa-
nenitrile ((R)-2) are given in the Supporting Information
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(Protocol S1, SI). The plasmid for the ISM-4 variant was
kindly provided by the Tang group,” and the enzyme was
produced as described below.

2.2. Enzyme Preparation and Characterization. The
ISM-4 variant was produced as described in previous
research.”’ Briefly, the enzyme was produced by over-
expression in Escherichia coli MC1061 in an Luria—Bertani
medium induced by arabinose. After cell harvest by
centrifugation (5000 rpm, 15 min, 4 °C) and disruption by
sonication in TEMG buffer (10 mM Tris—SO, pH 7.5, 1 mM
EDTA, 1 mM f-mercaptoethanol, 10% glycerol), the cell-free
extract (CFE) was separated from the remaining cell debris by
the second round of centrifugation (11 000 rpm, 40 min, 4 °C)
and employed in further experiments. The total protein
concentration in CFE was determined by Bradford protein
assay,”” while ISM-4’s presence in CFE was confirmed by
PNSHH assay (see Section 2.5.2 and Scheme S1, SI) and
sodium dodecyl-sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) electrophoresis (Figure S1, SI).

2.3. HPLC and GC Analyses. 2.3.1. Instruments.
Substrate and product concentrations were monitored on
two chromatographs, LC-40 Nexera Lite with a PDA detector
from Shimadzu (Japan) and GC-2014 with an FID from
Shimadzu (Japan). Conditions, columns, and mobile phases
are given below, while details about gradient analyses,
retention times, chromatograms, and calibration curves are
provided in Figures S2—SS, SL

2.3.2. PNSHH and PNSO Monitoring. Concentrations of
activity assay compounds were monitored via HPLC (flow rate
1.5 mL/min, 4 = 310 nm, oven temperature 30 °C) on a
Kinetex Core—shell C18 column (2.6 ym, 100 mm X 4.6 mm;
Phenomenex, USA) with mobile phase A (80% v/v MeCN,
20% v/v UPW, 0.1% v/v TFA) and B (UPW with 0.1% v/v
TFA) (Figure S2, SI).

2.3.3. Achiral Analysis of 1 and 2. Achiral analyses of
reaction compounds were performed via HPLC with PDA
(flow rate 1 mL/min, A = 190 nm, oven temperature 30 °C) on
a Kinetex Core—shell C18 column (2.6 ym, 100 mm X 4.6
mm; Phenomenex, USA) with mobile phase A (90% v/v
MeCN, 10% v/v UPW) and B (UPW) (Figure S3, SI).

2.3.4. Chiral Analysis of (R)-1 and (S)-1. Chiral analyses of
substrate enantiomers were performed via GC with FID (flow
rate 14.8 mL/min, p = 39.4 kPa, Tiyjecior = 250 °C, Tppp = 300
°C) on a Lipodex E (50 m X 0.25 mm; Macherey-Nagel,
Germany) with N, as gas carrier (Figure S4, SI)

2.3.5. Chiral Analysis of (R)-2 and (S)-2. Chiral analyses of
product enantiomers were performed via HPLC with PDA
(flow rate 1 mL/min, 4 = 254 nm, oven temperature 30 °C) on
a Chiralpak IC-3 (3 ym, 150 mm X 4.6 mm; Daicel, Japan)
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with n-hexane with 5% v/v i-PrOH as mobile phase (Figure SS,
SI).

2.4. Kinetic Characterization. Although the reaction
system (Scheme 1) can theoretically be divided into three
individual reactions (Scheme S2, SI), in reality, all reactions
occur simultaneously when rac-1 cyanolysis is performed. To
fully and accurately characterize the reaction system, detailed
kinetic measurements were performed for each of the reactions
separately. The effect of an individual compound on the
reaction rate was investigated by varying its concentration
while keeping all of the other concentrations and the
conditions constant in order to exclude their influence.
Although not all compounds are reacting in every reaction
step, the effect of each compound on the kinetics of both
enzymatic reactions was investigated. For example, not only
was the chemical formation of rac-3 (Scheme S2C, SI) with
respect to substrate rac-1 concentration kinetically charac-
terized, but also the effect of rac-3 on enzyme specific activity
in reactions forming (S)-2 and (R)-2 was evaluated. In
addition to all substrates and products, the influence of the
range of DMSO concentrations on the specific enzyme activity
was also assessed. Since rac-1 solubility in water is as low as
026 g L' at 25 °C,*® an organic cosolvent is added to the
reaction mixture to achieve better substrate solubility and thus
increase its bioavailability. DMSO was chosen as a cosolvent
based on our previous research regardin§ suitable media for
HHDH-catalyzed biotransformations.””** All of the kinetic
experiments were performed in a ThermoMixer C (Eppendorf,
Germany) in Eppendorf tubes as reactors under constant
common conditions (V, = 500 uL, S00 mM Tris—SO, buffer
pH 7.5 at 25 °C, 10% v/v DMSO, 1000 rpm). The individual
specific reaction conditions, i.e., the ranges of varying and
constant concentrations for each set of kinetic experiments,
were selected as follows: NaCN 0—160 mM (¢(g); = 10 mM,
Visva = 0.044 mg/mL); (R)-1 0—85 mM (cyuon = 80 mM,
Yism4 = 0.044 mg/mL); (S)-2 0-30 mM (cry; = 10 mM,
cnaen = 100 mM, yigyy = 0.044 mg/mL); rac-3 0—40 mM
(cya = 10 mM, cy,cn = 100 mM, yigp4 = 0.044 mg/mL);
DMSO 0—6.8 M (c(gy.; = 10 mM, cyyex = 100 mM, 7gy =
0.044 mg/mL); NaCN 0—170 mM (c(5); = 10 mM, yigp4 =
0.131 mg/mL); (S)-1 0—50 mM (cyeen = SO MM, Yigps =
0.131 mg/mL); (R)-1 0—30 mM (c(5); = 10 mM, cy,cn = 80
mM, ¥ismq = 0.131 mg/mL); rac-1 0—10 mM concentration
effect on its hydrolytic degradation. Kinetic characterization
was performed by the initial reaction rate method, which, in
practice, means that product formation was observed within
the first 10% conversion of the substrate. The reaction mixture
was sampled at least 5 times within the initial part of the
reaction, taking into account that no more than 10% of the
reactor volume is withdrawn in order to maintain the
representativeness of the samples. Aliquots of 10 uL were
immediately mixed with 500 uL of EtOAc, and extraction was
performed by vortexing for 20 s on a Vortex V-1 Plus (Biosan,
Latvia). Upon phase separation, the upper organic layer was
additionally dried by passing through the layer of Na,SO,.
Samples prepared in such a manner were subjected to
chromatographic analysis as described above (see Section 2.3).

2.5. Stability Measurements. 2.5.1. Setup for Enzyme
Stability Measurements. Except for enzyme activity during
biotransformation, the kinetic stability of the enzyme
represents a crucial property. The kinetic stability of the
enzyme was assessed at resting conditions (i.e., enzyme
stability during incubation with individual compounds) and
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operational conditions (i.e, enzyme operational stability
during catalytic activity). All of the stability experiments
were conducted on a ThermoMixer C (Eppendorf, Germany)
in Eppendorf tubes as reactors under the following constant
common conditions: V, = 500 uL, 500 mM Tris—SO, buffer
pH 7.5 at 25 °C, 10% v/v DMSO, 1000 rpm. Other conditions
(i.e., reaction mixture composition and respective concen-
trations) differed depending on the studied incubation/
reaction, and are described below. To assess enzyme stability
during resting time, the enzyme solution (yigy.4 = 1 mg/mL)
was incubated at the common conditions given above and at
different concentrations of substrates, that is, rac-1 (0, S, 20,
and S0 mM) or sodium cyanide (0, 20, 50, and 100 mM).
Incubation with substrates was never performed with both rac-
1 and NaCN at the same time as to avoid an enzymatic
reaction between these two substrates. In order to determine
the stability of the enzyme without the influence of reaction
compounds, the enzyme solution was incubated in a buffer
medium without the addition of either of the substrates.
During the incubation study, the enzyme was regularly
sampled from the incubation medium, diluted in buffer, and
separated from the rest of the reaction mixture on Amicon
Ultra-0.5 centrifugal units (Merck, USA; 4 °C, 14000 rpm
during S min). To ensure complete separation of the enzyme
from the rest of the incubation medium, the washing and
centrifugation steps were repeated 3 times. Finally, the enzyme
was resuspended and fully recovered from the centrifugal unit,
whereby the buffer amount was adjusted to correspond to a
final CFE concentration of 1 mg/mL. Similarly, during model
validation and performance of batch experiments (see Section
2.6), not only substrate consumption and product formation
were followed, but also the operational stability of the enzyme.
The reaction mixtures were prepared as described in Figure 3
and sampled at regular time intervals. The enzyme preparation
for the assay was performed in the same manner as described
above for the incubation studies, that is, by successive cycles of
washing and centrifugation, finally followed by the full recovery
from the centrifugal unit. The enzyme stability, both in the
resting and the operational state, was monitored by initiating
the individual activity assays in certain time intervals with the
separated enzyme solutions.

2.5.2. Activity Assay. ISM-4 activity at certain time points
was measured using the assay described previously.””*" Briefly,
the enzymatic transformation of para-nitro-2-bromo-1-phenyl-
ethanol (PNSHH) to para-nitro styrene oxide (PNSO)
(Scheme S1, SI) was monitored using the initial reaction
rate method, whereby the reaction mixture was sampled 5
times within 10% conversion of the substrate. Reactions were
performed in Eppendorf tubes on a ThermoMixer C
(Eppendorf, Germany) under common conditions: V, = 500
UL, cpnspn = S MM, ¥ = 0.1 mg/mL, 100 mM Tris—SO,
bufter pH 7.5 at 25 °C, 5% v/v DMSO, and 1000 rpm.
Samples from the reaction mixture (10 uL) were diluted in
MeCN (390 uL) and filtered through a 0.22 um filter
Chromafil Xtra H-PTFE (Macherey-Nagel, Germany). The
concentrations of PNSHH and PNSO were determined by
HPLC analysis (see Section 2.3.2).

2.5.3. Enzyme Stability Quantification. Based on the
results of the initial reaction rates obtained by the activity
assay, the specific enzyme activities were calculated via eq 1.
From the activity decline, that is, the drop in the obtained
enzymatic activity over time, operational stability decay rate
constants (ky) were estimated under the assumption that the

https://doi.org/10.1021/acs.iecr.4c00477
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Table 1. Developed Mathematical Model for rac-2-(4-Fluorophenyl)oxirane Cyanolysis Catalyzed by the ISM-4 Variant
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process follows first-order kinetics (eq 2). The estimation of
the stability constants was performed within SCIENTIST
software, as described below (see Section 2.7).*

S A = dCPNSO_i

Codt oy (1)

M = —kgy
at ISM—4 )
2.6. Batch-Reactor Experiments and Mathematical

Model Validation. To confirm the accuracy and applicability

of the developed mathematical model, model validation

experiments were conducted. Experiments were carried out
at common constant conditions (V, = 1000 uL, S00 mM Tris—

SO, buffer pH 7.5 at 25 °C, 10% v/v DMSO, 1000 rpm) and

different initial concentrations of substrates and the enzyme,

whereby the exact composition for each experiment is shown
in the description of Figure 3. In the case of the batch reactor,
the reaction was initiated by the addition of ISM-4 and
monitored for 24 h, both in terms of concentrations of the
reaction mixture compounds and the decay of the enzyme
operational stability. In the case of the repetitive-batch reactor,

50 mM rac-1 and 25 mM NaCN were added to the reactor

every 30 min in 12 portions, while the monitoring proceeded

in the same manner as in the case of the batch experiments.

Sampling of the reaction mixture was carried out at regular

time intervals during 24 h or, in the case of the repetitive-batch

experiment, 6 h. The enzyme samples were processed and
subjected to activity measurements (see Section 2.5), while the
extracted and dried samples were analyzed chromatographi-
cally to obtain data on substrate consumption and product

formation (see Section 2.3).

2.7. Data Analysis and Development of the Mathe-
matical Model. Data analysis was performed by using
program package SCIENTIST.*® The differential equations
were solved using the EPISODE stiff equation package within
SCIENTIST software. The selected integrator method uses a
relative step size of 0.01, with a maximum allowance of 5000
steps. A relative error tolerance of 1.00 X 107 was applied
during the numerical integration process, and the solver
utilized an analytic Jacobian.”® The apparent kinetic parame-
ters were estimated from the experimental data sets obtained
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by the initial reaction rates. The explanation of the method
applied for parameter estimation is provided together with
Table S1, SI. The data were processed by employing nonlinear
regression methods available within the software, i.e., simplex
fit or least-squares fit. The hydrolytic decomposition of 1 was
described with pseudo-first-order kinetics (Table 1, eq S) since
water participating in the reaction is in such excess that it can
be considered part of the hydrolytic constant (k). The
synthesis of (S)-2 is described by double-substrate Michaelis—
Menten kinetics (CN~ and (R)-1 as substrates) with
competitive inhibitions by (S)-1, (S)-2, rac-3, DMSO, and
substrate inhibition by (R)-1 (Table 1, eq 3). Synthesis of (R)-
2 is described by double-substrate Michaelis—Menten kinetics
(CN™ and (S)-1 as substrates) with competitive inhibitions by
(R)-1 and DMSO (eq 4). Both kinetic models for biocatalytic
reactions include operational stability decay rate constants
(kg). The constants were estimated from independent activity
measurements in batch reactors (Figure S7, Table S2, SI). The
mass-balance equations describing the change in the
concentration of the reaction compounds in the batch reactor
are given (Table 1, eqs 6—11). The operational stability decay
is described by the first-order kinetics (Table 1, eq 12), while
the dependence of kg on the initial concentration of rac-1 is
described by a hyperbolic function (Table 1, eq 13).

2.8. Whole-Cell Immobilization and the Scale-Up
Reaction. 2.8.1. Immobilization in Alginate Beads. Immobi-
lization of whole cells was performed according to a slightly
modified standard procedure.”” Upon cell harvesting (see
Section 2.2), E. coli cells harboring the ISM-4 enzyme were
frozen at —70 °C and subsequently lyophilized (p = 0.028
mbar, T = —46 °C, FreeZone, Labconco, USA). After
lyophilization, cell entrapment in alginate beads was
performed. Dry cells (240 mg) were added to a 2% w/v
sodium alginate solution in acetate buffer (pH 5.5). Following
homogenization for 15 min, a solution of 100 mM calcium
lactate was added dropwise with a buret to the cell suspension,
forming 2 mm spherical alginate beads with entrapped E. coli
cells. After curing for 1 h, the beads were washed in ultrapure
water and immediately used for the scale-up experiment.

2.8.2. Scale-Up Reaction. The scale-up reaction was
performed in a rotating-bed reactor (RBR, AB SpinChem,
Sweden) with alginate beads entrapping whole E. coli cells.
Upon loading the beads into a separate compartment, 100 mL
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Figure 1. Kinetics of the kinetic resolution of rac-1 in the presence of cyanide ions and the ISM-4 enzyme (V, = S00 uL; S00 mM Tris—SO,; pH
7.5; 25 °C; DMSO 10% v/v; 1000 rpm). Graphs A—E correspond to the scheme given in Scheme S2A (SI), which is biocatalytic synthesis of (S)-2
from (R)-1; graphs F—H correspond to the scheme given in Scheme S2B (SI), which is biocatalytic synthesis of (R)-2 from (S)-1; and graph I
corresponds to the scheme given in Scheme S2C (SI), which is spontaneous hydrolysis of rac-1. Black dots—experimental data and line—

mathematical model.

of a reaction mixture was prepared by adding DMSO (10 mL,
10% v/v), rac-1 (0.69 g, SO mM), and NaCN (0.25 g, S0 mM)
to 90 mL of Tris—SO, buffer (500 mM, pH 7.5). Synthesis was
performed at 25 °C and 600 rpm, and samples were processed
in the same manner as described previously (see Section 2.3).

3. RESULTS AND DISCUSSION

3.1. Enzyme Kinetics. The observed reaction system
(Scheme 1) can, in fact, be divided into three individual
reactions (Scheme S2, SI). The first is the biocatalytic
conversion of (R)-1 to (S)-2 (Scheme S2A, SI), where the
relative configurations of the substrate and the product are the
same, but an inversion of the absolute configuration occurs due
to different substituent priority according to the Cahn—
Ingold—Prelog rule. The second reaction is the biocatalytic
conversion of (S)-1 to (R)-2 (Scheme S2B, SI), while the third
is the chemical hydrolysis where rac-3 is produced (Scheme
S2C, SI). A chemical reaction between rac-1 and NaCN and
biocatalytic hydrolysis of rac-1 were screened for but not
detected. Kinetic characterization was performed for both
biocatalytic reactions (Scheme S2A,B, SI) and spontaneous
hydrolysis (Scheme S2C, SI). The apparent kinetic parameters
(Table S1, SI) were estimated based on the reaction schemes
(Scheme S2A—C) and the experimental data (Figure 1)
obtained by the initial reaction rate method. More information
regarding kinetic models used for estimation of each kinetic
parameter is given in the Supporting Information (Table S1,
SI). The synthesis of (S)-2 is described by the double-substrate
Michaelis—Menten kinetics with substrate inhibition by (R)-1
and inhibitions by (S)-2, rac-3, and cosolvent DMSO.

7055

Likewise, the synthesis of (R)-2 is described by double-
substrate Michaelis—Menten kinetics with inhibitions by
cosolvent DMSO and the opposite enantiomer of the
substrate, (R)-1. The hydrolytic reaction is an inevitable side
reaction described by pseudo-first-order kinetics. This means
that hydrolysis is a bimolecular reaction in which a water
molecule and an epoxide molecule react, but water is present in
large excess and can therefore be considered mathematically as
a part of the constant (k).

Determination of the kinetic parameters confirmed the
enantiopreference of the ISM-4 enzyme in the synthesis of (S)-
2 compared to (R)-2 since the apparent maximum reaction
rate is 10-fold higher (Table S1, SI, V,,; = 42.211 U/mg; V,,, =
4.994 U/mg). Furthermore, in the synthesis of (S)-2, the
enzyme displays higher affinity toward cyanide ions since the
apparent Michaelis constant is approximately 3-fold lower
(Table S1, SI, K,,,N = 67.735 mM; K_,°N = 194.581 mM),
whereas the apparent Michaelis constants for epoxides are
rou%hly comparable (Table S1, SI, K,,,®! = 26.704 mM;
Kpp®7! = 19.049 mM). Although the synthesis of (S)-2 is by
far more favored compared to the synthesis of (R)-2, there are
different inhibitions to be considered. The presence of DMSO
mildly affects both reactions equally through mixed inhibition
properties with a predominant competitive share (Table S1, SI,
KPMSO = 15467 mM).>* The synthesis of (S)-2 is also
inhibited by substrate (R)-1 concentrations higher than 50
mM. Additionally, the synthesis of (S)-2 is highly influenced
by the concentration of the forming biocatalytic product
(Table S1, SI, K,,¥2 = 5.109 mM) and to a lesser extent by
the hydrolytic product, rac-3 (Table S1, SI, K3 = 73.94
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mM). On the other hand, the synthesis of (R)-2 is nez%atively
affected by the presence of (R)-1 (Table S1, SI, K,®~! =
1.102 mM).

The inhibition of ISM-4 by rac-3, which is present in the
synthesis of (S)-2 and not in the synthesis of (R)-2, clearly
shows how the kinetic profiles obtained by investigating one
enantiomer do not always correlate with the situation present
with the other.”® It is worth highlighting that such a selective
inhibition of the enzyme only in the reaction with one
enantiomer could be due to several factors. These include, but
are not limited to, steric hindrance, differences in stereo-
chemistry and conformational preferences, and interference of
inhibitors with specific steps in different reaction pathways
with two enantiomers. For instance, rac-3 may interact more
effectively with the active site when the preferred (R)-
enantiomer of the substrate is bound, leading to steric
hindrance and inhibition. As the active site of the enzyme
has higher specificity for the (R)-enantiomer of the substrate, it
could make it more susceptible to inhibition by the diol, while
the inhibition of the enzyme in the reaction with the (S)-
enantiomer could also occur but in the concentrations higher
than ones investigated in this study. Another possible
explanation could be that rac-3 is not strictly affecting the
active site, but its binding to the enzyme may induce such
conformational changes that enhance its inhibitory effect on
the biocatalytic reaction with (R)-1, while having little to no
effect on the reaction with opposite enantiomer. All of the
other interdependencies that are not listed, e.g., the effect of
rac-3 on the synthesis of the (R)-2, were tested but had no
effect on the specific activity. The hydrolytic reaction is
described by first-order kinetics with a hydrolysis constant of
0.0025 min~!, which means that increasing the concentration
of rac-1 leads to the formation of rac-3 to a greater extent.
Further explanations of the kinetic results and their implication
for the synthesis outcomes can be found later (see Sections 3.3.
and 3.4).

Such knowledge of the kinetic behavior of HHDH-catalyzed
systems represents valuable information since kinetic constants
are rarely found for this enzyme family in the literature. In
2020, in our research group,14 we have reported that
fundamental kinetic constants (K, k..) are usually only
given within the initial screening of enzyme activities toward
substrates or nucleophiles®~*" or as a mean of comparison of
the performance of wild-type enzymes and their mutants.””**
Out of approximately 100 existing scientific papers dealing
with some aspect of HHDH-catalyzed reactions, only 7 of
them reported the presence of enzyme inhibitions.'* Since in
the current research, we have shown that this enzyme is
inhibited by the substrate, product, byproduct, and solvent
(Figure 1), we could assume that it is highly improbable that
inhibitions are not present in other investigated systems. In
most of the analyzed studies with HHDHs reported up to now,
enzyme inhibitions may have gone unnoticed because the
concentrations of substrates were too low (1—5 mM) for such
phenomena to be observed or determined with certainty.

A detailed kinetic study on HHDH enzymes has been
published recently in our group,” focusing on the character-
ization of biocatalytic azidolysis of 2-[4-(trifluoromethyl)-
phenyl]oxirane proceeding with complete enantioselectivity.
Despite the differences between the investigated biocatalytic
systems in the substrate structure (different fluorinated
aromatic epoxides), nucleophile (azide and cyanide ions),
enzyme variants (W249P and ISM-4), and side reactions
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present in the investigated systems, similarities in the kinetic
observations between cited’> and current research have been
observed, especially when it comes to enzyme inhibitions. For
example, epoxides act as inhibitors in both biocatalytic
reactions. Moreover, inhibitions by the opposite enantiomers
of the substrate, the formed biocatalytic product, the
byproduct diol, and the cosolvent DMSO are present as
well,>> whereby the latter was also confirmed in other
investigated HHDH-catalyzed reactions.”* In our first studies
regarding HHDH-catalyzed transformations of fluorinated
styrene oxide derivatives, we have found that cyanolysis
reactions, despite representing a high potential for the
synthesis of optically pure valuable compounds, proceed with
reduced efficiency on a higher concentration scale.”® To scale
up completely enantioselective cyanolysis of 2-[4-
(trifluoromethyl)phenyl]oxirane with HheC-W249P, high
enzyme loadings were required, along with extended reaction
times, to achieve only a 30% yield. Considering our current
understanding of the kinetics in an analogous system, we could
assume that the elevated enzyme concentrations were required
so the synthesis could be carried out despite the presence of
inhibitions, and the final yield was significantly reduced due to
the hydrolytic effect, which is particularly pronounced at
higher substrate concentrations. Additional similarities among
HHDH-catalyzed systems are elaborated and commented on
in the sections below.

3.2. Stability of the Enzyme during Incubation with
an Epoxide and a Nucleophile. Except by inhibitions, the
reaction outcome can be negatively affected by the stability of
the enzyme. The loss of enzyme activity can be affected by
numerous external influences, including time and the
composition of the reaction mixture. Hence, ISM-4 stability
was evaluated during time in a buffer medium and in the
presence of various epoxide and nucleophile concentrations.
Stability measurements during incubation with substrates were
performed over 3 days due to high enzyme stability at resting
conditions. When monitoring enzymes of high stability,
measurements need to be performed over a longer period in
order to detect a definite and clear change in activity. The
effect of both rac-1 and CN™ on enzyme stability was tested,
but measurements were performed in the presence of one
compound at the time to prevent the reaction between them.
The results revealed that the concentration of sodium cyanide
does not have any influence on ISM-4 stability, as the trend of
deactivation is the same in the case of all concentrations of the
nucleophile as without it (Figure 2A). On the other hand, in
the presence of higher rac-1 concentrations, the deactivation
was more severe, whereby the highest deactivation rate was
recorded at the highest epoxide concentration (Figure 2B).

8 8
g’) 6 [ 3 2 % g g 6 [ 3 g g f
= o buffer =24 o buffer * C
<(' ; 20 :M NZCN <( A 5mM rac-1
2] 2 o lomvneen A | © 2 1o 20mMmct B

0 0 ¢ 50 mM rac-1

0 20 40 60 80 0 20 40 60 80
t[h] t[h]

Figure 2. Influence of (A) NaCN and (B) rac-1 on stability of ISM-4
during incubation (500 mM Tris—SO, pH 7.5, 25 °C, 1000 rpm, V, =
0.5 mL, ygp4 = 1 mg/mL).
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Figure 3. Model validation in the batch reactor (cppso = 1.4 M): (A) c(ry.y = 33 mM, ey cn = 150 mM, and yigp 4 = 0.01 mg/mL; (B) ¢,y = 21.5
mM, cy,cn = 150 mM, and 76y = 0.01 mg/mL; (C) ¢,y = 91 mM, cyen = 150 mM, and yigy4 = 0.01 mg/mL; (D) ¢4 = 102 mM, cyocn = 150
mM, and g4 = 0.05 mg/mL; (E) ¢,y = 52 mM, cyon = 25 mM, and g4 = 1 mg/mL; and (F) ¢, = 100 mM, cy,cn = SO mM, and yigyq =
0.5 mg/mL. (G) Repetitive-batch reactor (c,,..; = 100 mM, cy,cn = SO mM, 7igp.4 = 0.5 mg/mL) with addition of S0 mM rac-1 and 25 mM NaCN
every 30 min to S h. Legends (A—G) experimental data—symbols, simulations—lines. & (R)-1, A (S)-1, ® (5)-2, O (R)-2, and (red—full line)

rac-3. (H) Dependency of k™™ on the c,,.; in the batch reactor.

This data trend insinuates that epoxide amount could have an
important role in enzyme operational stability as well.*>*>**
Such behavior could be due to esterification of protein
carboxyl groups or nonspecific chemical reactions between
epoxide rings and protein functional groups of a nucleophilic
character, such as amino-, hydroxyl-, or thiol- groups, leading
to random alterations on the protein surface.**®

3.3. Model Validation. To confirm the validity of the
developed mathematical model, a series of batch reaction
experiments were performed with different initial concen-
trations of substrates and enzymes (Figure 3A—F). Besides
determining the concentrations of the reaction compounds, the
validation included the monitoring of the operational stability
of the ISM-4 variant by performing a series of individual
enzyme activity measurements through the reaction time
(Figure S7, Table S2). Operational stability decay rate
constants (kg) were estimated from the decline in enzymatic
activity and were integrated into the developed mathematical
model (Table 1, eqs 3 and 4). The mathematical model has
proven to fit the experimental data well (Table S3), and as
such, it can be used to describe and simulate different
outcomes of the studied process. During model validation, the
enantiomeric ratio (E = 28) of the enzyme was calculated from
the values of enzymatic conversion and optical purities of the
substrate and the product. As the E-value in the range of 15—
30 is considered moderate to good, while values above 30 are
considered excellent,”” ISM-4 was further evaluated as a
favorable candidate for the respective synthesis, with a special
emphasis on the effect of different reaction conditions on the
reaction outcome. At very low enzyme concentrations (Figure
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3A-D; 0.01—0.05 mg/mL CFE), the biocatalytic reactions are
rather slow, and high concentrations of rac-3 are formed
(represented only by red lines based on mathematical model
simulations due to weak response in analytical methods
applied). When the enzyme loadings are sufficient (Figure
3EF; 0.5 and 1 mg/mL CFE), the biocatalytic transformation
of (R)-1 to (S)-2 occurs rapidly. In this case, if the reaction is
not terminated at the time of complete (R)-1 consumption, the
conversion of (S)-1 continues in the biocatalytic and
hydrolytic reaction, with serious implications for both the
yield and optical purity of the desired compounds (Table 2).
For example, in the experiment depicted in Figure 3E,
prolongation in the reaction time results in the drop in
cyanohydrin (S)-2 selectivity from 3.5 to 0.8, and the epoxide
(S)-1 yield from 81.8 to 2.4%. Here, the yield is defined as the
ratio of the quantity of the obtained product over the

Table 2. Values of Process Metric s (Yield, Selectivity, and
Optical Purity) in Batch Experiments Depending on the
Duration of the Biocatalytic Reaction®

exp. E
Y(S)-ZI % S(S)-Zr / Y(S)-l) % ee,, % eep, %
1h 80.6 3.5 81.8 70 90
24 h 88.0 0.8 2.37 86 82
exp. F
1h 70.2 3.1 83.6 57 93
24 h 82.1 0.7 2.44 80 8S

“Process metrics are defined in eqs S7—S9 (SI).
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6 h. Stock solutions in pistons calculated as maximum theoretical values; ¢,y piston = 7-8 M, tnacNpiston = 12:9 M).

theoretically possible maximum product quantity, whereas the reactor (Figure S7, Table S2); moreover, a regular
selectivity is the ratio of the quantity of the obtained desired hyperbolic trend of dependence was observed (Figure
products over the quantity of the obtained undesired product, 3H).>>"* The empirical equation describing the dependence
in this case, both (R)-2 and rac-3. When the reaction is of kq on rac-1 concentration is given in Table 1, eq 13, and the
performed in repetitive mode (Figure 3G), which implies the respective parameters (a, b) are listed in Table S1 (SI). The
periodic addition of a new portion of rac-1 to the reactor per trend of enzyme deactivation with increasing epoxide
consumption of (R)-1, the formation of (R)-2 and rac-3 can be concentration might be attributed to the nonspecific intra-
controlled and lowered, since the reacting substrates are kept molecular interactions between epoxide rings and nucleophilic
constantly at low concentrations. In this case, high product functional groups on the enzyme surface, as discussed earlier
concentration is obtained (c()., = 145 mM), with moderate (see Section 3.2). The enzyme deactivation was described and
optical purity (ee, = 80%). The improvement in the process numerically included in the mathematical model, but the actual
metrics in the repetitive-batch reactor compared to the mechanism of enzyme deactivation in the presence of epoxide

standard batch reactor is a result of several factors. First is was not further investigated.
the minimization of the enzyme inhibition by (S)-1. The A handful of enzymes are stable when exposed to small
second factor involves the minimization of enzyme deactiva- organic molecules only on a millimolar scale that corresponds
tion, which is more pronounced at a higher rac-1 to the concentrations found in a physiological environment.
concentration. Third is diol formation, as in the hydrolysis Higher substrate loadings, usually required for economically
reaction, not only (R)-1 is spent but also formed rac-3 inhibits profitable synthesis, may lead to irreversible changes in the
the enzyme activity. The implications of the reaction outcome protein native structure and, consequently, enzyme deactiva-
of different initial conditions and the distribution of substrate tion. Thus, enzyme tolerance toward higher substrate
dosage over time in the reactor, together with the importance concentrations is an important parameter when evaluating
of controlling the reaction time, will be discussed in more enzymes as catalysts for synthetic procedures. However, there
detail later. are very limited data in the existing literature on HHDHs’
As already implied by enzyme incubation studies, the operational stability and the influences of different process
enzyme operational stability study revealed that the estimated parameters on the stability decay. Similar to enzyme
kq values increase with higher initial concentrations of rac-1 in inhibitions that may have gone unnoticed due to too low
7058 https://doi.org/10.1021/acs.iecr.4c00477
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concentrations of substrates employed in respective studies, as
already discussed, concentration-dependent operational stabil-
ity decay cannot be detected during activity screening at
substrate concentrations of 1—5 mM without repeating
experiments with the same enzyme loadings. A hyperbolic
dependence of HheC-W249P operational stability decreasing
with increasing 2-[4-(trifluoromethyl)phenyl]oxirane concen-
tration was only found within our previous research,*
suggesting that the HheC enzyme variants are deactivated in
the presence of higher concentrations of fluorinated aromatic
epoxides.

3.4. Process Enhancement through Model-Based
Simulations. Although enzymes can exhibit high potential
in terms of activity and enantioselectivity at a low
concentration scale, the presence of different inhibitions,
deactivation, and chemical reactions significantly affects the
outcome at elevated substrate concentrations. Therefore,
model-based simulations are a powerful tool for the prediction
of the reaction outcome and optimization of process
conditions, especially on a higher concentration scale.
Increasing the enzyme concentration within reasonable limits
in order to favor the biocatalytic reaction and decrease the diol
formation is a logical step that does not seem to require an
understanding of the entire mathematical model, as the effect
of hydrolysis can be almost completely avoided by using
sufficiently high enzyme loadings. For instance, based on the
guidelines and cost analysis for biocatalytic syntheses, it is
recommended to utilize up to 1 g of free enzyme for the
synthesis of 67—170 g of the product.”® However, the enzyme
is often the most expensive compound when the profitability of
the process is considered, so model-based simulations can be
used for the determination of the optimal enzyme amount
needed for completion of the studied reaction without
unnecessary and expensive overconsumption. Moreover, as
already briefly discussed in the previous section, the situation is
even more complicated when an enzyme catalyzes both the
main and the side reactions. This is the case for (R)-1 and (S)-
1 conversion, where increasing the enzyme concentration
accelerates both the desired and undesired biocatalytic
reaction. Figure 4A displays the change in the yield of the
targeted product (Y(s).,), substrate conversion (X(z).1),
product enantiomeric excess (ee,), and reaction selectivity
(S(s)-2) with varying the amount of the employed enzyme. At
lower CFE concentrations, the optical purity of the product is
close to the theoretical maximum, while at the other end of the
investigated scale, both the product yield and substrate
conversion reach nearly 100%. However, in both concentration
extremes (0.01 and 2.0 mg/mL CFE), the maximum values of
some performance indicators come at the expense of the
others. In the 0.1—0.25 mg/mL range, this is not the case. For
example, at 0.125 mg/mL CFE, substrate (R)-1 conversion
and the resulting (§)-2 product yield exceed 80%, with ee, 90%
and selectivity 2. These simulations demonstrate how only
good knowledge of the mathematical model can lead to the
correct selection of the exact enzyme amount that should be
employed.

Where the mathematical model also comes in quite handy is
the manipulation of variables, whose influence on the reaction
outcome is not so obvious. As the cyanolysis of rac-1 is a
kinetic resolution, the reaction outcome should be evaluated in
a time-wise manner as well. In the reactions of kinetic
resolutions, it is necessary to terminate the reaction at the
latest after achieving full conversion of the desired enantiomer
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of the substrate. Depending on the enantioselectivity of the
enzyme employed, it may be necessary to terminate the
reaction even earlier in order to obtain the desired product of
high optical purity. Figure 4B presents the course of the same
reaction (cpyso = 1.4 M, ¢ue.p = SO MM, cypen = 75 MM, Yispis
0.125 mg/mL) through time. The reaction should be
terminated immediately after the consumption of (R)-1, as
further contact of (S)-1 with the reaction compounds leads to
its conversion to (R)-2 and rac-3. Figure 4B demonstrates that,
under given conditions, prolongation of the reaction after 2 h
leads both to the reduction of enantiomeric excess of (S)-2 and
yield of (S)-1. Since terminating the kinetic resolution
reactions on time plays a key role in the quality of final
products, this example serves as a practical illustration of the
value of model-based simulations, particularly when real-time
concentration monitoring is not an option.

Sodium cyanide is a nucleophile in both biocatalytic
reactions; therefore, it is expected to have an influence on
the yield and the optical purity of the product. When
performing HHDH-catalyzed reactions, the nucleophile salt
is usually added in 1.5—2 mol equiv respective to the
epoxide.'”***75% Further simulations were performed with
variations of rac-1 (5—50 mM) and cyanide concentration
(1075 mM), whereby optical purity, product yield, and
selectivity were observed (Figure 4C—E). Although (S)-2 yield
and selectivity are satisfactory at high cyanide and low epoxide
concentrations (95% and 1.7, respectively), the optical purity
of the resulting product is inadequate under the same
conditions. Observing simultaneously all three performance
indicators, it is obvious that, in this case, the best overall results
can be obtained by initiating reactions with rac-1 and NaCN
concentrations around 30 and 40 mM, respectively.

Substrate concentrations have a great influence on the
reaction outcome, and as such, they should be carefully
selected and monitored. Since (S)-2 synthesis is inhibited by
substrate (R)-1, and cyanide ions participate both in desired
and undesired biocatalytic reactions, a fed-batch reactor is an
option worth considering, as it offers improved control over
substrate distribution throughout the whole reaction time,
rather than just initial concentrations adjustment, as is the case
with the batch reactor. Figure 4F,G displays how a range of
NaCN and rac-1 flow rates influences the concentration and
optical purity of the desired product, (S)-2. As depicted in
Figure 4F,G, by distributing substrate loading in a reactor
through time, quite different scenarios can be obtained. For
example, adjusting both flow rates at 1 pL/min provides
around 100 mM product (S)-2 but with very low optical purity
(ee, ~ 30%). This occurs due to overloading of the substrate,
(R)-1, which displays inhibition above 25 mM and
accumulation of inhibiting product (S)-2 and byproduct rac-
3. However, by lowering the rac-1 flow rate to 0.35 uL/min
and keeping NaCN at 1 #L/min, a highly improved scenario is
achieved (C(s)-z > 75 mM, ee, > 90%).

3.5. Scale-Up Reaction. To further assess the potential of
the studied biocatalytic synthesis, the reaction was carried out
on a preparative scale (100 mL). Instead of the isolated
enzyme, whole cells of E. coli expressing the ISM-4 enzyme
were used and immobilized in calcium alginate beads (Figure
S8A, SI). This approach was chosen to simulate conditions
more acceptable for industrial synthesis, as whole-cell
immobilization reduces the cost of biocatalyst preparation
and opens the possibility of its recovery and reuse. The
reaction was carried out in RBR (SpinChem AB, Sweden)
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(Figure S8B, SI). RBR was selected since this technology
ensures more efficient mass transfer while minimizing the
possibility of soft bead damage by avoiding the usage of classic
stirred vessels.”> The initial conditions, i.e., concentrations for
the scale-up reaction, were chosen based on findings from the
mathematical model for the free enzyme (50 mM rac-1, 50
mM NaCN, 10% DMSO v/v). However, it should be
emphasized that there are some fundamental differences
between the different forms of biocatalysts, ie., isolated
enzymes and whole cells, which can significantly affect reaction
kinetics and performance. For example, enzyme activity and
stability may be affected by the presence of other compounds
in the complex intracellular environments. Additionally, mass
transfer limitations and substrate accessibility within the whole
cells can have a great influence on reaction kinetics. Although
it is expected that the kinetic parameters will somewhat change
with different forms of biocatalysts (isolated enzyme vs whole
cells, free enzyme vs immobilized), the model can serve as a
good foundation for the selection of reactor configuration and
initial conditions for avoiding biotransformation bottle-
necks.”*** For instance, inhibitions and concentration-depend-
ent deactivations that were discovered for the free enzyme are
likely to be present within whole cells as well, although their
extent may vary. At a 100 mL scale, the reaction was carried
out starting from 50 mM rac-1 and 50 mM NaCN and was
terminated after 6.5 h. The time point for the termination of
the synthesis was selected based on monitoring of product
concentration over time in the respective experiment, but also
with the judgment based on knowledge from the mathematical
model and validation experiments. Since between 4 and 6.5 h
the concentration of the product did not increase considerably
(Figure S9, SI), and meanwhile, the concentration of the
substrate continued to decrease, it was concluded that further
contact of the unreacted substrate with the reaction mixture
would lead to the reduction of the (S)-1 yield. The reaction
resulted in 24.7 mM 2 (Y(s)., = 71.6%, ee, 92%) and 20.2 mM
1 (Y5, = 68.1%, ee, 87.6%) (Figure S9, SI), while the
remaining 5.1 mM missing in the balance was attributed to the
formation of a diol. On the account of measured concen-
trations of the products of interest, together with calculated
yields and ee values, we believe that this process holds a
valuable synthetic potential that should further be investigated.
However, to meet the rigorous criteria of the pharmaceutical
industry, ee, values should be greater than 99%, a threshold
that can be obtained by ISM-4 only at lower substrate
concentrations, consequently resulting in lower final product
concentrations. Based on these results and kinetic insights
from the presented study, including enzyme deactivation and
intensification of unwanted reactions at a higher concentration
scale, more research is needed on possible immobilization
techniques, including the alginate entrapment demonstrated
here. The stability of such biocatalyst forms in different media
throughout the prolonged period should be evaluated, with the
aim of transitioning toward continuous processes, where
substrate concentrations could theoretically be maintained at
levels that would result in the product of satisfactory optical

purity.
4. CONCLUSIONS

In this research, the biocatalytic synthesis of an enantioen-
riched fluorinated cyanohydrin was studied by the reaction
engineering approach. During kinetic characterization, inhib-
itions by the substrate (R)-1, the product (S)-2, the byproduct
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rac-3, and the solvent DMSO were detected, together with the
substrate-dependent enzyme deactivation. These observations
were correlated with the previously obtained kinetic data from
another HHDH-catalyzed system employing a different set of
enzyme variants, substrates, and nucleophiles, leading to a
better overall understanding of the kinetic behavior of such
systems. Since, in the observed system, the enantioselectivity of
the enzyme toward (R)-1 is not absolute, the optical purity of
the final products is not guaranteed under all experimental
conditions. Through process simulations based on a
thoroughly developed mathematical model incorporating the
effects of both enzyme-catalyzed reactions as well as hydrolytic
degradation, reaction bottlenecks were addressed, and their
effect on the process outcome was minimized. Careful
selection of substrate and enzyme concentration, control of
reaction time, and distribution of substrate dosage over time
provided great improvement compared to the first (S)-3-(4-
fluorophenyl)-3-hydroxypropanenitrile synthesis attempts in a
batch reactor. Substrate dosing in the fed-batch and the
repetitive-batch reactor resulted in the 75 and 145 mM desired
product with ee > 90 and 80%, respectively. The applicability
of this synthesis was also demonstrated on higher scale, where
immobilized whole cells harboring the ISM-4 enzyme were
employed in successful synthesis on a 100 mL scale. The
reaction conditions for the scale-up synthesis were selected
based on the mathematical model simulations, yielding the
24.7 mM product (Y = 72%, ee 92%). With this research, we
have shown that with a deep understanding of the biocatalytic
system aided by the mathematical model and manipulation of
the reaction conditions through process simulations, it is
possible to obtain products of high optical purity and high
yield, all within the limits of the enzyme. The findings from the
developed model for the free enzyme can serve not only as a
basis for the understanding of the processes catalyzed by the
ISM-4 enzyme in various forms (whole-cell biocatalyst,
immobilized biocatalyst) but also as a valuable framework for
expanding the applicative scope of HHDH enzymes. This is
particularly appropriate for the synthesis of optically pure or
enantioenriched products using HHDH enzymes with
incomplete enantioselectivity. Additionally, the mathematical
model proves beneficial for syntheses starting from hydrolyti-
cally unstable substrates prone to decomposition in the
reaction medium. Furthermore, the model increases our
understanding of the underlying factors contributing to poor
performance when attempting to increase the working
concentration range, thereby offering guidance to researchers
in selecting suitable reactor types and initial conditions.
Through this research, several bottlenecks affecting the
synthetic potential of the ISM-4 enzyme have been identified,
including enzyme inhibitions, substrate-dependent deactiva-
tion, and the pronounced hydrolysis effect. Future efforts
should prioritize investigating additional enzyme immobiliza-
tion techniques and reaction media engineering. Stabilizing the
biocatalyst and transitioning to alternative media are steps
toward switching to continuous mode. Such an approach could
be beneficial for the reduction of the hydrolysis effect,
inhibitions, and enzyme deactivation, thereby enhancing the
efficiency and scalability of the respective biocatalytic process.
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trile (Protocol S1); (SI 2) reaction scheme of the ring
closure of para-nitro-2-bromo-1-phenylethanol
(PNSHH) to para-nitro styrene oxide (PNSO)
catalyzed by HHDH wused as activity assay in the
respective study (Scheme S1); (SI 3) SDS-PAGE of the
ISM-4 variant employed in the respective study (Figure
S1); (SI 4) chromatograms and calibration curves for
HPLC and GC analyses (Figures $S2—SS); (SI S)
reaction schemes of all of the reactions included in the
observed biocatalytic system (Scheme S2); (SI 6)
estimated kinetic parameters for the reactions occurring
in the investigated reaction system (Table S1);
explanation of the kinetic models used for estimation
of kinetic parameters (equations S1—S2); and parity
plots depicting experimental vs predicted specific
activities (Figure S6); (SI 7) enzyme operational
stability data including graphical representation of
operational stability decay during batch experiments
and estimated stability decay rate constants (Figure S7,
Table S2); (SI 8) statistics on fitting of model
simulations and experimental data collected during
model validation experiments in the batch reactor
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