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(2R,4R)-Pentanediol is an interesting precursor for the synthesis of chiral ligands. A ketoreductase (KRED) was employed
for the asymmetric reduction of acetylacetone to this diol. Biocatalysis often suffers from low concentrations of hydro-
phobic substrates and low stability of the enzyme in unconventional media. Here, we present an engineered KRED variant
applicable in a neat substrate system, including upscaling to the multi-liter scale and downstream processing (DSP). Our

engineered KRED applied in a neat substrate system is a powerful technique for the synthesis of chiral diols yielding prod-

uct concentrations of 208 g L
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1 Introduction

Chiral diols are valuable building blocks for the pharmaceu-
tical [1,2] and food [3] industry. Additionally, diols and
(2R,4R)-pentanediol in particular play an important role in
the fine chemical industry as a synthon for the introduction
of chiral centers in the synthesis of chiral polymers [4, 5], as
a linker between a reagent and a prochiral substrate [6, 7],
or potentially as C3*-TunePhos diphosphine ligands [8].
Traditionally, these versatile compounds are prepared by
chemical synthesis, such as chemical racemate resolution,
or hydrogenation with homogeneous heavy metal catalysis
[9, 10]. Biocatalysis has been shown to be very interesting
for organic synthesis as it offers high stereoselectivity and
regioselectivity. Ketoreductases (KREDs) catalyze the syn-
thesis of chiral alcohols from the corresponding ketones
with high efficiency and selectivity under mild reaction
conditions [11]. The enzymatic synthesis of (2R,4R)-penta-
nediol from acetylacetone (pentane-2,4-dione) consists of
two sequential reductions of the two carbonyl groups of the
substrate in a one-pot system (see Fig.1) with only one
enzyme. The proton donor is NADH, which needs to be
recycled for an economically viable synthesis. The recycling
was performed by the same KRED, in a substrate-coupled
co-factor regeneration approach, using isopropanol as the
proton donor. To push the reaction towards the product
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side, high excess of the co-substrate isopropanol was
required. The more co-substrate used, the further the ther-
modynamic equilibrium was on the product side. Addition-
ally, the co-product acetone was removed to further shift
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the equilibrium toward the product diol. An interesting op-
tion is the usage of a micro-aqueous reaction system
(MARS) [12,13]. Here, only a low amount of buffer is used
as solvent. In this case, the reaction runs in neat substrate,
since the rest of the liquid phase consisted of only co-sub-
strate and substrate, here pentane-2,4-dione dissolved in
isopropanol.

(Cytosolic) enzymes evolved to be most active in aqueous
solutions. Therefore, many enzymes can be very instable in
non-aqueous reaction systems when they are formulated as
purified enzymes [14]. This feature is hindering their appli-
cation in unconventional media such as organic solvents.
However, the stability of enzymes can be increased by
changing their formulation from rather instable as purified
enzymes to more stable as immobilized enzymes. A very
cheap and efficient way to immobilize enzymes is to use
whole cells, a formulation in which the enzyme is kept in
the production host and the entire (resting) cell is used as a
catalyst [15]. Small amounts of buffer are additionally
added to the wet cells to keep the enzyme active [16]. To
remove the cells more easily, the cells can also be mixed
with silica to form immobilized whole cells, which can be
filtered off from the reaction broth efficiently [17].

In this work, we developed an improved enzyme variant
for the synthesis of (2R,4R)-pentanediol in a neat-substrate
system as well as an efficient production and downstream
processing in the hundred-gram scale.

2 Material and Methods

2.1 Biocatalyst Preparation

The enzyme EM-KREDO007 was produced by the host E. coli
BL21(DE3) using shake flask cultivation. Details for the
cultivation protocol can be found in the Supporting Infor-
mation (SI).

2.2 Reaction Analytics

The protocol for reaction sampling as well as quantification
(by GC) of pentane-2,4-dione, (R)-4-hydroxy-pentane-2-

one, 24-pentanediol (achiral and chiral), acetone, and
isopropanol is described in the SI.

2.3 Reaction Optimization for Enzymatic (2R,4R)-
Pentanediol Synthesis

For a typical reaction setup for reaction optimization in
10 mL scale and in 200 mL EasyMax® 102 (Mettler Toledo,
Columbus, OH, USA), see the SI.

2.4 Setup of the 10 L Reactor for the Synthesis of
(2R.4R)-Pentanediol

For a proof of concept, a scale-up experiment was carried
out on a 10L scale for the batch synthesis of (2R,4R)-pen-
tanediol (Fig.2). A stirred jacketed glass reactor, which was
tempered with water, was used for this purpose. To shift the
reaction equilibrium towards high conversion and thus high
product titers (see SI), the co-product acetone was removed
using reduced pressure. To determine the progress of the
diol formation, samples were taken and the concentration
of the main components in the liquid phase was deter-
mined. Initially, this was done at shorter time intervals
(15-30min) as the reaction to the intermediate (R)-4-hy-
droxy-pentane-2-one is fast. Later, larger time intervals
(several hours) were used as the reaction from (R)-4-hy-
droxy-pentane-2-one to (2R,4R)-pentanediol is slower. The
samples were first filtered with a syringe filter (Machery-
Nagel/nylon, 0.22 pm) and afterwards analyzed by GC anal-
ysis (see SI). To determine if any substrate or product was
lost due to evaporation, the condensate was analyzed by GC
analysis as well. The reactor volume was kept constant by
filling the reactor manually with isopropanol to 10L. The
experiment was carried out for 165 h at 40 °C and 210 mbar.

2.5 Separation of (2R,4R)-Pentanediol

After reaction termination, the remaining immobilized cat-
alyst was separated by vacuum filtration (Whatman GF/D
and GF/B glass filters and GVS nylon filter, 0.22 um). The
reaction mixture was then stirred over-
night with 15gL™" of activated carbon to

o) 0 KRED OH O KRED
AN 7

pentane-2,4-dione NADH NAD+
o o
PN

acetone 2-propanol acetone

(R)-4-hydroxy- NADH

pentane-2-one

)
OLZOH
SN

2-propanol

OH OH remove lipids, followed by vacuum filtra-
: tion (3x Whatman glass filters GF/D and
(2R4R)-pentane- GF/B) to remove the activated carbon.

2,4-diol The lipids originated from the whole cell
catalyst and leaked from the cells during
the reaction. The removal eased the sub-

sequent distillation process. Distillation

Figure 1. Enzymatic synthesis of (2R,4R)-pentanediol from inexpensive pentane-2,4-
dione (acetylacetone) in a one-pot two-step cascade catalyzed by an engineered KRED

with substrate-coupled (isopropanol) co-factor regeneration.
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was carried out at a temperature of maxi-
mal 50°C and a vacuum of 10 mbar. A
rotary evaporator up to 200 mbar was
used for a pre-distillation, final distilla-
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Figure 2. Block diagram of the overall process including the reaction and its parameters and the following separation steps to

obtain (2R,4R)-pentanediol with a purity of 99 %.

tion of the reaction mixture was performed in a batch distil-
lation column to reach 10 mbar at 50 °C. For the last purifi-
cation step, a combined antisolvent and cooling crystalliza-
tion was chosen. The reaction mixture was first dissolved in
diethyl ether with a ratio of 1:1 while being heated to 40 °C.
It was then placed in a freezer at —20 °C overnight and fil-
tered afterwards (Whatman GF/D and GF/B glass filters
and GVS nylon filter, 0.22 pm).

2.6 Structure Modeling and Molecular Dynamics
Simulations

Details on the structure modeling and molecular dynamics
simulations as well as the molecular docking and steered
QM/MM molecular dynamics simulations are described in
the SL

3 Results and Discussion

3.1 In Silico Screening of Most Optimal KRED
Variants for (2R,4R)-Pentanediol

A short chain reductase/dehydrogenase from the genome
of Chryseobacterium sp. CA49 (ChKRED20) catalyzes the
stereoselective reduction of a spectrum of ketones to the
corresponding alcohols [11]. The wildtype ChKRED20
(wtChKRED?20) has been previously identified, characterized,
and evolved by Enzymaster GmbH for the synthesis of stereo-
pure (R)-1,3-butanediol [18]. Due to high structural similarity
of the products ((R)-1,3-butanediol and (2R,4R)-pentanediol),
the wtChKRED20 and its top four engineered variants were
selected from our enzyme panel for in silico screening [18].

Chem. Ing. Tech. 2023, 95, No. 4, 557-564
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3.2 Homology Modeling of KRED Variants

The X-ray structure of ChKRED20 has been resolved in
complex with bound NAD" co-factor at a resolution of
1.60 A (PDB: 6IXM) [11]. The X-ray structure exhibits a
homotetramer quaternary structure, with a missing struc-
ture in the region of residues 190-198 and a missing co-
factor NAD" in one of the monomers. Thus, the homology
model of wtChKRED20 and the KRED variants were con-
structed in a tetramer form with NAD" co-factor bound in
all four subunits (Fig.3b) using the X-ray structure (PDB:
6IXM) as the template. The Ca-RMSD between the X-ray
structure and the homology model of wtChKRED20 was
found to be 0.02 A.

3.3 Molecular Docking of Reaction Substrates,
Intermediates, and Products

The crucial point in the development of a predictive dock-
ing method for evaluation of substrate binding and inter-
mediate/product inhibition is the definition of the catalytic
binding pose. Therefore, in this study, we have developed a
mechanism-based total reaction score (TRS; see SI) to eval-
uate each and every binding pose for each substrate, inter-
mediate, and product in all enzyme variants and to calculate
a TRS. A higher TRS indicates high selectivity and activity
of the enzyme variant. From our docking results (Tab. 1),
we have successfully identified two enzyme variants
EM-KREDO002 and EM-KREDO007 with the highest TRS val-
ues of 45.5 and 40.0, respectively. A positive and high total
docking score (TDS) indicates strong binding of the ligand,
ie, substrate/intermediate/product, in the enzyme.
EM-KREDO007 showed a good TDS for substrate1 (10.0)
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Figure 3. a) Model of complete reaction pathway showing the ketone substrates, hydroxy-
ketone intermediates, and products formed during the reduction of pentane-2,4-dione to
(2R,4R)-pentanediol together with the exchange of NAD* to NADH. b) A complete homol-
ogy model of wtChKRED20 in complex with co-factor NAD* bound in all four chains. ¢) The
three catalytic distances required for the catalytic binding of the substrate in the active site

that the strong binding of substrates
and intermediates in EM-KREDO002
can contribute to a higher reaction
barrier and the keto-reduction reac-
tion rate is slower in EM-KRED002
compared to EM-KREDO0O?7.
Additionally, we also observed
that for substratel or for the first
half of the reaction, the highest
energy barrier was 49.1kcal mol™
(EM-KREDO006), which is only
54kcalmol™”  higher than EM-
KREDO0O07. The small range of energy
difference between KRED variants
indicates similar reaction rates dur-
ing the first half of the reaction. Also,
for substrate 2 or for the second half

of the wtChKRED20.

and intermediate 1 (9.8) but a low TDS for substrate 2 (0.5)
and intermediate 2 (-2.4), which indicates weak and slow
binding of the substrate and intermediate in the second half
of the reaction.

3.4 Calculation of Energy Barrier Involved in
Hydride Transfer

To further study the ketone reduction reaction pathway, the
most productive catalytic binding poses for substrates 1 and
2 were taken from the above docking analysis in complex
with all KRED variants including wildtype. The average free
energy profiles for hydride transfer were calculated from
three independent QM/MM SMD runs for wildtype and
KRED variants (Fig.4). The lowest free energy barrier for
di-keto reduction was found for EM-KREDO007 (43.7 kcal
mol™ for substratel and 49.1kcalmol™ for substrate2),

of the reaction, the free energy bar-

rier relatively increased for all KRED
variants as well as for the wildtype by a minimum of
5.2 kcal mol™ (EM-KRED003 from 46.0 to 51.2 kcal mol™)
to a maximum of 15.1 kcalmol™! (wtChKRED20 from 46.0
to 61.1 kcalmol™') compared to the free energy barriers for
the first half reaction. QM/MM results together with dock-
ing results led us to the conclusion that the second ketone
reduction is the rate-limiting step in the synthesis of
(2R4R)-pentanediol and EM-KREDO007 is the best engi-
neered KRED variant with 11 mutations for the synthesis of
(2R,4R)-pentanediol.

3.5 Reaction Optimization in “Neat-Substrate”
System

The biocatalytic conversion of pentane-2,4-dione to
(2R4R)-pentanediol follows a similar route as a previously
described process for the synthesis of (2R,5R)-hexanediol

Table 1. Total reaction score (TRS) and total docking score (TDS) has been calculated for complete reaction pathway using a mechanism-
based total reaction score approach (see methods for details). Molecular docking has been performed for each KRED variant and
wtChKRED20 with substrates (Subs.) 1 and 2, intermediates (IM) 1 and 2, and products (Prod.) 1 and 2. TRS is used as an indicator for

predicting the selectivity and binding.

Enzyme TDS TDS TDS TDS TDS TDS Total reaction

score
Subs. 1 M1 Prod. 1 Subs. 2 IM2 Prod.2

wtChKRED20 -1.5 -0.9 1.2 -1.3 2.4 8.7 -11.2

EM-KREDO002 10.9 10.5 -12.5 2.7 8.4 -0.5 45.5

EM-KREDO003 -3.2 -9.9 -11.0 -10.9 -7.7 -11.0 -9.7

EM-KREDO006 6.1 -9.9 -54 5.4 5.0 0.7 11.3

EM-KREDO007 10.0 9.8 -11.0 0.5 -24 -11.1 40.0
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Figure 4. Average energy profiles for the calculated barriers involved in the hydride transfer step for A) sub-
strate 1/first half reaction and B) substrate 2/second half reaction, using QM/MM SMD simulations. The lowest
energy barrier was found with the KRED variant EM-KREDOO7 for both the substrates.

by Schroer and Liitz. Here, also a double reduction of the
prochiral diketone to the diol by an alcohol dehydrogenase
under consumption of isopropanol for the co-factor regen-
eration was used [19]. A similar approach was taken for the
initial screening for the biotransformation towards (2R,4R)-
pentanediol. A multi-parameter process optimization was
performed to identify the most promising conditions for
the process. Here, catalyst loading, substrate loading,
co-substrate loading and feeding, buffer share as well as
reaction temperature were investigated.

A major factor for the reaction rate is the excess of
co-substrate and thereby the position of the thermodynamic
equilibrium. The highest possible excess is given when the
co-substrate itself is the main solvent of the reaction.
Usually, enzymes suffer from stability issues under these
conditions, but a change in the catalyst formulation to wet
cells or lyophilized whole cells can drastically increase its
stability [12]. In the screening experiments, the ketoreduc-
tase (KRED) was formulated as whole cells and the reaction
medium consisted of isopropanol with dissolved substrate
and small amounts of highly concentrated triethanolamine
(TEA) buffer. The influence of TEA buffer amount in the
reaction system was investigated. No negative impact of
lower (0.75 % (v/v)) to higher (up to 6 % (v/v)) amounts of
1M TEA were observed. Therefore, a 1.5% TEA buffer
share was chosen to reduce the process costs and the salt
waste in the downstream processing (see SI).

The catalyst loading had a proportional effect on the high
reaction rate in the investigated range of 5-50gL™" (see SI),
a catalyst loading of 25gL™" was chosen as it was a good
compromise between easy handling during downstream
processing and having a high reaction rate.

Substrate loading between 1% (v/v) and 40 % (v/v) was
tested to find a suitable ratio of isopropanol to pentane-2,4-
dione at which the reaction proceeds at the fastest rate. It
was observed that 20 % (v/v) diketone was most beneficial
as there is a fivefold excess of isopropanol driving the reac-
tion towards the product side. The 40 % (v/v) reaction was
slower, potentially due to an unfavorable isopropanol excess
and/or a substrate inhibition (see SI).

Chem. Ing. Tech. 2023, 95, No. 4, 557-564

© 2023 The Authors. Chemie Ingenieur Technik published by Wiley-VCH GmbH

Nevertheless, even a fivefold surplus of co-substrate was
not sufficient to push the equilibrium fully to the product
side, but the equilibrium can be further shifted by co-prod-
uct removal, exploiting the lower vapor pressure of acetone
in comparison to isopropanol. This can be done by applying
a reduced pressure of 100 mbar to the reactor [19]. In our
work, an open reactor design for the screening experiments
proved to be sufficient to increase the product concentra-
tion to 208 g L By using an open vessel, acetone evaporat-
ed during the reaction. A loss of isopropanol was compen-
sated for by addition of isopropanol each time before taking
a sample for GC analysis to keep the reaction volume con-
stant.

The optimized reaction conditions were scaled to 200 mL
using 25gL™" wet cells in isopropanol with 20 % (v/v) sub-
strate, 1.5 % (v/v) of a 1 M TEA buffer of pH9 in a 200 mL
scale up experiment using the EasyMax® 102 System
(Mettler Toledo, Columbus, OH, USA). The volume was
kept constant by addition of isopropanol using a constant
feed (for more information, see SI).

Overall, product concentrations of 2M (208gL'1) were
reached within a reaction time of 150 h (Fig. 5¢). The sub-
strate and intermediate were no longer detectable via GC
after 116h in case of the 50gL™" setup. Notably, the first
reduction step towards (R)-4-hydroxy-pentane-2-one was
performed up to 15 times faster (300 mMh™' vs 20 mM h™")
than the second step. Thus, the (R)-4-hydroxy-pentane-2-
one accumulates during the first hours of the reaction; how-
ever, a steady product formation rate was observed indicat-
ing a stable catalyst over the long reaction time without sig-
nificant inhibition (see Fig.3). Very importantly, the
enzyme was highly stereoselective with ee/de values of
>99 %.

Encouraged by these results, a further scale-up to the 10 L
scale was performed.
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Figure 5. Enzymatic synthesis of (2R,4R)-pentanediol in a 200 mL scale-up experiment using
the EasyMax®102 System (Mettler Toledo, Columbus, OH, USA) with 25 g L™ wet cells (wc)
(dark grey data points) and 50 g L' wet cells (light grey data points). The decrease and
increase of substrate (a), intermediate (b), and product (c) are shown individually. d) The
acetone and isopropanol concentrations are shown for the reaction with 50 gL~ wet cells.

influence of the remaining acetone in
the system. However, a conversion of
75mol% of pentane-2,4-dione to
(2R,4R)-pentanediol was achieved
(see Fig. 6).

Reaction details and reaction analysis are described in the Supporting Information. Data

points resemble single experiments.

3.6 Scale-Up of (2R,4R)-Pentanediol Synthesis to
10L Scale

3.6.1 10L Synthesis of (2R,4R)-Pentanediol

The concentration profiles in the reactor of the relevant
components pentane-2,4-dione, (R)-4-hydroxy-pentane-2-
one, acetone, and (2R,4R)-pentanediol are plotted over the
duration of the reaction (165h) in Fig. 6. The analysis of the
condensate showed only acetone and isopropanol. No traces
of pentane-2,4-dione, (R)-4-hydroxy-pentane-2-one, and
(2R4R)-pentanediol were found showing that no product
was lost due to evaporation. While the concentration of the
substrate pentane-2,4-dione in the reactor decreases until it
reaches ~4 mM after 165h, the concentration of (R)-4-hy-
droxy-pentane-2-one increases. After ~21h, the concen-
tration profile of (R)-4-hydroxy-pentane-2-one starts to
decrease until it reaches a final concentration of 370 mM.
The concentration of the product (2R,4R)-pentanediol
increases linearly until the profile starts flattening after
~98h. The acetone concentration profile increases with a
slope similar to the profile of the substrate and the (R)-4-
hydroxy-pentane-2-one at the beginning. This curve starts
decreasing after ~21h, similar to (R)-4-hydroxy-pentane-
2-one. Due to safety reasons, the vacuum pump and, there-
fore, evaporation of acetone was turned off during certain
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Figure 6. Concentration profile of pentane-2,4-dione, (R)-4-hy-
droxy-pentane-2-one, (2R,4R)-pentanediol and acetone during
the synthesis of (2R,4R)-pentanediol on a 10 L scale using vacu-
um for the removal of acetone (40°C, 210 mbar, 300 rpm for
165 h).

3.6.2 Separation of (2R,4R)-Pentanediol

After the reaction, the reaction mixture containing the cells
immobilized on silica was filtered and the supernatant was
treated with activated carbon. The loss of (2R,4R)-pentane-
diol during these purification steps was 19 mol % and can
mostly be attributed to residual (2R,4R)-pentanediol present
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in the recovered immobilized cells. Washing of the filtration
residue was not carried out. A subsequent distillation step
was performed after which the ratio of (2R,4R)-pentanediol
to (R)-4-hydroxy-pentane-2-one was 80:20 mM with traces
of isopropanol in the sump. In the following first crystalliza-
tion, a ratio of (2R,4R)-pentanediol to (R)-4-hydroxy-pen-
tane-2-one of 98:2mM was obtained, and after a second
crystallization step, the ratio was 99.6:0.4 mM with traces of
unknown compounds seen in the GC analysis. The overall
product yield of the whole downstream after reaction was
35mol % with recovering ~524g of (2R,4R)-pentanediol
(Fig.7), crystallization being the step with the most loss of
product. For a further improvement of crystallization, stud-
ies on the screening of antisolvents and temperature solubil-
ity curves could be performed. Additionally, a washing of
the cells after filtration could increase the yield.

Figure 7. 524 g of (2R,4R)-pentanediol with a purity of
>99mol %.

4 Conclusion

The enzymatic production of (2R,4R)-pentanediol was
demonstrated with excellent stereoselectivity (ee>99 %,
de>99 %) and high product titers (2 M, 208 gL'l). The first
step was the identification of a potential ketoreductase, suit-
able for the stereoselective reduction of pentane-2,4-dione
to (2R4R)-pentanediol via in silico screening of wildtype
and engineered ketoreductases. Here, structure modeling
and molecular dynamics simulations were used for the
identification of suitable enzyme variants. The resulting
engineered enzyme was employed for a subsequent reaction
engineering in which product concentrations of 2 M could
be reached within a reaction time of 116h in 200 mL scale
with 50gL™" cells. Both reduction steps and the co-factor
recycling were performed by the same enzyme, thereby in-
creasing the simplicity of the reaction. Especially important
was the usage of a neat-substrate system by using the pro-
ton donor isopropanol also as a reaction solvent while the
co-product acetone was removed by evaporation. After the
establishment of the 200 mL reaction, a proof of concept on
a 10L scale was shown. During the reaction at this scale,
limitations for a complete conversion of the (R)-4-hydroxy-
pentane-2-one to (2R4R)-pentanediol were found, which
were not present at the 200 mL scale (full conversion after

Chem. Ing. Tech. 2023, 95, No. 4, 557-564
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116 h). These limitations could be inhibition by acetone
and, thus, require a more efficient acetone removal. Addi-
tionally, a fed-batch approach for the substrate feeding
could help to adjust the acetone production rate to match
the acetone removal rate and, thereby, avoid the initial over-
shooting acetone production. Nevertheless, after down-
stream processing, 524 g of (2R,4R)-pentanediol could be
afforded from the 10L scale with a chemical purity of
>99 mol %.

Supporting Information

Supporting Information for this article can be found under
DOI: https://doi.org/10.1002/cite.202200178. This section
includes additional references to primary literature relevant
for this research [20-26].
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I Abbreviations

ChKRED20 Chryseobacterium sp. CA49
GC gas chromatography

KRED ketoreductase

QM/MM quantum mechanics/molecular

mechanics
QM/MM SMD  quantum mechanics/molecular
mechanics steered molecular mechanics

TDS total docking score
TEA triethanolamine
TRS total reaction score

wtChKRED20  wildtype ChKRED20
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