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ABSTRACT

Rieske non-heme iron dioxygenases are a class of intriguing enzymes covering a broad reaction and substrate
spectrum and have been studied extensively in the last decades. In nature, these biocatalysts are essential for
the production of cis-dihydroxylated metabolites, as a first step during the degradation of aromatic compounds
in microorganisms. The enzymes are able to produce relevant amounts of compounds in short reaction times,
but the effort for constant cultivation of recombinant cells and production of cell mass for biotransformations is
high. To overcome the steady production process, our task was to find a way to make the biocatalysts durable and
storable. In this way, laboratories lacking equipment for microbiology, e.g. chemistry laboratories, can be supplied
with the enzymes to open up new possibilities in the production of molecules. We present a quick and efficient
method that uses lyophilization to freeze-dry recombinant whole-cells that harbor the enzyme of interest. By
washing the cells with a cryoprotectant before lyophilization, we could conserve the enzyme activity to the level
of freshly harvested cells. Moreover, this simple to apply method enables subsequent steps like storage of the
cell powder for transportation and on demand use in biotransformations. The method was established with the
cumene dioxygenase (CDO) of Pseudomonas fluorescens IP01 and its variant CDO M232A expressed in E. coli J]M109
(DE3) cells, employing R-limonene and naphthalene, respectively, as substrates in biotransformations. The method
could be successfully applied in the analytical and semi-preparative reaction scale.

e Preservation of biocatalysts in recombinant whole-cells.
e Ready-to-use enzymatic reaction.
e Semi-preparative biotransformation with lyophilized whole-cells.
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Method details

Background

Biocatalysis has become an exciting alternative to conventional chemical catalysis, and provides
an eco-efficient use of alternative raw materials. It offers advantages in many ways: Not only do
the reactions take place under milder conditions, but through enzyme engineering and directed
evolution activity and selectivity of the biocatalysts can be improved and non-natural reactions can
be tapped [1-4]. Rieske non-heme iron dioxygenases (ROs) catalyze stereo- and regiospecific mono-
or dihydroxylation reactions and naturally play a vital role in pathways for bacterial degradation
of aromatics and recycling of organic matter in the environment [5-7]. As the first step of such
pathways, ROs generate cis-dihydroxylated metabolites by incorporation of molecular oxygen to form
cis-dihydrodiols [5,8,9]. In the last decades, this enzyme class has been extensively studied, and it
could be shown, that besides oxygenation, these enzymes are also able to catalyze distinct reactions,
for instance sulfoxidations, desaturations, dealkylations and the transfer of nitrene [5,10-15]. ROs
consist of a multi-component system containing an oxygenase, reductase and ferredoxin coordinating
the electron transfer [5,7,16]. Despite the high activity and selectivity of ROs, the lifespan of the
enzymes is short. For the toluene dioxygenases from Pseudomonas putida F1 (TDO) an activity loss
of 90% was shown after 48 h in crude cell extracts. Additionally, these results could be confirmed
by studies with the naphthalene dioxygenase (NDO) from Pseudomonas sp. 9816-4, where enzyme
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activity decreased sharply only after a few hours of reaction [17,18]. This short lifespan causes a
demand for constant production of cell mass. Since the process of cell transformation, cultivation and
harvest is of expenditure, we aimed to find a simple solution to overcome this obstacle. Our objective
was to find a way for the production of durable biocatalysts, that can be delivered and stored easily
to be available for a ready-to-use application in chemical or pharmaceutical laboratories. This enables
the production of small amounts of molecules of interest without needing knowledge and equipment
for microbiological works. Lyophilization or freeze-drying is a well-known technique in the food and
pharmaceutical industry that enables stabilization, storage and transport of unstable materials by
dehydration [19,20]. Vila and colleagues could show, that recombinant E. coli JM109 cells expressing
the TDO cluster, exhibited a remarkable enzyme activity after freeze-drying and were active for
at least one month [21]. In this work, we report a method that covers the full procedure from
protein expression to biotransformation with lyophilized E. coli ]M109 (DE3) whole-cells containing
the cumene dioxygenase (CDO) cluster [10]. The method is easy to apply and effective in making
biocatalysts storable and available for on demand usage in biotransformations. We tested different
cryoprotectants to conserve enzyme activity (see method validation) and describe biotransformation
protocols for analytical and semi-preparative reaction scale.

Method
Transformation of competent E. coli JM109 (DE3) cells

. Competent E. coli JM109 (DE3) cells were prepared according to Wissner et al., 2020 [22].

. Thaw one aliquot of competent cells (50 pL) by placing the tube on ice for 15 min.

. Add 1 pL of pIP107D (100-200 ng pL~!) to competent cells and mix by gentle shaking.

. Incubate reaction tube on ice for 30 min.

. Heat shock the cell-plasmid mixture at 42 °C for 1 min (in Eppendorf thermomixer or water
bath).

. Place reaction tube immediately back on ice and cool transformation mixture for 2 min.

7. Add 500 uL LB liquid medium (5 g L~! yeast extract, 10 g L~1 tryptone, 5 g L-! NaCl) to the

transformation mixture and incubate at 37 °C, 650 rpm for 60 min (Eppendorf thermomixer).
8. Spread 100 pL of the cell suspension on LB agar plates (5 g L1 yeast extract, 10 g L-! tryptone,
5 ¢ L-1 NaCl, 15 g L-! agar) containing 100 pg mL~! ampicillin and incubate at 37 °C for 16 h.

G A WN -

[*)]

Cultivation of cells and protein expression

1. A starter culture was inoculated from a single colony in 5 mL LB liquid medium supplemented
with ampicillin (100 pg mL~') and was incubated at 37 °C and 180 rpm for 6 h. The whole
starter culture was transferred to 30 mL LB containing 100 ng mL~! ampicillin and cultivated
at 37 °C and 180 rpm for 16 h on an orbital shaker (Multitron, Infors, Switzerland).

2. The main cultures were inoculated with 6% (v/v) preculture. The preculture (30 mL) was added
to 500 mL TB medium (5 g L~! glycerol, 12 g L-! tryptone, 24 g L~ yeast extract, 0.17 M
KH,POy4, 0.72 M K,HPO,), supplemented with 100 pg mL~! ampicillin and incubated at 37 °C
and 180 rpm until ODgp=0.6-0.8 was reached.

3. Enzyme expression was induced with 1 mM IPTG and the cultures were incubated for 20 h at
25 °C and 180 rpm.

4. Cells were harvested by centrifugation (6000 x g, 20 min, 4 °C, Beckman Coulter, USA).

5. This cultivation protocol yields about 8 g L~1 cells (cell wet weight).

Preparation for lyophilization

1. 0.5 g of freshly harvested cells were transferred to a 50 mL reaction tube.

2. Cell pellets were resuspended in 10 mL 100 mM potassium phosphate buffer pH 7.4
supplemented with 10% (v/v) glycerol by shaking at 65 rpm on a rotator mixer (Intelli-Mixer
RM-2 M, ELMI, USA) at 4 °C for 30 min.
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3. The cells were separated by centrifugation (3500 rpm/959 x g, 20 min, 4 °C, Centrifuge 5810 R,
rotor F-34-6-38, Eppendorf, Germany) and the supernatant was discarded subsequently.

4. Cell pellets were frozen at —80 °C for at least 4 h.

5. The lyophilization step was conducted for 24 h at —86 °C and 0.0044 mbar in a freeze-dryer
(Martin Christ Gefriertrocknungsanlagen, Germany).

6. Lyophilized cell pellets were stored at —20 °C until further use.

7. Tubes with cell pellets were weighed before and after lyophilization to determine the factor of
water loss between cell wet weight and cell dry weight.

Biotransformation

Whole-cell biotransformations were performed with living cells as well as lyophilized cells. In vivo
biotransformations with living cells were performed right after cell harvest to measure the fresh cells’
enzymatic activity without any loss. Biotransformations with lyophilized cells were carried out with
rehydrated cells, using the amount of the cells (cell dry weight, cdw) equivalent to the cell wet weight
(cww). In our experiments 0.5 g living cells were weighed into a 50 mL reaction tube, washed with
10 mL cryoprotectant solution, centrifuged and lyophilized. To obtain the wished cell concentration
according to the cww (here exemplary shown for 0.05 geww mL™1) the freeze-dryed cell pellets were
rehydrated in 10 mL potassium buffer to a final cell concentration. The cell suspensions were used for
biotransformations in 1 mL volume performed in triplicates.

Biotransformation in analytical volume (1 mL biotransformation)

1. 0.05 geww mL~! recombinant JM109 (DE3) cells, harbouring pIP107D, were resuspended in
100 mM potassium phosphate buffer pH 7.4 by vortexing and pipetting.

2. To a volume of 970 pL cell suspension 20 pL glucose (1 M in ddH,O0, final concentration 20 mM,
for in situ cofactor regeneration) and 10 pL R-limonene (1 M in dimethyl sulfoxide/DMSO, final
concentration 10 mM) were added (R-limonene is volatile, thus the reaction vessels have to be
closed properly).

3. Biotransformations were conducted in 20 mL glass vials sealed with a gastight screw cap for 4 h
at 30 °C and 180 rpm in a shaking incubator (vials must be incubated horizontally to assure a
sufficient oxygen saturation).

4. After the reaction, the 1 mL biotransformation was transferred to a 2 mL reaction tube and
1 mL of tert-butyl methyl ether (MTBE, containing 1 mM biphenyl as internal standard) was
added. For extraction of the analytes, the samples were vortexed and then centrifuged in
a microcentrifuge (5 min, 12,000 rpm at room temperature, centrifuge 5424 R, Eppendorf,
Germany).

5. 800 pL of the solvent phase was transferred to 2 mL crimp top vials for analysis by GC-FID or
HPLC-DAD.

Biotransformation in semi-preparative volume (50 mL biotransformation)

For upscaled biotransformations, the enzyme variant CDO M232A was expressed in JM109 (DE3)
as described above. Semi-preparative biotransformations were conducted in 1 L reaction vessels in a
reaction volume of 50 mL, to maintain the required gas volume.

1. To obtain a concentration of 0.05 gqw mL~! cells, the equivalent amount of dry cell weight
(here 0.803 g4, of lyophilized cell powder, see Determination of cell concentration) was added
to 48.5 mL 100 mM potassium phosphate reaction buffer pH 7.4 (without resuspension of the
cell powder).

2. Add 1 mL glucose (1 M, final concentration 20 mM) and 500 pL naphthalene substrate stock
(0.5 M in ethanol, final concentration 5 mM).

3. Incubate at room temperature on a magnetic stirrer (700 rpm).

4, Extract 1 mL of biotransformation 1:1 (v/v) with MTBE and run on LC-MS to monitor the
reaction progress.
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5. For extraction, transfer 25 mL of biotransformation to 50 mL reaction tube (50 mL reaction:
2 x 50 mL tubes).

6. Mix 25 mL of biotransformation 1:1 (v/v) with MTBE (without internal standard), shake
vigorously and vortex.

7. Centrifuge 5 min, 7000 rpm at room temperature (Centrifuge 5810 R, rotor F-34-6-38,
Eppendorf, Germany).

8. Collect organic solvent phase in a round-bottom flask.

9. Extraction of the product is repeated three times.

10. Evaporate MTBE on the rotary evaporator.

Determination of cell concentration

To ensure a constant and comparable cell concentration, the required cell quantity for each
reaction condition was weighed in a 50 mL reaction tube (cell wet weight), washed with buffer
and cryoprotectant, and subsequently lyophilized. Proper centrifugation before discarding the buffer-
cryoprotectant mixture prior to freeze-drying was crucial to avoid loss of cells and to guarantee a
consistent cell concentration. The dried samples were rehydrated in the same 50 mL tubes to the
adequate concentration and used for biotransformations. To determine the weight difference between
cell wet weight and cell dry weight due to water loss, the tubes were weighed before and after freeze-
drying. Analysis of n = 66 tubes led to an average factor of 3,11 + 0,6 meaning 1 gmw equals 0,322

Ecdw-

Determination of viable cell count

To determine the number of living cells after lyophilization, the Miles and Misra method was
applied [23]. Samples were taken from 0.1 g mL~! cell suspensions (living cells and lyophilized
cells equivalent to cww, treated with 10% (v/v) glycerol in 100 mM potassium phosphate buffer pH
7.4). For the living cells, sample dilutions from 10~5 to 10-8, and for lyophilized cells, dilutions from
102 to 10~> were plated. Serial dilutions were made in triplicates and 20 pL were dropped onto
LB-ampicillin plates and incubated overnight at 37 °C. The following day, the number of colonies
was determined in the most countable dilution. The number of colony-forming units (CFUs) for the
living cells was 10.8 x 108 while the number of CFUs was clearly reduced after freeze-drying to
23.3 x 10% To compare the amount of total protein between living and lyophilized cells, samples of
the cultures were taken before cell harvest (living cells) and from rehydrated cells after lyophilization
(0.1 geww mL~! lyophilized cells before biotransformation). The optical density of both samples was
set to ODggp=10 and compared by SDS-PAGE gel analysis. 12 L of the cell suspensions was denatured
by heating to 99 °C in SDS buffer for 10 min and then applied to a 12% SDS-PAGE gel. The proteins
were subsequently visualized with a Coomassie blue staining solution.

Analytics

Peak analysis and product standards

The product standards for (1R,5S)-carveol (1 M in DMSO) and (1R,2S)-cis-1,2-dihydro-1,2-
naphthalenediol (0.5 M in ethanol) were diluted in 100 mM potassium phosphate buffer pH 7.4 to
final concentrations of 1, 2.5, 5 and 10 mM and were treated equally to biotransformations. Each data
point was performed in technical triplicates and analyzed by GC-FID and HPLC-DAD, respectively. The
graphs were integrated manually, and the corresponding areas were normalized with the internal
standard. The concentration was determined using the standard curves (see Figs. S2 and S3).

Analysis of R-limonene and (1R,5S)-carveol

Products were extracted with MTBE containing 1 mM biphenyl (100 mM in ethanol) as internal
standard and analyzed by gas chromatography (GC). GC analyses were performed on a GC-2010 gas
chromatograph (Shimadzu, Japan) equipped with FID detector using a HP-1 ms UI column (30 m X
0.25 mm x 0.25 pm, Agilent, USA) with hydrogen as carrier gas (linear velocity 30 cm/s). 1 pL sample
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was injected at a temperature of 250 °C with a split ration of 1:15 and analyzed with the following
program: 3 min at 120 °C, 13 °C min~! to 190 °C, 250 °C min~! to 290 °C, hold 250 °C for 2 min. The
temperature of the flame ionization detector (FID) detector was set to 330 °C.

Analysis of naphthalene and (1R,2S)-cis-1,2-dihydro-1,2-naphthalendiol

Products were extracted with MTBE containing 1 mM biphenyl as internal standard (100 mM in
ethanol) and analyzed by high-performance liquid-chromatography (HPLC, Agilent, USA). Naphthalene
and (1R,2S)-cis-1,2-dihydro-1,2-naphthalendiol were detected following the protocol for HPLC-DAD
(262 nm) analysis described by Wissner et al., 2020.

Conclusion

In this work we describe a practical and easy-to-use method to produce and provide lyophilized
recombinant cells that can be utilized on demand for biotransformations. Through this approach,
biocatalysts can be made available to consumers who do not have the microbiological expertise and
equipment available to cultivate recombinant cells. In this way broader access to green chemistry
can be created. This availability can open up new fields of application and production methods of
molecules with Rieske non-heme iron dioxygenases.

Method validation
Establishment of a cell treatment prior to lyophilization

This study aimed to develop a method to simplify the use of biocatalysts and make them
more accessible ((Fig. 1). The method development was carried out with the Rieske non-heme
iron dioxygenase CDO and the substrate R-limonene. The monoterpene R-limonene is an interesting
precursor substance, because the microbial oxidation of this molecule gives access to bioactive
natural compounds. One significant advantage of this precursor molecule is the availability and the
inexpensive production, as the substance is obtained as a waste product from orange peel [24,25].
Enzymatic reactions of CDO in combination with R-limonene as a substrate have been extensively
studied and it is known that the CDO wildtype (WT) is forming (1R,5S)-carveol as only product
(Fig 2A, hereinafter referred to as carveol) [13]. Due to the availability of established protocols and
expertise, this enzyme-substrate combination was chosen to develop the here described method. To
achieve a quick and easy way to make recombinant whole-cells durable, we chose lyophilization as
method of choice. The advantage of this method is, that the freeze-drying process takes place in
only one step and the resulting cell powder can be shipped, stored and be efficiently rehydrated
and instantly used. Another gain of using freeze-dried whole-cells is the effect of in situ co-
factor regeneration during biotransformation. As the first step before lyophilization, cells have to
be sufficiently frozen to guarantee that the solid ice is directly vaporized during the freeze-drying
process. Freshly harvested cells were frozen at three different temperatures for 4 h and afterwards
lyophilized, then biotransformations were performed. Enzyme activity was reduced by more than 60%
in all conditions, and no major difference between the freezing temperatures could be seen (Fig. 2B).
All following experiments were performed with a freezing step at —80 °C for 4 h before lyophilization,
to guarantee that the samples were frozen thoroughly. As the process of freeze-drying is impairing the
integrity of the cells and proteins, different osmotic stabilizers, called cryoprotectants, can be added
to the cells prior to the lyophilization process. Various cryoprotectants are known in literature and
for TDO, the effects of glycerol, glucose and skim milk have been investigated [19,21,26]. To establish
the method, we tested the two sugars sucrose and trehalose, and glycerol, which are well known for
effective cryopreservation of cells. 1 g of the harvested cell pellet was transferred to a 50 mL tube, and
resuspended in 10 mL 100 mM potassium phosphate buffer pH 7.4, enriched with a final concentration
of 5% (w/v) sucrose, 5% (w/v) trehalose or 10% (v/v) glycerol. Cell suspensions were centrifuged, the
supernatant was discarded and the pellets were subsequently frozen for 4 h at —80 °C and then
lyophilized. Biotransformation revealed that the activity of the treated and lyophilized enzymes was
restored and even increased at least by a factor 2 compared to fresh cells directly after cell harvest
(Fig. 2C). Several tests showed that the addition of 10% (v/v) glycerol to reaction buffer led to the
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1. Transformation of E. coli JM109 (DE3) with plasmid pIP107D 4.1 ion of main culture, incubate at 37 °C

2. Pick single colony to inoculate pre-culture in 5 mL LB medium 5. Addition of 1 mM IPTG for induction

3. Transfer pre-culture to 25 mL LB medium and incubate over night at 37°C 6. Protein expression at 25 °C for 20 h
[===—=] =] [ =] =

7. Cell harvest by centrifugation 10. Pellet cells by centrifugation and freeze at -80 °C
8. Transfer of 100 mg cell pellet to new reaction tube 11. Lyophilize cells for 24 h
9. Wash cells with reaction buffer supplemented with 10% glycerol (v/v) 12. Rehydrate cells and perform biotransformation

Fig 1. Graphical display of the described method, starting from transformation of the cells, cell cultivation and harvest,
treatment with cryoprotectant and lyophilization step.

highest product formation of carveol. Therefore, this condition was selected for further experiments.
The addition of 20% (v/v) glycerol led to a rise in activity but also caused a change of consistency
of the freeze-dried cell pellets (Figs. 1 and 2D). Instead of a gray and dusty texture, the pellets were
sticky, challenging to resuspend, and showed a brownish color. Determination of the viable cell count
revealed a reduction of CFU of a factor 10% in lyophilized cell suspensions, whereas the total protein
of the cell did not differ from living cells. Therefore, enzyme levels should also not be impaired
(Fig. 2E+F). Note that the best results were obtained with freshly transformed cells. The dioxygenase
catalyzed dihydroxylation is highly dependent on the co-substrate oxygen and therefore for the air to
liquid ratio of the reaction vessel. In our experience the highest product formation can be achieved
with a liquid to air ration of 1:19 (1 mL reaction volume in 20 mL reaction vessel).

Study of biotransformation conditions

After investigating the effect of different cryoprotectants on enzyme activity, the next goal was
to determine the optimal conditions for biotransformations in upscaled volume to ensure optimal
application conditions. To address this subject, different reaction volumes, vessels, temperatures and
cell concentrations were tested in biotransformations. The formation of carveol by adding 10 mM R-
limonene to 0.1, 0.05 and 0.02 gayw ml L~1 was compared under different reaction conditions. The cell
concentration of 0.05 geww L1 led to the highest product formation (Fig. 3A). The formation of carveol
was also not impaired by the change of reaction vessel and reaction temperature. While control
reactions (1 mL reaction in 20 mL vial at 30 °C) were performed in gas tight vials to avoid R-limonene
and carveol evaporation, the upscaled reactions were performed in round-bottom flasks sealed with
stoppers with ground glass joint and laboratory film (Parafilm, USA). To maintain the 1:19 liquid to



8 T. Farr, J.L. Wissner and B. Hauer / MethodsX 8 (2021) 101323

A D 6 ¢
O he
CDOWT 5L
= ——.~ =

2N 2N g 4 f
(R)-limonene (1R,5S)-carveol =
o 3 |
e
B s, 82t
s = 1F
£ 1.2
g 0
g 06 } 5% glycerol 10% glycerol 15% glycerol 20% glycerol
o
0 {
Living cells -20°C -80°C liquid
nitrogen .
Cc s E 1E£10 F &,,,
5 _1_ 1E+09 R : f oy
s 4 1E+08 - . -
E e
- B
§ 3 1E+07
R
8 1E+06 .
- S —
1 ’—l—‘ 1E+05
0 1E+04 -
Living buffer 5% 5% 10% Living cells  Lyophilized
cells control  sucrose trehalose glycerol cells

Fig. 2. Study of different cell treatments before lyophilization. The CDO cluster was expressed in JM109 (DE3) cells and after
cell harvest, the cells were frozen and subsequently lyophilized. R-limonene was used as a substrate and (1R,5S)-carveol is
formed as the only product by CDO WT (A). Different freezing temperatures (—20 °C, —80 °C and —196 °C / liquid nitrogen)
before lyophilization did not lead to a difference in enzyme activity (B). After cell harvest, the cell pellets were washed
with 100 mM potassium phosphate buffer pH 7.4, that was supplemented with three different cryoprotectants to test the
protection efficiency on the expressed enzymes, frozen at —80 °C and lyophilized. Cells were rehydrated and enzyme activity
was measured. Supplementation with 10% (v/v) glycerol could restore the highest enzyme activity, but no clear difference
between glycerol and the sugars sucrose and trehalose was observed (C). A follow-up experiment showed, that different glycerol
concentrations (5%, 10%, 15%, 20%, (v/v) each) did not lead to strong differences in enzyme activity (D). Biotransformations with
10 mM R-limonene were performed in technical triplicates with a concentration of 0.1 g mL~! for 4 h at 30 °C. They were
subsequently 1:1 (v/v) extracted with MTBE and analyzed on a GC-FID system. Determination of the live cell count by the Miles
and Misra method [23] revealed a reduction of CFUs. Cell dilutions were plated in triplicates, average shown in (E). Comparison
of the total protein amount extracted from the living cell (LC) and lyophilized cells (Lyo) did not show differences (F). The use of
recombinant cells from different batches led to a divergence of the total product formation (2 B, C, D). Within one experiment,
only cells from one batch were used to assure comparability.

air ratio, the reaction volume was scaled up to 2.5 mL in a 50 ml flask and 12.5 mL in a 250 mL
flask. The round-bottom flasks were incubated at room temperature on magnetic stirrers and after 4 h
1 mL of every replicate was extracted and analyzed. The results showed, that biotransformations were
successfully performed in upscaled conditions at room temperature (in Fig. 3A, referred to as 25 °C),
showing that the reactions can be performed in laboratories that are not equipped with temperature-
controlled shaking incubators. Reactions performed in 50 mL screw cap bottles and Erlenmeyer flasks
sealed with parafilm did not differ from round-bottom flasks, leading to the statement that there
is no restriction in the choice of reaction vessel, despite the volatility of the examined molecules
(Fig. 3B). Samples of lyophilized cell powder were stored under different temperature conditions for
several weeks and enzyme activity was tested after four and ten weeks (Fig. 3C). By storage at room
temperature (25 °C), no enzyme activity could be detected anymore after four weeks. The storage of
the samples in a fridge (4 °C) led to a drop of around 35% activity, and after ten weeks to an almost
complete loss. The enzymatic activity was very well preserved when stored in a freezer at —20 °C,
and after ten weeks still 70% of the activity compared to the starting point could be detected. These
results suggest that the lyophilized recombinant cells can be stored up to 2.5 months in freezers
without serious restrictions in terms of activity.
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Fig. 3. Investigation of biotransformation reaction conditions. The activity of the CDO cluster expressed in JM109 (DE3) cells
was compared before and after lyophilization by biotransformations with R-limonene. The treatment with 10% (v/v) glycerol
before freeze-drying led to a rise in the activity. The yield of the product carveol was compared between different cell
concentrations. The upscaling of the reactions to 2.5 mL in 50 mL round-bottom flasks and 12.5 mL in 250 mL round-bottom
flasks yielded product concentrations in the same range, showing that the incubation temperature and reaction vessel and
volume did not negatively influence the reaction (A). Besides, no disadvantage could be detected by the use of different reaction
vessels (B). Storage of lyophilized cell powder at —20 °C showed best to avoid losing enzyme activity for at least 2.5 months (C).
Biotransformations were performed as follows: (A) 0.1 geww mL~" of living cells and 0.1, 0.05, 0.02 geww ML~ of lyophilized cells
(treated with 10% (v/v) glycerol before freeze-drying) were resuspended in 100 mM potassium phosphate buffer pH 7.4. 1 mL
reactions in 20 mL vials were performed as described in the method section, larger reaction volumes were upscaled linear to
the 1 mL reaction. 10 mM R-limonene as substrate were used, incubation was conducted for 4 h at 30 °C at 180 rpm in shaking
incubator and for 4 h at room temperature (25 °C) on a magnetic stirrer (700 rpm), respectively. 1 mL per triplicate of 2.5 mL
and 12.5 mL reaction was extracted and analyzed. (B) Biotransformations with 0.1 ga,, mL-! lyophilized cells (treated with
10% (v/v) glycerol) were performed in 2.5 mL reaction in 50 mL reaction vessel with 10 mM R-limonene and incubated for 4 h
at room temperature on a magnetic stirrer. 1 mL per triplicate of 2.5 mL reaction was extracted and analyzed. (C) Lyophilized
cells (treated with 10% (v/v) glycerol) were stored in the dark at room temperature (25 °C), in a lab fridge (4 °C) and freezer
(—20 °C). A cell concentration 0.05 gemy mL~! was used in 1 mL reaction in 20 mL reaction vessel, with 10 mM R-limonene for
4 h at 30 °C and 180 rpm in shaking incubator.

Semi-preparative biotransformation

To validate the developed method for its application on a larger scale, biotransformations were
carried out in a semi-preparative volume. In this context, a different enzyme-substrate combination
was used than in the previous experiments. The bicyclic aromatic compound naphthalene is known
as the natural substrate of the NDO of Pseudomonas spec. strain 9816-4, and is also successfully
converted by the TDO of Pseudomonas putida F1 in the only product (1R,2S)-cis-1,2-dihydro-1,2-
naphthalenediol (DHND) [11,16,21]. It could also be shown, that the CDO is able to catalyze the
reaction from naphthalene to (1R,25)-cis-1,2-dihydro-1,2-naphthalenediol (Fig. 4A) [27]. The advantage
of naphthalene as a substrate, compared to R-limonene, is the low volatility of the substrate and
lack of volatility of the product DHND. The compounds can be isolated easily, and are thus feasible
for an exemplary upscaling reaction to a semi-preparative scale. The CDO variant M232A has been
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Fig 4. Biotransformations were upscaled to semi-preparative reaction volume with the substrate naphthalene. In pre-
experiments CDO WT and CDO variant M232A, expressed in JM109 (DE3) cells, showed to convert naphthalene to
(1R,2S)-cis-1,2-dihydro-1,2-naphthalenediol (DHND) and no additional product could be detected by HPLC-DAD analysis (see
supplementary material, Fig. S1). CDO M232A was used for upscaled reaction volumes of 50 mL in round-bottom flasks and
screw-cap bottles (C). Biotransformations: (B)+(D) Biotransformations in analytical volume, 0.05 g mL™! lyophilized cells
(treated with 10% (v/v) glycerol) in 1 mL reaction, incubation for 4 h at 30 °C, with 10 mM naphthalene (B) and 5 mM and
10 mM Naphthalene (D). The reactions were extracted once 1:1 (v/v) with MTBE. (C) Biotransformations in semi-preparative
volume, 0.05 gawmL~! lyophilized cells (treated with 10% (v/v) glycerol, from the same cell batch as used in (D)), were
incubated for 4 h at room temperature on a magnetic stirrer with 5 mM naphthalene in a total volume of 50 mL potassium
phosphate buffer pH 7.4. The reactions were extracted three times 1:1 (v/v) with MTBE. The product DHND was separated by
evaporating the solvent MTBE (steps are depicted in the pictures). The weight of the extracted product was determined after
complete drying (E).

described previously and is known for its increased activity to enhance conversions of different
substrates [13]. A comparison between lyophilized cells harboring CDO WT and CDO M232A showed
doubled product yields after reactions with CDO M232A within 4 h (Fig. 4B). Two different substrate
concentrations were tested to validate the activity of CDO M232A before the 50 mL upscale reaction
was performed. Biotransformations with 5 mM naphthalene were shown best for a full conversion
after 2 h (Fig. 4D). Biotransformations were performed on a magnetic stirrer for 4 h to make
sure all substrate was converted. To test different reaction vessels, the reactions were performed
in round-bottom flasks (2 x 50 mL reaction volume) and screw-cap bottles (1 x 50 mlL, Fig. 4C).
Product quantity of 120 mg/100 mL (round-bottom flask) and 80 mg/100 mL (screw-cap bottle)
could be isolated (Fig. 4E). The product identity was confirmed by NMR analysis (see supplemental
material). The purple color of the extracted product is caused by a side reaction that is catalyzed by
dioxygenases: the dihydroxylation of indole, which spontaneously dehydrates and forms the blue dye
indigo [28]. It is known that the reaction is mediated by a tryptophanase (TnaA) in E. coli and can be
avoided by introducing a deletion of the tnaA gene. Using a tnaA deficient strain like BW25113 AtnaA,
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that is available in the Keio collection, could be a solution to address the cross contamination of the
product [22,29,30,31].

Material and equipment

. HT Multitron Infors Shaker (Infors HT, Switzerland).

. Beckman Coulter centrifuge Avanti J-26S XP, Rotor JA-10 (Beckman Coulter, USA).
. Microcentrifuge 5424 R (Eppendorf, Germany).

. Centrifuge 5810 R (Eppendorf, Germany), fixed-angle rotor F-34-6-38 (Eppendorf, Germany).
. Freeze-dryer (Martin Christ Gefriertrocknungsanlagen, Germany).

. GC-2010 gas chromatograph (Shimadzu, Japan).

. Agilent 1260 Infinity II LC system (Agilent, USA).

. Ultrospec 3100 pro photometer (Amersham Biosciences, United Kingdom).

. Thermomixer comfort 1.5 ml (Eppendorf, Germany).

10. Vortex-Genie 2 mixer (Scientific industries, USA).

11. Rotator mixer (Intelli-Mixer RM-2 M, ELMI, USA).

12. Rotary evaporator Laborota 4000 efficient (Heidolph. Germany).

13. 2 mL reaction tubes (Eppendorf, Germany).

14. 50 mL reaction tubes (Sarstedt, Germany).

15. 20 mL head space vials (Wicom, Germany).

16. Screw cap bottles (Schott, Germany).

17. Glass ware (round-bottom flask and Erlenmeyer flask, Schott, Germany).

OO gO U WN -

Chemicals and culture media

e R-(+)-Limonene (Sigma Aldrich, USA)

o (-)-Carveol, mixture of isomers (Sigma Aldrich, USA)

o Naphthalene (Fluka, USA)

¢ (1R,2S)-cis-1,2-dihydro-1,2-naphthalenediol (Santa Cruz Biotechnology, USA)
« Biphenyl (Sigma Aldrich, USA)

o Ampicillin sodium salt (Carl Roth, Germany)

o Agar-agar (Carl Roth, Germany)

o Yeast extract (Carl Roth, Germany)

o Tryptone (Sigma Aldrich, USA)

o NaCl (Honeywell Fluka, USA)

o Glycerol (Fisher Scientific, USA)

e D-(+)-Glucose monohydrate (Acros organics, Belgium)

e D-(+)-Trehalose Dihydrat (Carl Roth, Germany)

« Sucrose (Sigma-Aldrich, USA)

e Potassium dihydrogen phosphate (KH,PO,, Carl Roth, Germany)

¢ Dipotassium phosphate (K,;HPOg4, Carl Roth, Germany)

« Dimethylsulfoxide (DMSO, Carl Roth, Germany)

o Ethanol (Merck, Germany)

o tert-butyl methyl ether (MTBE, Honeywell Riedel-de-Haén, Germany)

All chemicals were purchased at the highest purity available.

Strains and constructs

The CDO cluster was expressed in E. coli strain JM109 (DE3). The cumA1, cumA2, cuma3 und cuma4
of Pseudomonas fluorescens IPO1 forming the CDO cluster were expressed under the lac-promoter in
the vector pIP107D. The enzyme variant M232A expressed in pIP107D_M232A (pITB1012) harbors the
mutation M232A in cumAl, the oxygenase «-subunit [10,13,30].
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