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INTRODUCTION | 1

1 Introduction

The topic ,oxidation reaction’ encompasses a vast number of chemical and
biological reactions that take place not only in the round bottom flasks of lab
chemists. In cooking pots, table sugar is oxidized to delicious smelling caramel™
while many vitamins lose their biologic effect as consequence of oxidation when
heated.”? At the hairdresser, requests like perm-fixing and bleached blonde hair
are fulfilled via oxidation™® and in the liver, drugs are made excretable by enzyme
catalyzed oxidation reactions®* Even taking a hot shower in the morning and
going to work by car quite comfortable was unthinkable for a long time without
oxidation of hydrocarbons. In the heating system of houses or in the tank of cars,
fuels - composed of alkanes, cycloalkanes and other aromatic hydrocarbons -
undergo complete combustion with atmospheric oxygen as oxidant, yielding H,0
and CO,. Thereby, chemical energy is transformed in propulsive power and heat.
Altogether, it is not possible to imagine life as we know it without oxidation of

alkanes.'®

For the controlled partial oxidation of unfunctionalized hydrocarbons in
particular, a certain extent of skill and care is required since these unactivated
compounds are quite inert and harsh conditions are typically necessary to realize
oxidation in the lab. Particulary, the oxidation of cycloalkanes 1 from petroleum to
a mixture of corresponding cycloalkanols 2 and cycloalkanones 3 is of economic
importance since these compounds serve as industrial feedstock for the synthesis
of bulk products. For example, the synthesis of nylon-6 (5) can be realized via
cyclohexanone (3a) as well as via adipic acid (6, Scheme 1)."”

O
dist.
2/cat OCH cat
H 0 = nonn 6
OH cat. COOH
COOH
Za 6

Scheme 1. Catalytic oxidation of cyclohexane (1a) with molecular oxygen for the
synthesis of intermediates for nylon-6-production (5)

Another current route starting from the corresponding cycloalkane 1, which is
preferred for the synthesis of higher homologue cycloalkanones 3 from a size of
ten carbon atoms (cyclodecanone (3b)) on a large scale is conducted in the
presence of boric acid and molecular oxygen. A very important product of this
BASHKIROV process with subsequent catalytic dehydration is cyclododecanone (3c),
which is the feedstock of the synthesis of nylon-12 (7) (Scheme 2).7*
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In the presence of molecular oxygen cyclododecane (1c) is oxidized and the
unstable cyclododecyl hydroperoxide (8) is formed. With boric acid, 8 is trapped
to form the cyclododecyl perborate ester 9 in a condensation reaction. Additional
reagent 1c is oxidized by the perborate ester 9 to cyclododecanol (2c), forming
the relatively stable borate ester 10. A subsequent hydrolyzation gives access to
the desired alkohol 2¢, and by catalytic dehydration the important intermediate
3c is obtained (Scheme 2).1*°!

0]
[:::J%:7 [:::;E:=7

1c 3c

l +0, T -H,
0-0O-H 0-0+B O01B OH
. e O, ] LG = O
Jn=7 “H,0 =7 ]3 1lc 2c =73 B(OH), Jn=7

8 9 10 2c

Scheme 2. BASHKIROV process with subsequent catalytic dehydration is applied for
the synthesis of cyclododecanone (3c), adapted and modified from Musser! %

Drawbacks of this protracted procedure are the application of stoichiometric
amounts of boric acid meaning an expended effort in the waste water treatment,
the low selectivity of the oxidation and the extensive separation of unreacted
reagent 1c due to low conversions. Recently, in 2009 an innovative procedure was
established by BASF, solving two problems simultaneously. Nitrous oxide (N,O),
an unpleasant side product that incurs during the industrial synthesis of adipic
acid (6), usually has to be disposed of elaborately. The innovative commercial
application of this noxious greenhouse gas as oxidant in the synthesis of
cyclododecanone (3c) shortens the multistep procedure shown in Scheme 2 and

additionally obviates the disposal problem of N,O (Scheme 3).*%

N,0 ° H,/cat.

— &

11 12 3c

Scheme 3. Nitrous oxide (N,0) is applied for the synthesis of cyclododecanone
(3c) in which only one catalyst is necessary™"

Furthermore, the oxidation of alcohols represents one of the most important and
fundamental reactions in organic chemistry and therefore a vast number of
oxidation methods is reported and summarized.™ However, these reactions are
often realized by the application of stoichiometric amounts of toxic and
carcinogenic chromates. A range of industrial processes can be found in literature
in which chromium-based oxidation steps are applied for the synthesis of, for
example, active pharmaceutical ingredients (APIs), like cortisone (13), levofloxa-

cine (14), dapsone (15)™ or talampanol (16).™”
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A timely change in the environmental awareness in the more recent past initiated
the call for substitution of these antiquated oxidation procedures, traditionally
using metal catalysts or stoichiometric quantities of chromates by more contem-
porary procedures. Environmentally benign oxidants such as O, or H,0,, whereby

only water accrues as side product, represent a green alternative.’®

Besides these alternatives broached above, biocatalysis is a further, complemen-
tary growing branch for environmentally friendly oxidation reactions. Biocatalyzed
oxidation reactions are carried out by a class of enzymes, called oxidoreductases,
representing one of the six classes of enzymes, subdivided by an enzyme
commission. The application of the different enzyme classes for organic synthesis
is summarized in Figure 1 (Ieft).[ls] Oxidoreductase-catalyzed reactions make one
fourth of these processes and about one half out of it accounts for oxidation
reactions. On the right side of Figure 1, reaction types of biocatalytic oxidation
reactions in industry are listed.™

7 .

® hydrolases (65%) m hydroxylation (40%)
m lyases (5%) ® alcohol / amine oxidation (22%)
B isomerases (1%) B desaturation (5%)
ligases (0%) ® epoxidation (14%)
m oxidoreductases (25%) Baeyer-Villiger oxidation (5%)
m transferases (4%) dihydroxylation (14%)

Figure 1. Application of the different enzyme classes for organic synthesis (left)™®
and types of biocatalytic oxidation reaction in industry (right)™

As apparent from Figure 1 (right), oxyfunctionalizations account for the major part
and hold a great potential for a further green alternative.
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2 Motivation and Aim

As elaborated in the previous chapter, a new environmental awareness leads to
the claim of substitution of traditionally applied, obsolete oxidation procedures by
more contemporary and green procedures. Metal catalysts or stoichiometric
guantities of chromates are widely used as oxidation agents in oxidation reactions
what makes these processes highly questionable, considering the sanitary conse-
guences. In the particular case of large industrial-scale production of higher
homologue cycloalkanones 3 with eight or more carbon atoms, the BASHKIROV
process with subsequent catalytic dehydration is applied using molecular oxygen
as the oxidant. However, several drawbacks of this procedure are the application
of stoichiometric amounts of boric acid, the low selectivity of the oxidation and

the extensive separation of unreacted reagent 1c due to low conversions.™

Therefore the overall objective of this thesis is to develop a modern and green
procedure for the direct functionalization of cycloalkanes 1 to cycloalkanones 3
for the main part. Based on the previous work by BURDA and STAUDT which is
described further down in this chapter, the desired cycloalkanone 3 shall be syn-
thesized directly by a one-pot process in water starting from the corresponding
cycloalkane 1 and using atmospheric oxygen as oxidizing agent.?*?? At different
stages of the process design, all aspects - from efficiency of the working up and
robustness of the analytical method in the beginning through to enzyme activities
with variable substrates and finally the preparative oxidation of the substrates
and whole cell biotransformation - should be considered. Prior to a preparative
experiment or process, preliminary studies should ensure that by performing a
certain procedure (reaction, working up, analytics) all circumstances that contri-
bute to a distortion of the results will be recognized and regarded. First off all, a
mass loss analysis has to be done to find out if the starting materials have a strong
disposition to evaporate, to undergo decomposition or to adsorb to surfaces.

Therefore a simulation of reaction conditions and working up is carried out for
substrate, intermediate and product. In an ideal case, the efficiency of the
working up process should be considered separately first. Then the reaction time
while also taking into account the method of working up is to be analyzed, and
finally the reaction time while also taking into account the method of working up
in the presence of biomass has to be investigated. Furthermore, a robust and
exact analytical method for the absolute determination of all components (the
respective substrate, intermediate and the product) should be established, ideally
via gas chromatography in a concentration range relevant for the planned
experiments. The definition of the methods detection limit (MDL) is an important
step to get reliable results in the quantitative analysis of subsequent
biotransformations. Aim of this section is to assure that neither a loss of material,
nor an error-prone working up or an inappropriate analytical method leads to an
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unrecognized distortion of the results. These sources of error that can appear in a
preparative experiment are summarized in Figure 2.

C) Applicabilityand 3
process robustness

of the analytical
method

A) Loss of material B) Efficiency
from the reaction ’ 7 of the working
mixture J up procedure

Figure 2. Sources of error in a preparative experiment

A preselection and evaluation of substrates - for various reasons attractive to be
hydroxylated by cytochrome P450 monooxygenases from Bacillus megaterium
(CYP BM-3) that were made available by the research group Prof. Dr. U. Schwane-
berg (RWTH Aachen) - is to be investigated via UV/VIS-spectroscopy to find suit-
able substrate-enzyme combinations for subsequent preparative experiments.

From the category monounsaturated cyclic hydrocarbons, cyclooctyne (17) and
cyclododecene (18) are chosen as possible substrates. Cyclooctynes are highly
reactive and therefore established as tools in bioconjugations, probing
biomolecules in living systems (Scheme 4, left).*** Cyclododecene (18), is a
versatile chemical intermediate for organic synthesis in general.”””

Furthermore the aldehyde pentanal (19) is supposed to be an excellent starting
compound for an enzyme mediated synthesis of Yy-valerolactone (20) and
6-valerolactone (21) (Scheme 4, right). Due to its olfactory qualities, y-valerolac-
tone (20) is used in the flavour and fragrance industry.”® &-Valerolactone (21) in

contrast is applied in the synthesis of polymers (polyesters).””!

0] 0]
Y
P A0 — ?
20 19 21

17-Q

Scheme 4. Cyclooctyne (17), bound to a reporter molecule e (left) and the desired
products y-valerolactone (20) and 6-valerolactone (21), starting from pentanal
(29) (right)

The third category to be tested is the class of cyclic alkanes 1. Due to its
extraordinary role as feedstock for the polyamide production elaborated in the
previous chapter, a successful oxidation of these substrates would be of high
importance and should be analyzed excessively. The most promising substrates
that result from the preselection and evaluation should then be analyzed in pre-
parative experiments testing the hydroxylation with CYP BM-3 to evaluate if a
double oxidation is generally possible. Since without a second reaction step no
intrasequential cofactor regeneration is possible, a common regeneration system
using glucose dehydrogenase (GDH) should be applied for these experiments:
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D-glucose (22) is oxidized by a GDH and D-gluconolactone (23) is formed which is
spontaneously hydrolyzed whereupon D-gluconic acid (24) is formed. A
subsequent neutralization with e.g. sodium hydroxyde forms the corresponding
sodium salt of the D-gluconic acid (24) and the equilibrium is shifted towards the
product. As a consequence the back reaction cannot take place (Scheme 5).%®

CYP BM-3, 0,

substrate substrate-OH

NAD(P)H  NAD(P)*

irrev.

D-glucose GDH D-gluconolactone — sodium s'alt Of
22 23 +H,0 D-gluconic acid
+NaOH 24

Scheme 5. Cofactor recycling by the coupled enzyme method with glucose
dehydrogenase (GDH)™®

The substrates that show conversion in the first oxidation step, catalyzed by a CYP
BM-3 with molecular oxygen yielding the corresponding alcohol, should then be
applied in a double oxidation one-pot process, that can be described as a “dream
reaction”, a term that represents sustainable synthetic methods with high atom
economy and efficiency.®®? In literature an enzymatic two-step one-pot process is
already described by BURDA that basically can be applied for the synthesis of cyclic
ketones 3. The concept of this direct synthesis of cycloalkanones 3 from the
corresponding cycloalkanes 1 is based on the cooperation of two enzymes: The
first step of this process is the CYP BM-3 catalyzed hydroxylation reaction,
analyzed before. For this reaction, the reduced form of the cofactor NAD(P)H is
required and oxidized to NAD(P)*. The second step is an alcohol dehydrogenase
catalyzed oxidation of the in situ formed alkanol 2 in order to give the
corresponding alkanone 3. In this subsequent step, the oxidized form of the
cofactor, which is generated in the CYP BM-3 catalyzed hydroxylation reaction, is
required and retransformed into the reduced form NAD(P)H by the alcohol
dehydrogenase. In this way the application of a further cosubstrate becomes
redundant.” The general reaction scheme is shown below.

OH 0
O CYP BM-3,0, Qf ADH (j
)n \ )n \ )n

1 NADP)H  NAD(P) 2 NAD(P)*  NAD(PH 3
i in situ- ,
formation, : i
not isolated ' v n=1,3,5,7

Scheme 6. General reaction concept of the biocatalyzed two-step one-pot process
adapted from BurRDA"*®

Aiming to identify active mutants of the cytochrome P450 monooxygenase (CYP
BM-3) from Bacillus megaterium for the hydroxylation of cyclic alkanes 1, BURDA
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screened saturation mutagenesis libraries. The most promising mutants were
cultivated, isolated, purified and lyophilized, then the concentration of the
respective enzyme was determined via CO-difference spectroscopy. Furthermore
the crude extracts were analyzed with regard to their ability to synthesize cyclic
alcohols 2 from cyclic alkanes 1. Sequencing of the best mutant of the cytochrome
P450 monooxygenase revealed valine at position 87 and therefore CYP BM-3 F87V
was exclusively used for preparative experiments. To realize the second oxidation
step, BURDA applied the (R)-enantioselektive alcohol dehydrogenase from
Lactobacillus kefir (LK-ADH).

Moreover, STAUDT extensively analyzed the substrate-product-mixture cyclo-
octane (1d)/cyclooctanone (3d) in an aqueous reaction medium.*?% Despite the
fact that these compounds have comparatively high boiling points (1d: 150-
152°C®!; 3d: 195-197°CEY), remarkable decreased amounts of the initially applied
quantity were isolated according to *H-NMR-spectroscopy as a result of evapora-
tion. Due to this evaporation, determination of conversion in a classical sense
would be defective and instead the productivity (g/L) of the reaction was
stated.™ The well-established working up procedure developed by STAUDT
comprises the removal of the solvent in vacuo (900 mbar) and the determination
of the absolute amount of the respective cycloalkanone 3. Therefore, the crude
product was analyzed via 'H-NMR-spectroscopy in the presence of pyridine (25)

as external standard.!*??

Both BURDA and STAUDT registered an increase in productivity when catalytic
amounts of 2-propanol were used as additive. This procedure allows the
application of the more cost-effective cofactor in its oxidized form (NADP) since
the required reduced form of the cofactor (NADPH) is generated in the course of
the ADH-catalyzed oxidation of 2-propanol yielding acetone.””®*? Aside from the
wildtype and the above-mentioned mutant CYP BM-3 F87V, STAUDT investigated
the mutant CYP BM-3 19A12 with regard to its efficiency to catalyze the afore-
mentioned reaction (Scheme 6). The best result, namely a productivity of 0.80 g/L
cyclooctanone (3d), was obtained by using the mutant CYP BM-3 19A12 in
combination with the above-mentioned LK-ADH for the conversion of 100 mM

cyclooctane (1d) in phosphate buffer.??

Hence the challenge is to analyze more active mutants of the cytochrome P450
monooxygenase (CYP BM-3) from Bacillus megaterium for the hydroxylation of
cyclic alkanes 1 and further convenient substrates. The biocatalyzed double
oxidation which was extensively analyzed for cyclooctane (1d) by STAuDT, should
be equally addressed applying the substrates cyclohexane (1a), cyclodecane (1b)
and cyclododecane (1c). To avoid the application of pyridine (25) as external
standard as well as the analysis via "H-NMR-spectroscopy, a more economic and
reliable GC-based analysis is planned to be established. In this way the removal of
the solvent, which requires exact 900 mbar, can be circumvented. Applying the
most stable system it should be analyzed if the immobilization of the cooperating
enzymes is basically possible.
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Finally, the most promising substrates that showed adequate product formation
in the double oxidation experiments should be applied in a whole cell biotrans-
formation, since this concept was recently successfully described in literature with
considerably high product formations (Scheme 7).5%*%

substrate \ >
intermediate

alcohol

corresponding -
ketone

Scheme 7. Reaction scheme of the whole cell double oxidation
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3 Preliminary studies

3.1 Introduction, state of the art, and aim of this section

Prior to a preparative experiment - regardless of whether a classic chemistry
experiment or a biotransformation is planned - some preliminary studies about
analytical techniques are absolutely essential to be conducted. It has to be
ensured that by performing a certain procedure (reaction, working up, analytics)
all sources of error will be identified and regarded. First of all, a loss of material
might occur if the applied starting compounds have a strong tendency to
evaporate, to undergo decomposition or to adsorb to surfaces. To clarify this,
reaction conditions have to be simulated and a mass loss analysis has to be
conducted. Next, the efficiency of the working up process resp. of the isolation of
the product is to be analyzed. Since the isolation of the oxidation products is
realized by liquid-liquid extraction, some general considerations have to receive
attention. A liquid-liquid extraction system consists of two immiscible solvents
and a compound that shows a varying solubility is in these solvents. A linear
correlation exists - in case of ideal solutions - between the concentrations on
either sides of the phase boundary. This correlation can be described by the
NERNST distribution law."*!

c (Ain phase 1)

c (Ain phase 2)

The ratio of the concentration of compound A in solvent 1 and the concentration
of A in solvent 2 are constant. K is the NERNST distribution coefficient and the
NERNST distribution law is valid if only one compound is dissolved in both
phases.®® In reality, extraction mixtures often are non-ideal solutions which
consist of more than one compound, making validations necessary. The efficiency
of an extraction method is determined by the recovery, that describes the amount
of a compound that is successfully extracted by a particular method.?”
Additionally, the recovery rate has to be analyzed with a convenient analytical
method. Therefore a robust, fast and suitable analytical method is required and
need to be tested in regard to its applicability. For example, there are different
analysis methods such as HPLC, GC or NMR available and either an internal or
external standard can be employed. By using an internal standard, the sample is
mixed with a reference compound before extraction. This is an accurately
quantified compound that is similar to the substance of interest but can be
separated by analytical methods. Ideally, the signal ratio of the two compounds
can be determined precisely with the chosen analytical method.?* Is the concen-
tration of the internal standard changed it is expected that the concentration of
the substance of interest changed in the same way. Another method is to use an
external standard that is analyzed independently from the substance of interest.
The results are two reports, one of the standard and one of the substance of
interest, where the integrals of the peak areas can be compared.[34]
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For a multipoint calibration, standard solutions of different concentrations are
prepared and chromatographed under the same, predetermined conditions that
are used to analyze the sample afterwards. Additional peaks have no influence on
the result using this method.?* The aim of this section is to assure that neither a
loss of material, nor an error-prone working up or an inappropriate analytical
method leads to an unrecognized distortion of the results.

3.2 Results and discussion

3.2.1 Simulation of reaction conditions and working up shown for cyclodo-
decane (1c), cyclododecanol (2c) and cyclododecanone (3c)

A simulation of reaction conditions and working up was necessary and exemplarily
realized for the desired product cyclododecanone (3c) first. Gas chromatography
was used as analytical method and for the absolute determination of all
components (the substrate cyclododecane (1c), the intermediate cyclododecanol
(2c) and the product cyclododecanone (3c)), a straight calibration line was
prepared. The detailed analytic procedure is described in the following chapter
3.2.2. These experiments, shown in Table 1, were conducted considering a) the
method of working up (entry 1 and 4), b) the reaction time while also taking into
account the method of working up (entry 2 and 5) and c) the reaction time while
also taking into account the method of working up in the presence of biomass
(entry 3 and 6) (SOP 2). It is apparent from Table 1 below, that the extractive work
up of the reaction mixture is only slightly defective in a concentration range of
100 mM. Since the recovery is constantly below 100% it can be argued that the
analysis of the data of the preparative hydroxylation will not yield results that are
incorrectly increased.

Table 1. Results of the simulation of reaction conditions and working up for
cyclododecanone (3c)

1 mL phosphate buffer,
stirred for 5 min - 24 h, r.t.

extraction with 3x1mL DCM

3c 3c
100 mM

Entry Time Initial weight [mg]  Output weight [mg]®  Recovery [%]

1 5 min 18.40 17.29 94
2 24 h 18.13 17.29 95
3% 24 h 18.40 = —
4 5 min 18.54 17.04 92
5 24 h 18.15 17.28 95
6 24 h 18.44 17.32 94

20 mg denaturated CYP BM-3 19A12 are added; ®T calculated via GC; “lost during working up.
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In summary, very high recovery rates were determined at concentrations of
100 mM cyclododecanone (3c). Thus, the recovery rate in absence of biomass is
95% and even when biomass is present, likewise high 94% of the applied
compound 3c are isolated. Such a high recovery rate, especially in the presence of
biomass, is not something that can be taken for granted and requires an
appropriate working up procedure. This finding became clear when working up
early experiments (SOP 1), where a notably correlation, namely the decreasing of
the recovery rate with increasing biomass applied in an experiment, was
observed. Without going into detail on the concept of the biotransformation,
since at this point the main focus should be on the comparison of the applied
biomass exclusively, it is noticeable that the recovery of 1c deviated distinctly
althought same amounts of 1c were applied for both experiments (Table 2).

Table 2. Results of the double oxidation of cyclododecane (1c)

Entr CYP BM-3 Cyclododecanone Recovery of
y (biomass) (3¢c) [g/1] substrate 1c [%)]
CYP BM-3 19A12
1 0 92
(19.6 mg)
CYP BM-3 F87V
2 0 83
(127.0 mg)

A possible explanation for this phenomenon can be found in the respective
amount of biomass used for the experiment, regardless which mutant is applied.
The initial step of the working up procedure is to denaturate the enzyme by
adding dichloromethane. From this moment on different mutants of the cyto-
chrome P450 monooxygenase can be considered as the same nonfunctional
protein with identical molecular weight. Certainly, different lyophilized mutants
have different gravimetric activities. To keep the parameter “enzyme activity”
constant in preparative experiments, different amounts of biomass have to be
applied. For example, for the biotransformation with the mutant CYP BM-3 19A12
only 19.6 mg protein were applied whereas with the less active mutant CYP BM-3
F87V a more than sixfold higher amount of biomass, namely 127.0 mg protein was
neccessary to compensate the lower activity. This considerably increased amount
of biomass manifests itself in the recovery rate of the substrate 1c: while in the
small enzyme pellet only traces of 1c are absorbed, the more voluminous pellet is
able to hold back higher amounts. A one-time extraction is therefore insufficient
to isolate the compounds enriched in the biomass completely. (Figure 3).

Figure 3. Enzyme pellet from 19.6 mg biomass (CYP BM-3 19A12) (left) and
enzyme pellet from 127.0 mg biomass (CYP BM-3 F87V) (right)
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Taking this into account and aiming to further improve the recovery rate, the
work up process of the reaction mixture was optimized. Likewise the aqueous
phase, the enzyme pellet is also extracted three times. This optimized extractive
work up of the reaction mixture ensures a high recovery rate, both in presence
and absence of an enzyme pellet.

A simulation of reaction conditions and working up was additionally necessary for
the intermediates 2 and the substrates 1, as exemplarily established for
cyclododecane (1c) and cyclododecanol (2c) (SOP 2). A further expansion of these
preliminary studies to the application of lower substrate concentrations (1 and
10 mM instead of the previous used 100 mM) and considering that the main focus
is later on cyclododecanol (2c) as product was neccessary (SOP2). These
experiments, shown in Table 3 and Table 4, were conducted considering a) the
method of working up (always entry 1,4,7), b) the reaction time while also taking
into account the method of working up (always entry 2,5,8) and c) the reaction
time while also taking into account the method of working up in the presence of
biomass (always entry 3,6,9). Gas chromatography was used as analytical method
and for the absolute determination of the substrate 1c and the intermediate 2c, a
straight calibration line was prepared. The detailed analytic procedure is
described in the next chapter 3.2.2. Ideally, the recovery should be 100%, in the
following the average deviation from this ideal value is listed (Table 3-4).

Table 3. Results of the simulation of reaction conditions and working up for
cyclododecanol (2c)

OH 1 mL phosphate buffer, OH
10% (v/v) DMSO,
stirred for 5 min -2 h, r.t.

extraction with 3x1mL DCM
2c 2c

1/10/100 mM

2 2c _ Initial weight ~ Output weight  Deviation®
Entry Time d)

[mmol] [mg] [mg] [%]
1 0.1 5 min 18.35 20.04 +9
2 0.1 2h 18.72 20.16 +8
3% 0.1 2h 18.35 18.45 +1
4 0.01 5 min 2.21 2.27 +3
5 0.01 2h 2.18 2.19 0
6° 0.01 2h 2.20 2.13 3
7 0.001 5 min 0.1849 0.151 -18
8 0.001 2h 0.184° 0.150 -19
9® 0.001 2h 0.184° 0.136 26

IAll measurements are conducted in a twofold determination; RET mg denaturated CYP BM-3
19A12 are added; c)weigh in via stock solution; Dcalculated via GC; E)average deviation from a
recovery of 100%.
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Table 4. Results of the simulation of reaction conditions and working up for
cyclododecane (1c)

1 mL phosphate buffer,
10% (v/v) DMSO,
stirred for 5 min - 2 h, r.t.

extraction with 3x1mL DCM
1c 1c

1/10/100 mM

Initial weight Output weight Deviation”
Entry’  1c[mmol] Time 8 P 8

[mg] [mg]” [%]
1 0.1 5 min 16.89 18.26 +8
2 0.1 2h 16.95 18.35 +8
3°) 0.1 2h 16.97 18.03 +6
4 0.01 5 min 1.80 1.87 +4
5 0.01 2h 1.75 1.79 +2
6” 0.01 2h 1.92 1.86° -3
7 0.001 5 min 0.168 0.162 -4
8 0.001 2h 0.168 0.106 -37
9° 0.001 2h 0.168 0.039 -77

?IAll measurements are conducted in a twofold determination; RET mg denaturated CYP BM-3
19A12 are added; c)weigh in via stock solution; Dealculated via GC; %loss of one drop during working
up; f)average deviation from a recovery of 100%.

It is apparent from Table 3 and Table 4 above, that the extractive work up of the
reaction mixture is non-reliable for cyclododecane (1c) resp. cyclododecanol (2c)
in the low concentration range of 1 mM. However, the recovery is constantly
below 100%. In this regard, the analysis of the data of the preparative hydroxy-
lation will not yield results that are incorrectly increased. In the concentration
range of 10 to 100 mM, this method provides solid results with an average
deviation from a recovery of 100%, that is at all times below 10%.

In summary, high recovery rates of 95% were determined at concentrations of
100 mM cyclododecanone (3c) and even in the presence of biomass, 94% of the
applied compound 3c can be isolated. Moreover, the extractive work up of a
simulated reaction mixture for cyclododecane (1c) resp. cyclododecanol (2c)
displays solid results with an average deviation from a recovery of 100%, that is at
any time below 10%. This extensively realized simulation of reaction conditions
and working up was exemplarily investigated for cyclododecane (1c),
cyclododecanol (2c) and cyclododecanone (3c). The conclusions drawn from these
experiments concerning the working up resp. the recovery rate of the respective
compounds were then transferred to the further analyzed cycloalkanes 1.
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Due to the structural similarity of cyclodecane (1b), cyclodecanol (2b) and
cyclodecanone (3b) compared with the analyzed cyclododecane (1c), cyclodode-
canol (2c) and cyclododecanone (3c), it is expected that the properties are
comparable to a certain extent. To provide a better overview with regard to the
volatility, the boiling points of all relevant cycloalkanes 1, cycloalkanols 2 and
cycloalkanones 3 are summarized in Table 5.

Table 5. Boiling points of all relevant cycloalkanes 1, cycloalkanols 2 and
cycloalkanones 3 at normal pressure

OH (0]
O Hydroxylation O/ Oxidation (j
n n )n

1 2 3
n=1,5,7 n=1,5,7 n=1,5,7
n=1: n=>5: n=7:
Entry
Cyclohex- Cyclodec- Cyclododec-

1 -ane 1 81°Ct*! 201°c®” 244°CB

2 -anol 2 161°c*® 244°C?) 278°C!?!

3  -anone3 156°C!*% 197°C® 3] 277°c®!

“calculated with Advanced Chemistry Development ACD/Labs Software v11.02; ®The boiling point
reported in literature is 106-107°C at 16 hPa®®. Based on a boiling point depression of 15°C per
halving of the pressure, the boiling point at normal pressure is calculated to be 197°C.1*

The boiling points of the non-volatile C12-rings 1c, 2c and 3c are in a range of 244-
278°C*3% and also the C10-rings 1b, 2b and 3b will not boil until temperatures of
ca. 200°C and higher are reached.?’?® Therefore it is assumed that the properties
of the C12-rings 1c, 2c and 3c analyzed within the simulation- and working up
studies can be transferred to the C10-rings 1b, 2b and 3b. The boiling points of
the C6-rings 1a, 2a and 3a however are considerably lowered compared to those
of the C10- and C12-rings."®*® Especially the substrate 1a has a low boiling point
of 81°C and therefore a strong disposition to evaporate.® To meet this fact in
particular and in order to include minor deviations in working up or recovery, an
absolute quantification via gas chromatography secures that the final productivity
(g/L) is not incorrectly increased.

3.2.2 Simultaneous quantification of cycloalkanes 1, cycloalkanols 2 and
cycloalkanones 3 via gas chromatography

Quantification of cyclododecane (1c), cyclododecanol (2c), cyclododecanone (3c)

Gas chromatography is a well-established and extremely robust method for the
absolute quantification of volatile compounds. It was already used in some early
experiments and the absolute determination of all components (the substrate
cyclododecane (1c), the intermediate cyclododecanol (2c) and the product
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cyclododecanone (3c)) in a concentration range of 0.1 to 10 g/L is realized with a
six-point calibration line for each compound (10 g/L, 5 g/L, 1 g/L, 0.5 g/L, 0.3 g/L,
0.1 g/L) (Method A for 1-3c, SOP 3). Furthermore, an expansion of the above-
mentioned method (Method A: 0.1-10 g/L) has been implemented to account for
a considerably lower concentration range (Method B: 0.025-0.2 g/L). Moreover,
the methods detection limit was defined to guarantee qualitatively and quantita-
tively correct results. Using this newly established methods for gas
chromatography, an absolute determination of all components (the substrate
cyclododecane (1c), the intermediate cyclododecanol (2c) and the product
cyclododecanone (3c)) in a concentration range of 0.025 to 0.2 g/L (altogether
four measured points: 0.2 g/L, 0.1 g/L, 0.05 g/L, 0.025 g/L) (Method B for 1-3c,
SOP 3) is possible down to a concentration of 0.005 g/L.

Definition of the methods detection limit (MDL)
The definition of the methods detection limit (MDL) is an important step to get

valid results in the quantitative analysis of subsequent biotransformations. By
means of the straight calibration line samples with different concentrations
(0.04 g/L, 0.02 g/L, 0.01 g/L, 0.005 g/L, 0.002 g/L) are analyzed via gas chromato-
graphy. All measurements are conducted in a twofold determination (Table 6). In
summary, concentrations down to 0.005 g/L can be measured reliably. The GC-
determined percental deviation from the prepared concentrations is -13% for the
substrate cyclododecane (1c), -2% for the intermediate cyclododecanol (2c)
and -13% for the product cyclododecanone (3c). This detection limit is defined
because very low concentrations (0.002 g/|, Table 6) are not detected reliably.

Table 6. GC-determined percental deviation from the prepared concentrations of
cyclododecane (1c), cyclododecanol (2c) and cyclododecanone (3c)

Deviation” at a concentration of...

Entry? Compound
.004g/L .002g/L ..0.01g/L ..0.005g/L ..0.002g/L

1 1c +3% -7% -9% -13% -31%
2 2c -1% -6% -6% -2% +6%
3 3c -6% -8% -9% -13% -41%
Al measurements are conducted in a twofold determination; b)average deviation from a recovery

of 100%.

Quantification of cyclodecane (1b), cyclodecanol (2b), cyclodecanone (3b)

Gas chromatography was used to establish an extremely robust and exact
analytical method for the absolute determination of all components (the
substrate cyclodecane (1b), the intermediate cyclodecanol (2b) and the product
cyclodecanone (3b) in a concentration range of 0.1to 10 g/L (Method A) with
altogether five measured points (10 g/L, 1 g/L, 0.5 g/L, 0.3 g/L, 0.1 g/L) (Method A
for 1-3b, SOP 3). In the context of the further expansion of this above-mentioned
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method for detection (Method A: 0.1-10g/L) to a considerably lower
concentration range (Method B: 0.025 - 0.80 g/L, altogether six measured points:
0.8g/L, 0.4 g/L, 0.2 g/L, 0.1 g/L, 0.05 g/L, 0.025 g/L) (Method B for 1-3b, SOP 3),
additionally the methods accuracy is investigated to ensure quantitatively correct
results and to guarantee the reproducibility of the analysis via gas chromato-
graphy. ldeally, the recovery should be 100%, in the following the average
deviation from this ideal value is listed (Table 7). It is apparent from Table 7 below
that valid results are obtained even in microgram quantities.

Table 7. Results of the verification of the GC-method for 1b, 2b and 3b

Entry? Deviation? at a concentration of...
Compound
(method A) ..7.0g/L .14g/L ..0.2g/L
1 1b -1.7% -3.6% 0.0%
2 2b +2.9% n.d. -5.0%
3 3b -1.4% -2.7% -8.6%
Entry” Deviation® at a concentration of...
Compound
(method B) ..0.8g/L ..0.1g/L ..0.025 g/L
1 1b -1.4% -2.7% -10.0%
2 2b -0.5% +0.1% +0.8%
3 3b -1.5% -2.1% -5.0%

Al measurements are conducted in a fourfold determination; ®IAll measurements are conducted in
a twofold determination; c)average deviation from a recovery of 100%.

Quantification of cyclohexane (1a), cyclohexanol (2a), cyclohexanone (3a)

Gas chromatography was used to establish an extremely robust and exact
analytical method for the absolute determination of all components (the
substrate cyclohexane (1a), the intermediate cyclohexanol (2a) and the product
cyclohexanone (3a) in a concentration range of 0.15 to 1.5 g/L (Method A) with
altogether six measured points (1.5g/L, 1.0g/L, 0.75g/L, 0.5g/L, 0.3 g/L and
0.15 g/L) (Method A for 1-3a, SOP 3). In the context of the further expansion of
this above-mentioned method for detection (Method A: 0.15-1.5g/L) to a
considerably lower concentration range (Method B: 0.025 - 0.80 g/L, altogether
six measured points: 0.80 g/L, 0.40 g/L, 0.20 g/L, 0.10 g/L, 0.05 g/L, 0.025 g/L)
(Method B for 1-3a, SOP 3), additionally the methods accuracy is investigated to
ensure quantitatively correct results and to guarantee the reproducibility of the
analysis via gas chromatography. Ideally, the recovery should be 100%, in the
following the average deviation from this ideal value is listed (Table 8). It is
apparent from Table 8 below that valid results are obtained even in microgram
quantities.
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Table 8. Results of the verification of the GC-method for 1a, 2a and 3a

Entry® Deviation® at a concentration of...
Compound
(method A) .13g/L ..0.9g/L ..0.2g/L
1 1a +7.8% +12.2% +13.9%
2 2a -1.3% -10.6%. -4.5%
3 3a -5.5% -6.9% -6.7%
Entry” Deviation® at a concentration of...
Compound
(method B) ..0.8g/L ..0.1g/L ..0.025 g/L
1 la +5.0% +9.5% +21.4%
2 2a +4.5% +1.9% +2.1%
3 3a -1.8% -5.3% -10.8%

2IAll measurements are conducted in a fourfold determination; ®IAll measurements are conducted in
a twofold determination; c)average deviation from a recovery of 100%.

Additionally, the direct analysis of the crude reaction mixture via headspace gas
chromatography was investigated exemplarily for the substrate cyclododecane
(1c), the intermediate cyclododecanol (2c) and the product cyclododecanone (3c),
but not for cyclodecane (1b) or cyclohexane (1a) and their oxidation products.
More importantly, this approach enables only a qualification of these compounds
and is not appropriate for quantification in the concentration range required for
this project.
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4 Hydroxylation with cytochrome P450 monooxy-
genases from B. megaterium

4.1 Introduction, state of the art, and aim of this section

In our diamagnetic world, the naturally occurring molecular oxygen is - under
standard conditions - fairly unreactive and therefore the oxidation of the biotic
and abiotic environment is extremely slow. As a consequence, the atmospheric
oxygen needs to be activated to interact with compounds of the environment.
Compared with the paramagnetic triplet oxygen, activated singlet oxygen is
diamagnetic and therefore a very effective oxidant (Figure 4).[*%

molecular orbital molecular orbital
(3.0,-molecule) (*0,-molecule)

atomic orbital atomic orbital E
(O-atom) (O-atom) (O-atom)

E atomic orbital atomic orbital

(O-atom)
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Figure 4. Molecular orbital diagram of triplet oxygen (ground state, left) and
singlet oxygen (excited state, right)

In the presence of oxygen, that makes up about 20% of the Earth’s atmosphere,
the most energetically stable form of carbon is carbon dioxide (CO,) and the
thermodynamically favoured breakdown of organic materials resp. hydrocarbons
principally yields carbon dioxide and water. This exotherm reaction, the oxidative
combustion with oxygen, is releasing the energy which was previously fixed during
photosynthesis.®! Reasonably, the instant exhaustive breakdown of nearly all
organic materials is limited for a specific activation energy must be overcome to
induce a reaction: the transfer of electrons between states of different spin
multiplicities is forbidden and since most molecules have spin-paired electrons
and therefore exist in a singlet ground state, this spin barrier has to be overcome
before a reaction with oxygen in the triplet ground state will take place. This was
a brilliant achievement of evolution and a stroke of luck for the diversity of life as
we know it.[**
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By means of biocatalysts these energy barriers are decreased and the activation
energy is easy to overcome at moderate temperatures. In most cases these
enzymes are metalloproteins and interaction of oxygen with the corresponding
transition metal cation leads to activation of the oxygen. One example for oxygen-
binding metalloproteins are cytochrome P450 monooxygenases (CYPs) and their

contribution in oxidation reactions will be the main topic of this chapter.[43]

4.1.1 Cytochrome P450 monooxygenases (CYPs): Electron transfer, catalytic
mechanism and coupling efficiency

In the year 1958 GARFINKEL and KLINGENBERG investigated independently of each
other liver microsomes and found a pigment with a characteristic absorption
maximum at 450 nm that was attributed to the binding of a carbon monoxide
(CO) ligand to the heme. Later the term cytochrome P450 was used to describe
these cellular pigments whereby “P” stands for pigment and “450” is derived from
the UV absorption peak of the carbon monoxide complex. Thereby GARFINKEL and
KLINGENBERG emerged as discoverers of the P450 superfamily which is nowadays

one of the best known enzyme families."***!

In the heme center of CYPs the activation of molecular oxygen proceeds and this
leads to the insertion of a single atom of oxygen into a substrate while the other
oxygen atom is reduced to water. This mechanism of monooxygenation depends
on a coupled and stepwise supply of electrons which are provided from NAD(P)H
and supplied by a redox partner.*®! CYPs are divided into classes according to the
different types of the electron transfer system they use. Although there is a
number of additional classes identified in the recent past and reviewed by
HANNEMANN et al.*”! the focus should be on the three best-known systems
(Scheme 8):

a) FAR, . FdX, o4 P450,
CReductase)CFerredomD( Omdase) '/, 0,+RH
FdR, FdXgy P4s50,
* 1
NAD(P)H +H b) CPRred P45_0red /- /2 02
CYP- Reductas Oxidase
NAD(P)* Rox P450,,, N H,0
CPRred P450, .4
c) GYP Reductasezz Oxidase) ROH
cpry, " P450,,

Scheme 8. Different types of electron transfer systems (taken from URLACHER et
al.”® and modified according to HANNEMANN et al.'*”))

Class I-CYPs include most bacterial and (eukaryotic) mitochondrial systems and
use three separate proteins: a FAD-containing ferredoxin reductase (FdR)
transferring the reduction equivalents (electrons) from NAD(P)H to the second
iron sulfur protein, a ferredoxin (Fdx), mostly of the [2Fe—2S] type. This ferredoxin
in turn reduces the cytochrome P450 itself. The first bacterial P450 system
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discovered, the camphor hydroxylase CYP CAM, is organized in that way: electrons
are transferred from NADH via a putidaredoxin reductase (FdR) and an iron-sulfur
putidaredoxin (Fdx) to CYP CAM (Scheme 8, path a).*”!

Class 1I-CYPs are mostly found in eukaryotes and show a high diversity in the
catalyzed reactions. In mammals these enzymes play a key role in the oxidative
metabolism of endo- and exogenous compounds.”! The simplest form is located
in the endoplasmatic reticulum of eukaryotes and is composed of two integral
membrane proteins: a NADPH-cytochrome P450 reductase (CPR) within which the
prosthetic group FAD accepts the electrons from NADPH and the FMN subunit
transfers the redox equivalents to the cytochrome P450 itself (Scheme 8, path
b)."”V In this way CPR is transferring the electrons from the two-electron donor
NADPH to FAD and thence via FMN to the CYP and its one-electron acceptor
containing heme. This ensures that electrons are delivered in two separated steps
at the respective moments of the catalytic cycle. The third electron transfer
pathway described in path c) of Scheme 8 illustrates the electron transfer of
catalytically self-sufficient monooxygenases. These are CYPs which are fused to
their reductase partner (CPR) in a single polypeptide chain. A very extensive and
detailed studied member of this class is the cytosolic fatty acid hydroxylase
flavocytochrome CYP102A1 (P450 or CYP BM-3, EC 1.14.14.1) of the soil

bacterium Bacillus megaterium."*”

The catalytic cycle of cytochrome P450 monooxygenases is most often described
in literature for the very well studied substrate camphor (26). It is summarized in
Scheme 9 and described below, adapted and modified from different

publications.1****
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Scheme 9. Catalytic cycle of cytochrome P450 monooxygenases[49'5°]

The form @ of the protein shows the substrate free resting state of the low spin
(Is) Fe" (d°, S = %) with sixfold coordinated metal (porphyrine, cysteinate, water).
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The substrate binding to the active site of the enzyme displaces the labile axial
water coordinated as the 6" ligand of the heme iron and the low spin state is
changed to the high spin state (S = %/4). The high spin state is favored in the

presence of substrate.**>%

The substrat binding can be described as an entropy-driven process: few water
molecules are released from the active site resulting in a gain in entropy for the
system.[51] It is known that in octahedral complexes the effective radius of the low

. " due to the lower

spin Fe" is smaller than in the high spin configurated Fe
repulsion of the ligands and therefore closer to the porphyrin plane.”? In line with
this, the transition of the six-coordinate low spin (Is) Fe" (D) to the five-coordinate
high spin (hs) Fe" (2) effects a displacement of the iron from the plane of the
porphyrin ring from 0.30 A to 0.44 A, known as out-of-plane structure.”™ The iron
is therefore located slightly above the heme so that the coordination sphere of
the metal is modified. This modification induces a change in the redox potential of
the iron center by increasing it from -300 to -170 mV. With this increased
reduction potential the heme is a better electron sink and the subsequent single
electron transfer resulting in the corresponding Fe" @ is the initial step in the
process of oxygen activation.®™ The Fe"-complex binds then to molecular
dioxygen and an initial dioxygen-adduct, the superoxo-complex @ Fe** 00 is
formed. This intermediate @ is the last relatively stable compound in this cycle.
The subsequent transfer of the second electron is relatively slow and therefore
the rate determining step in many CYPs.” The reduction of @ as a consequence
thereof gives the ferric peroxo-anion Fe**00* (5) which is then quickly
protonated to give the hydroperoxo-ferric intermediate @ A second protonation
at the distal oxygen-atom induces a subsequent elimination of water via the
heterolytic cleavage of the O-O-bond to give the high valent iron species @
which is thought to be the active entity in most CYP-catalyzed oxidations. This

former “mysteric activated oxygen species””!

was characterized by RITTLE and
GREEN in 2010.%% This high valent iron-(IV)-oxo species @ is sometimes simplified
to an iron-(V)-oxo species for the iron charge is +4 and additionally the porphyrine

ring is a positively charged radical cation.

The insertion of oxygen to the substrate - the alkane hydroxylation - was
described by GROVES et al. in a so-called “rebound mechanism” which is shown in
Scheme 10, path a.P"% After elimination of the monooxygenated substrate, the
resting form is reconstructed by rebinding the sixth aqua Iigand.[so] This consensus
oxygen rebound mechanism is postulating that one hydrogen atom from the
substrate is abstracted by @ to form the radical substrate intermediate. Then the
hydroxyl group is transferred to @ and the catalytic cycle is completed by
releasing the alcohol and restoring the resting state.**® Although this
mechanism was accepted for many years it is discussed controversially since
NEwcoMB et al. took advantage of radical clocks to point out that a cationic

reaction pathway is easily conceivable (Scheme 10, path b).?”>?
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Scheme 10. Insertion of one oxygen atom into the C-H-bond of the substrate in

one (concerted)®*¥ or two (oxygen rebound)®**® steps (adapted from MEUNIER
| [51])

etal.
Apart from the insertion of one oxygen atom into the C-H-bond of the substrate
(v.s., main pathway) there are three additional pathways described in literature
and depicted in Scheme 9. All shuntways lead to the formation of the five-
coordinate high spin (hs) Fe" @: the “peroxide shunt” describes the dissociation
of the hydrogen peroxide ligand from the hydroperoxo-ferric intermediate@
and is the most detailed investigated side pathway. In case of the high valent iron
species @ is using two additional electrons in order to eliminate water, this
pathway is called “oxidation shunt”. In a so-called “autooxidation shunt”
superoxide is dissociated from the superoxo-complex @ to form the five-
coordinate high spin (hs) Fe" @ by return.”® All three additional pathways
(shunts) have in common that the consumption of the cofactor is decoupled from
the substrate oxidation as such, since the electrons are used elsewhere. One
consequence of this uncoupling is that the precious cofactor is misspent. Another
effect is that the formation of reactive species like hydrogen peroxide will lead to

an (irreversible) inactivation of the enzyme.®*®!

In numerous natural P450 monooxygenases like the camphor hydroxylase from
Pseudomonas putida (CYP CAM) or the cytochrome P450 monooxygenase from
Bacillus megaterium (CYP BM-3), the oxidation of the physiological substrate is
highly coupled to the consumption of cofactor and excellent coupling efficiencies
are obtained."®” The coupling efficiency for the hydroxylation of camphor (26) by
CYP CAM is stated in literature to be 95-100% under optimal conditions!®%®%
the hydroxylation of linear and branched C12-C20 fatty acids at subterminal (w-1,

while

w-2, w-3) positions - catalyzed by CYP BM-3 - is as well excellent coupled to the
consumption of cofactor (88-98%).°” However, this highly efficient but sensitive
coupling is easily disrupted when amino acids are substituted or the enzyme is
faced with non-natural substrates. This phenomenon is the consequence of a
reduced interaction between substrate and enzyme since an enzymes binding
pocket is optimized for the respective physiological substrate.® Almost complete
coupling efficiencies of up to 100% are often decreased to less than 10%, when
cytochrome P450 monooxygenases are applied for the biotransformation of non-

physiological substrates.'***
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This problem can be addressed by protein engineering. For example, BELL et al.
showed that the wildtype camphor hydroxylase from Pseudomonas putida (CYP
CAM) converts butane (27) with a coupling efficiency of 4% while a quadruple
mutant obtained 95%. The same enzyme oxidizes propane (28) with a coupling
efficiency of 0.9% while a double mutant achieves 39%.°¢ The wildtype
cytochrome P450 monooxygenase from Bacillus megaterium (CYP BM-3) achieved
only a coupling efficiency of 20% for the oxidation of n-heptane (29) while the
double mutant R255P-P329H increases the coupling efficiency up to 45%.5?
Similar results were found for cyclic alkanes 1 by MAURER in 2005 when identifying
mutants able to hydroxylate cyclohexane (1a). The CYP BM-3 double mutant R47L,
Y51F revealed coupling efficiencies of 25% while only 6% were found for the
wildtype CYP BM-3.") Another solution to the problem investigated by WATANABE
et al. is the application of perfluorocarboxylic acids as decoy molecules which
force long-alkyl-chain fatty acid hydroxylases to generate the active species and to
catalyze oxidation of various non-natural substrates.”®®! Using the decoy
molecule perfluorooctanoic acid (30), a coupling efficiency of 45% was found for
the hydroxylation of cyclohexane (1a).[*%

4.1.2 Cytochrome P450 monooxygenases (CYPs): Key role in the drug
metabolism and structure of CYP BM-3

Cytochrome P450 monooxygenases play a key role in the drug metabolism and for
this reason they are one of the best studied enzyme families. Exogenous unpolar
compounds e.g. drugs as well as endogenous structures like hormones are made
excretable by means of biotransformation. These biotransformations are mainly
located in the liver and are subdivided into phase-l and phase-IlI-reactions: within
a phase-l-reaction the structure of the drug is modified by different
functionalization reactions (oxidation, reduction or hydrolysis). For most drugs,
oxidation via cytochrome P450 monooxygenases plays the decisive role. The
subsequent phase-ll-reactions are conjugation reactions aiming to enhance the
water solubility and therefore the renal elimination of the drug.”®* An everyday
example of why drug metabolism studies with cytochrome P450 monooxygenases
are essential and indispensable is revealed by the analgesic and antipyretic over-

the-counter (OTC) drug paracetamol (31):7*7!

Paracetamol (31) is almost exclusively metabolized in the liver. As the large part is
converted into easily excretable compounds, a smaller part undergoes a cyto-
chrome P450 monooxygenase catalyzed breakdown yielding N-acetyl-p-benzo-
quinone imine (NAPQI) (32). NAPQI 32 is highly reactive, able to link the hepatic
proteins and therefore severe cellular damage is caused. This will lead to death
within few days via complete liver failure, if untreated. Usually NAPQI 32 is
rendered harmless by the tripeptide glutathione (33) and excreted renally. But
excessive amounts of paracetamol (31) will lead to a rapid exhaustion of endo-
genous glutathione (33) and the reactive metabolite NAPQI 32 will accumulate in
the liver to cause the harms outlined above.
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The antidote of choice to treat paracetamol poisoning is N-acetylcystein (34). 34
replenishes the hepatic reservoir of glutathione (33) that is depleted in case of a
paracetamol overdose by providing cysteine (35) which is essential for the
formation of glutathione (33) (Scheme 11).7%73
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Scheme 11. Pharmacokinetics of paracetamol (31), summarized according to
various authors*”?

More than 90% of all oxidative drug reactions in humans are catalyzed by a quite
small number of cytochrome P450 enzymes, like CYP1A2, CYP2C9, CYP2DS,
CYP2E1 and CYP3A4 whereby the enzyme CYP3A4 is involved in the metabolism of
more than 50% of all drugs.”¥ But P450 enzymes can be found in all domains of
life: besides the already mentioned human resp. mammalian CYPs these enzymes

are as well found in e.g. bacteria, fungi, plants and insects.!””!

However, not only for metabolism studies in drug discovery processes
cytochrome P450 monooxygenases are of enormous interest. The ability of these
enzymes to oxyfunctionalize C-H-bonds under mild conditions and the numerous
applications of these oxidation products arouse the interest of the scientific
community and industry. Actually, the non-activated C-H-bond is quite strong (ca.
400 k) mol™) and consequently graded as inert at mild temperatures and towards

mild oxidants.[*427¢]

Some examples of successful syntheses of fine chemicals using these enzymes are
given below: due to the large variety of this field of research in
oxyfunctionalization it is not possible to report on all P450 families and this work
is in large parts restricted to the CYP102A1 monooxygenase used for the
preparative experiments of this work. The cytochrome P450 monooxygenase from
the soil bacterium Bacillus megaterium (CYP BM-3/CYP102A1/EC 1.14.14.1) resp.
its activity as fatty acid hydroxylase was described for the first time in 1974 by
MiURA and FuLco.”””® The common term “BM-3” is attributed to the fact that CYP
BM-3 was the third monooxygenase isolated and characterized from this
organism at all.”*®*% In the 1980s CYP BM-3 was found to show an unusual
attribute:
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This completely soluble enzyme with a molecular weight of 119 kDa is a fusion of
the heme containing hydroxylase domain (55 kDa) and the reductase domain
(65 kDa, containing FAD and FMN in equimolar ratio) connected via a short
protein linker into one single polypeptide chain (Figure 5).°%8%8%

H-N heme containing hydroxylase | | FAD/FMN containing reductase COOH
2 domain, 55 kDa domain, 65 kDa

Figure 5. Schematic structure of CYP BM-3%5081

CYP BM-3 comprises an unequivocal N-terminal sequence and this is considered
as a confirmatory evidence that not a very stable complex of several proteins but
rather a single polypeptide chain exists.®” In 1987 WEN and FuLco expressed the
complete CYP BM-3 gene in E. coli and characterized it. [ Sequence homology
compared with eukaryotic monooxygenases makes it an excellent model system
for this class of enzyme with the advantage that this soluble enzyme can be
produced in recombinant form. While other CYPs require additional redox
proteins, CYP BM-3 is catalytically self-sufficient and requires merely the reduced
nicotinamide adenine dinucleotide phosphate (NADPH) and oxygen to catalyze
the hydroxylation of long chain fatty acids.’® Until today, the exact biological
function of CYP BM-3 is unknown®® but it hydroxylates primarily linear and
branched medium- and long-chain fatty acids at the subterminal w-1, w-2 and w-3

positions.”””%8!

Only the option of expression and purification paved the way for crystal structures
of the heme containing hydrolase domain in substrate-free and substrate-bound
form and therefore the way for rational protein design with this enzyme. On this
basis, several amino acid hotspots with significant influence on binding resp.
transformation of different substrates were identified. For example, a positively
charged arginine residue (Argd7) is located at the entrance of the long,
hydrophobic substrate access channel. The replacement of Argd7 by a negatively
charged glutamic acid residue (Glu47) led to a catalytically inactive mutant. This
result is probably referable to an interaction between Argd7 and the carboxyl
group of the fatty acid neccessary for the conversion.® By mutation of certain
amino acids the substrate spectrum of CYP BM-3 can be expanded enormously:
phenylalanine at position 87 (Phe87) for example is located above the heme and
therefore controlling the access of a substrate to the active site of the enzyme.
This access can be facilitated by the mutation of Phe87 to the smaller amino acid
valine (F87V). Another hotspot was found in position 328 which is predicted to

interact with all substrates during the oxidation process.[48'89'92]

4.1.3 Cytochrome P450 monooxygenases (CYPs): Hydroxylation of different
substrate classes

Besides its natural substrates, the fatty acids, bacterial CYPs are used to
hydroxylate different substrate classes: the biotransformation of steroids, for
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3 and moreover industrially applied for

example, is well studied for human CYPs
fungal CYPs.®**"! Due to biotechnological advantages of bacterial CYPs, these
enzymes arouse the interest of academia and industry.”®*%! One example of a
bacterial P450 monooxygenase which is able to hydroxylate steroids is CYP106A2
from B. megaterium ATCC 13368°%° that moreover can be coexpressed
together with bovine AdR and Adx in E. coli to improve activity and stability

(Scheme 12).01%

HOH,C CYP106A2 HOH,C
o Adx, AdR o
+ OH
o NADPH+ NADP o
36 +0,+H +H,0 37

Scheme 12. 153-hydroxylation of the steroid 11-deoxycorticosterone (36) to
15B-hydroxy-11-deoxycorticosterone (37) by CYP106A2%

Another hydroxylating bacterium, Bacillus stearothermophilus, has been found to
produce 20a-, 6B- and 6a-hydroxyprogesterone from progesterone (38).1*

HsC
0

38

Figure 6. Structure of progesterone (38)

Furthermore hydrocarbons as terpenes and their oxyfunctionalized derivatives,
the terpenoids™ can be hydroxylated and make this enzymatic access to the
higher-valued, oxidized compounds attractive. The scope of applications for
terpenoids shows a very high diversity for it is used as flavour and fragrance but
also as a builing block for pharmaceuticals. Using quite affordable bulk terpenes
as limonene (39) or pinene (40) as precursors (Figure 7), most of the required
terpenoids are synthesized chemically.""® The isolation of these compounds resp.
the essential oils from natural resources is unattractive from an economic point of
view: the yield referred to the starting plant material is at best only few

percent.“os]

o-40 [-40
39

Figure 7. The terpenes limonene (39) or pinene (40) are used as precursors for the
chemical synthesis of the required terpenoids”os]
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The oxidation of alkanes is of particular importance for this work. And even
though the CYP BM-3 catalyzed oxidation of medium to long chained linear and
branched alkanes is well described in Iiterature[77'88], this chapter will restrict its
focus to the biotransformation of cyclic alkanes 1. Only few enzymes are known
that catalyze the biotransformation of cyclohexane (1a) and the breakdown of
longer chained cyclic alkanes is yet scarcely analyzed."”*° While in the middle of
the 1990s it was stated that CYP BM-3 is showing no activity referring to

cyclohexane (1a)™**

more recent findings have led to a revision of this opinion:

ADAM et al. pioneered in 2000, that the cyclic alkanes cyclohexane (1a) and
cyclooctane (1d) can be hydroxylated by living cells of Bacillus megaterium giving
the corresponding cycloalcohols cyclohexanol (2a) and cyclooctanol (2d). In this
study it was also found that overoxidation to the corresponding ketones 3a and
3d occurs. The influence of the ring size on the oxidative activity was conspicuous,
since 65% cyclooctanone (3d) were yielded while only 21% cyclohexanone (3a)

were formed.™”

In 2002 the ARNOLD group found a CYP BM-3 mutant (139-3) hydroxylating
cyclohexane (1a) with a maximum turnover rate (mol substrate/min/mol enzyme)
of 3910 for the mutant CYP BM-3 139-3, which was excellent compared to the
wild type rate of 151."" Even though cyclohexanol (2a) was reported to be the
sole product of the hydroxylation of cyclohexane (1a) the enzyme activity towards
the oxidation product cyclohexanol (2a) was analyzed with regard to multiple
oxidations when oxygen is not limiting. It was found to be 7% relative to
cyclohexane (1a)."" In a subsequent work by MAURER et al. in 2005 it was as well
reported that cyclohexanol (2a) was the single product of all measured mutants in
a biphasic reaction system, consisting of cyclohexane (1a as substrate and solvent)
and buffer. In this study a set of CYP 102A1 mutants were screened for activity
towards cyclohexane (1a) and the highest TTN of 12850 was detected for the
CYP102A1 mutant R47L Y51F " It was as well in the year 2005, when KUBOTA et
al. published the gene P450balk from the n-alkane-degrading bacterium
Alcanivorax borkumensis SK2. This gene was fused to the reductase domain of the
self-sufficient P450 monooxygenase (P450RhF) at the C-terminus and expressed in
Escherichia coli with the aid of the vector pRED. Living cells of E. coli carrying
P450balk produced 453 pug/mL cyclohexanol (2a) from cyclohexane (1a)."'? In
2011, DRONE and co-workers reported for the first time an efficiently coupled
alkane w-hydroxylase: CYP153A13a from Alcanivorax borkumensis SK2 artificially
fused to RhFred and to a histidine affinity tag. In this way the P450 unit is
equipped with a catalytic efficiency comparable to the construction of CYP BM-3.
This self-sufficient and soluble enzyme Al13red was cloned, expressed in E. coli,
purified and characterized and then applied among others for the oxidation of
cyclohexane (1a) with a TTN of 20."* In the URLACHER group notable oxidation
rates (nmol product/nmol P450/min) were obtained with selected CYP BM-3

mutants determined via GC/MS after 15 min:%!
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The double mutant F87A A328V was shown to accept cyclooctane (1d) (oxidation
rate: 87; conversion: 80%) and the mutant F87V A328F converted cyclooctane
(1d) as well (oxidation rate: 230; conversion: 75%) as the single mutant A328V
(oxidation rate: 200; conversion: 87%). Furthermore, for the first time also longer
chained cyclic alkanes 1 were accepted by these mutants: cyclodecane (1b) was
oxydized by applying the mutant A328V (oxidation rate: 106; conversion: 53%)
and even cyclododecane (1c) was converted by the mutant F87A A328V (oxidation
rate: 18; conversion: 46%) a reaction that is not catalyzed by the wild type CYP
BM-3 at all.[***%®

4.1.4 Alternative biocatalysts for the oxyfunctionalization of (cyclic) alkanes

Another group of biocatalyst that is able to oxyfunctionalize alkanes are heme
peroxydases. One oxygen from H,0, is used for the oxidation of the substrate and
water is formed during the reaction (Scheme 13). Most of the peroxydases
perform a one-electron-transfer instead of a two-electron-transfer and the active
site is sterically hindered."® For that reason only few peroxydases are relevant
for the oxyfunctionalization of the inert C-H-bond of alkanes but should
nevertheless not be ignored in a chapter focussing on the biocatalytic oxidation of

(cyclic) alkanes: ™%

substrate + H,0,  peroxydase  substrate-OH + H,0
_— >

Scheme 13. General reaction scheme of heme peroxydases™®"

For example, an enzyme reviewed by BORDEAUX et al. in 2012 as ,the closest to
ideal biocatalyst for (sub)terminal hydroxylation of short- and medium-chain

“M was published one year before: ™ |n

alkanes under mild conditions to date
2011, PETER et al. reported an extracellular fungal peroxygenase secreted by
Agrocybe aegerita (AaeUPO) that catalyzes the H,0,-dependent monooxygena-
tion of short chained cyclic alkanes 1 (C5-C8) into the corresponding hydroxylated

products with a total turnover number of 4501 (Scheme 14).**

peroxygenase 2.00 U/mL OH o
O Incubation 60 min O/ ¥ (j
1a 4.00 mM H,0, 2a 3a
3.286 +0.018 mM 0.010 + 0.007 mM

Scheme 14. Hydroxylation catalyzed by the peroxygenase from A. aegerita™"!
On the one hand this result is markedly below the results found by MAURER et al.
in 2005 (In this study a set of CYP 102A1 mutants was screened for activity
towards cyclohexane (1a) and the highest TTN of 12850 was detected for the
CYP102A1 mutant R47L Y51F[67]). On the other hand the enzyme is incapable of
hydroxylating the longer chained cyclodecane (1b) - a reaction catalyzed easily by
different mutants of the CYP BM-3.1%%
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4.1.5 Application of cofactors regeneration systems

With regard to industrial applications it is important to mention, that
monooxygenases indeed depend on expensive cofactors like NAD(P)H as electron
donors which are consumed during the reaction. To avoid the uneconomic and
stoichiometric application of these cofactors, regeneration systems are employed
to enable an enzymatic transformation with catalytic amounts of the cofactor. The
application of a formate dehydrogenase (FDH) represents one of the best and
most widely used enzyme coupled regeneration systems. Besides this another
attractive and well known system is the regeneration of the cofactor via a glucose

dehydrogenase coupled regeneration system (Scheme 15).1%!

CYP BM-3, 0,

<

NAD(P)H  NAD(P)*

substrate substrate-OH

Irrev. sodium salt of

D-glucose GDH D-gluconolactone —
22 23 +H,0 D-gluconic acid
+NaOH 24

Scheme 15. Cofactor recycling by the coupled enzyme method with glucose
dehydrogenase (GDH)™

D-glucose (22) is oxidized by the GDH and D-gluconolactone (23) is formed which is
spontaneously hydrolyzed whereupon gluconic acid (24) is formed. A subsequent
neutralization with e.g. sodium hydroxyde forms the corresponding sodium salt of
the D-gluconic acid (24) and the equilibrium is shifted irreversibly towards the

product. As a consequence the back reaction can not take place.”?®

4.1.6 Spectrophotometric enzyme activity assays with substrates of interest

Prior to a preparative biotransformation it is recommendable to determine the
enzyme activities of the available enzymes with regard to the substrates of
interest. Based on an established procedure the enzyme activities are determined
via an UV/VIS-spectrophotometric assay for NAD(P)H is used as cofactor.!*®
Herein the consumption of the cofactor NAD(P)H through oxidation to NAD(P)"
during the course of the reaction is recorded. The time dependent measurements
are performed at a wavelength of 340 nm allowing to detect NAD(P)H only. The
decline in absorption in the presence of the tested enzyme and the substrate of
interest is plotted as a function of time. By means of the initial slope of the
absorption curve and the following formula the volumetric enzyme activity can be

determined.



HYDROXYLATION WITH CYTOCHROME P450 MONOOXYGENASES FROM B. MEGATERIUM | 33

u _ AE340nm Vi f
mL eV . td

With U/mL = volumetric enzyme activity; AE340nm/t = initial slope of the absorption curve, V, = total
volume [mL]; f = dilution factor; € = molar extinction coefficient for NAD(P)H [6.3 mL*umol ™ *cm™];
Vs = sample volume [mL]; d = path length of the cuvette [cm]

This method of measurement is also useful to investigate the kinetics according to
MICHAELIS-MENTEN of a biotransformation. By means of the MICHAELIS-MENTEN-
equation it is specified, to what extent the reaction rate depends on the substrate
concentration. Therefore the initial slope v, of the absorption curve is plotted
against the various substrate concentrations [S] in mM. In Figure 8, an idealized
MICHAELIS-MENTEN diagram is shown that can be subdivided into three areas.**”!

Vo

[S]

Figure 8. MICHAELIS-MENTEN diagram subdivided into three areas

B |ow substrate concentration: Every substrate molecule can easily bind to an
enzyme and the reaction rate increases (quasi) linearly by increasing the substrate
concentration. The reaction rate depends on the substrate concentration.

B medium substrate concentration: The substrate molecules start to compete for
free enzyme.

B high substrate concentration: Addition of more substrate has no effect on the
reaction rate since the enzyme is saturated with substrate. The reaction rate
depends on the enzyme concentration.

The information derived from the kinetics according to MICHAELIS-MENTEN is of
particular importance if substrates are poorly soluble in the aqueous reaction
medium. If, for example, substrate A is highly soluble, the maximum reaction rate
is approximately reached since the enzyme is saturated with substrate. In
contrast, a poor water soluble substrate B provides not enough substrate
molecules in solution to saturate the available enzyme with substrate. The
approximate maximum reaction rate remains inaccessible (Figure 9).[118]
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Figure 9. Exemplary MICHAELIS-MENTEN diagram of a highly soluble substrate A
(left) and a poorly soluble substrate B (right)

UV/VIS-spectroscopy is a helpful tool to determine the enzyme activity for a
certain substrate. Especially when substrates are applied that tend to be poorly
water soluble, this analysis method can be used to analyze if the solubility of a
certain substrate is high enough to set up an efficient biotransformation.

A preliminary selection of substrates - for various reasons attractive to be
hydroxylated by cytochrome P450 monooxygenases from Bacillus megaterium
(CYP BM-3) - is investigated via UV/VIS-spectroscopy to find suitable substrate-
enzyme combinations for subsequent preparative experiments. This preliminary
selection is explained in the following. From the category monounsaturated cyclic
hydrocarbons, cyclooctyne (17) and cyclododecene (18) are choosen as possible
substrates. Cyclooctyne (17) is the smallest cyclic alkyne that is stable at room
temperature. Since the triple bond shows a severe deformation from the linear
geometry, cyclooctynes are highly reactive and therefore established as tools in
bioconjugations. This potential was found by BERTOzzI and coworkers who used
functionalized cycloalkynes in the strain-promoted alkyne azide cycloaddition
(SPAAC, the so-called “copper-free click chemistry”).”>** various cyclooctyne
reagents have been designed that react selectively with azide-modified
biomolecules, consequently probing biomolecules in living systems.”*** The
general principle is shown in Scheme 16.

=N
target target % target NN P
protein 3 protein WN3 protein
—_—
azide-modified probed/labled
target protein target protein

Scheme 16. Reaction of a target protein ¢ (azide modified) with a cyclooctyne
derivative (linked to a reporter molecule @) to lable the target protein

The oxyfunctionalization of cyclooctyne (17) is therefore preferable. Since the

biocatalytic oxidation of short chained linear alkynes (C6 and C8) has already been

[119]

reported in literature with productive outcomes, it can be supposed that cyclic
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alkynes are as well accepted as substrates. Cyclododecene (18), the second
chosen monounsaturated cyclic hydrocarbon is a versatile chemical intermediate
for organic synthesis in general and for that reason it is aligned in the array of
products at EVoNIK."?” Compounds with a wood-like scent are synthesized from
18, making this intermediate interesting for the fragrance industry. Quite often
the desired target molecules are obtained by the oxidation of 18 making a

biocatalytic oxidation to an attractive alternative synthesis route.!*?"

Furthermore, different cytochrome P450 monooxygenases from Bacillus
megaterium (CYP BM-3) are analyzed with regard to their capability to convert
pentanal (19). The aldehyde 19 can be synthesized from easily available 1-butene
(41) via hydroformylation and therefore is an easily accessible starting material

211 |1n this work, the

for the synthesis of valuable specialty chemicals.
hydroxylation of pentanal (19) is supposed to be realized by a monooxygenase-
catalyzed functionalization using molecular oxygen as oxidant to give the
corresponding hydroxypentanals 42 resp. 43, that should readily cyclize yielding
the corresponding lactols 44 resp. 45. The subsequent oxidation of the lactols 44
and 45 to synthesize the desired lactones, vy-valerolactone (20) and
6-valerolactone (21) should be performed by a dehydrogenase since this type of
reaction is already reported in literature."?*'?*! The planned synthesis of y-valero-

lactone (20) and 6-valerolactone (21) from pentanal (19) is shown in Scheme 17.

OH
HO\/\/\éO (CYP WO CYP, MO
0, 0,
43 19 42
lspontaneous spontaneousl
OH 0] 0] OH
SEale R e E e
2

45 21 0 44

Scheme 17. Planned synthesis of y-valerolactone (20) and 6-valerolactone (21)
from pentanal (19)

Due to its olfactory qualities, y-valerolactone (20) is used in the flavour and
fragrance industry.®® §-Valerolactone (21) in contrast is applied in the synthesis
of polymers (polyesters) and therefore for the production of lacquers and
colours.”” Altogether it is worthwhile to investigate pentanal (19) with respect to
a biotransformation to gain access to valuable precursors.

The last category to be tested is the class of cyclic alkanes 1 which play an
extraordinary role as feedstock for the production of polyamides. Cycloalkanes 1
from petroleum are oxidized to a mixture of corresponding cycloalkanols 2 and
cycloalkanones 3.
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This procedure is of particular economic importance since these compounds serve
as industrial feedstock for the synthesis of bulk products. Cyclohexanone (3a) for
example serves as starting compound for the synthesis of e-caprolactam (46) that
is applied for the synthesis of the polyamide nylon-6 (5) (Scheme 18). In 2010, the
worldwide production of e-caprolactam (46) was 4 million metric tons per year
(Mt/a),™** making the enzymatic synthesis of cyclohexanone (3a) attractive with
regard to alternative synthesis routes.

(0]
i
ij -4 NH(CHZ)SC+n
3a (5)

Scheme 18. Synthesis of the polyamide nylon-6 (5) from cyclohexanone (3a)

Higher homologue cycloalkanes 1 are oxidized in the presence of boric acid and
molecular oxygen - a process called BASHKIROV process - and a subsequent catalytic
dehydration provides access to the corresponding cycloalkanones 3.2 An
industrial important cycloalkanone which is widely used in industry is cyclodode-
canone (3c), that is applied for the synthesis of nylon-12 (7) via laurinlactam (47)
and the synthesis of nylon-6,12 (48) via dodecanedioic acid (49). Besides its role
as feedstock for the polyamide production, cyclododecanone (3c) is applied in

syntheses of musk fragrances (Scheme 19).1%**°l

fragrances and parfumes

laurinlactam (47) —— nylon-12 (7)
3c L dodecanedioic acid (49) —— nylon-6,12 (48)

Scheme 19. Cyclododecanone (3c) is a versatile starting material for the synthesis
of valuable products

It is generally known that cyclic alkanes 1 are accepted and converted by
cytochrome P450 monooxygenases vyielding the corresponding oxidation
products.®”?13) Recently, in the interesting field of cycloalkane oxidation a
pioneering enzymatic two-step one-pot process was described by BURDA that
basically can be applied for the synthesis of cyclic ketones 3. The direct synthesis
of cycloalkanones 3 from the corresponding cycloalkanes 1 is based on the
cooperation of two enzymes: The introductory step of this process is the CYP
BM 3 catalyzed hydroxylation reaction followed by an alcohol dehydrogenase
catalyzed oxidation of the in situ formed alkanol 2 giving the corresponding

alkanone 3. The general reaction scheme is shown below."
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OH 0
Q CYP BM-3, 0, C( ADH q
In \ )n \ In

1 NAD(P)H  NAD(P)* 2 NAD(P)*  NAD(P)H 3
| in situ-

; A
} : formation,
E 1 not isolated

n=1,3,5,7

Scheme 20. General reaction scheme of the biocatalyzed double oxidation

Furthermore STAUDT analyzed mixtures of the substrate cyclooctane (1d) and the
product cyclooctanone (3d) in the aqueous reaction medium and established a
working up procedure based on the removal of the solvent in vacuo (900 mbar)
and the determination of the absolute amount of the cycloalkanone 3 as
productivity (g/L) of the reaction. Pyridine (25) was applied as external standard
to analyze the crude product via *H-NMR-spectroscopy.**? Both, BurDA and
STAUDT used catalytic amounts of 2-propanol as additive to increase the
productivity and enable the application of the more cost-effective cofactor in its
oxidized form (NADP") since the required reduced form of the cofactor (NADPH) is
generated in the course of the ADH-catalyzed oxidation of 2-propanol yielding
acetone.”>?? A productivity of 0.80 g/L cyclooctanone (3d) was obtained by using
the mutant CYP BM-3 19A12 in combination with the above-mentioned ADH from
Lactobacillus kefir (LK-ADH) for the conversion of 100 mM cyclooctane (1d) in

phosphate buffer.*?

Due to the qualities as building blocks for the synthesis of variable products, the
oxyfunctionalization of further cycloalkanes 1 is highly preferable. Since this
biocatalyzed double oxidation was analyzed for cyclooctane (1d) by STAUDT, the
transfer of this procedure should be realized applying the substrates cyclohexane
(1a), cyclodecane (1b) and cyclododecane (1c). Moreover, the challenge is to
investigate more potentially active mutants of the cytochrome P450 monooxy-
genase (CYP BM-3) from Bacillus megaterium for this worthwhile hydroxylation of
cyclic alkanes 1. In order to avoid the application of pyridine (25) as external
standard, the removal of the solvent at exact 900 mbar and the analysis via
'H-NMR-spectroscopy, a GC-based analysis is planned to be established since this
method is more reliable and even more economic.

4.2 Results and discussion

4.2.1 Spectrophotometric enzyme activity studies

Spectrophotometric assays were conducted since this is a current method to
determine the specific activity in U/g lyophilized crude extract for the respective
enzyme-substrate combinations. However, in the case of cytochrome P450
monooxygenases this practice provides indications but can not be used to derive
absolute data concerning the product formation.
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The reason is that these enzymes have a reputation for showing deviation
between the consumption of the cofactor NAD(P)H and formation of the product
or more precisely, consuming cofactor without oxidizing the substrate!®>®”
Altogether three additional shunt pathways are known to occur at different
moments of the catalytic cycle and all three additional pathways (shunts) have in
common that the consumption of the cofactor is decoupled from the substrate
oxidation as such, since the electrons are used elsewhere. This phenomenon of

uncoupling was described in detail earlier (4.1.1).

The measurements to determine the enzyme activities with an UV/VIS-
spectrophotometer were conducted always at least in a twofold determination
with the result that for every measurement the average of a twofold dataset is
calculated. The content of CYP [nmol resp. pumol/g lyophilized crude extract] was
determined via CO-difference spectroscopy by the research group Prof. Dr. U.
Schwaneberg (RWTH Aachen) and is summarized in Table 9.

Table 9. Content of CYP BM-3 determined via CO-difference spectroscopy

Enzyme lot
Entry of the cytochrome P459 Cont.e.nt of CYP
monooxygenase from Bacillus [umol/g lyophilized crude extract]
megaterium®
1 CYP BM-3 19A12 (0) 0.123
2 CYP BM-3 19A12 (1) 0.060
3 CYP BM-3 19A12 (2) 0.120
4 CYP BM-3 19A12 (3) 0.115
5 CYP BM-3 F87A A328V (1) 0.480
6 CYP BM-3 F87A A328V (2) 0.989
7 CYP BM-3 F87P (1) 0.235
8 CYP BM-3 F87P (2) 0.223
5 CYP BM-3 R255P-P329H 0.220
10 CYP BM-3 F87V 0.525
11 CYP BM-3 WT 1.260

R parentheses the different enzyme formulations are given.

On the basis of this data, the content of CYP [umol/g lyophilized crude extract]
and the subsequent determined specific activity [U/g lyophilized crude extract],
the turnover frequency (TOF) [min™] is calculated according to the following
formula.

Turnover Frequency specific activity [U/g lyophilized crude extract]

(TOF) [min™] ~ content of CYP [umol/g lyophilized crude extract]
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Cyclododecene (18) was analyzed as a possible substrate from the category
monounsaturated cyclic hydrocarbons in an enzyme activity test. The following
mutants of the cytochrome P450 monooxygenase from Bacillus megaterium
(CYP BM-3) were tested: CYP BM-3 19A12 (1), CYP BM-3 F87P (2), CYP BM-3 F87V,
CYP BM-3 F87A A328V (2), CYP BM-3 WT and CYP BM-3 R255P-P329H (SOP 4). In
Figure 10, the specific activity in U/g lyophilized crude extract is plotted against
the respective mutant.
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Figure 10. Results of the enzyme activity test with cyclododecene (18) as
substrate

As apparent from Figure 10, the mutants CYP BM-3 F87P (2) and CYP BM-3 F87A
A328V (2) turned out to be most promising for preparative biotransformations.
For the mutant CYP BM-3 F87P a specific activity of 40 U/g was found and with
the CYP-content of 0.223 umol/g in the lyophilized crude extract, a TOF of
179 min™ was calculated. For CYP BM-3 F87A A328V, as well a specific activity of
40 U/g was found and with the CYP-content of 0.989 umol/g in the lyophilized
crude extract, a TOF of 40 min was obtained.

The next substrate, cyclooctyne (17) was first synthesized from cyclooctene (50)

23] yig the intermediate

according to a two-stage procedure reported in literature
1-bromocyclooctene (51)."%) Then it was analyzed as a second possible
substrate from the category monounsaturated cyclic hydrocarbons in an enzyme
activity test with the mutants CYP BM-3 F87P (2) and CYP BM-3 F87A A328V (2) of
the cytochrome P450 monooxygenase from Bacillus megaterium (SOP 4). Both
mutants showed no activity and therefore the intention to apply cyclooctyne (17)

in a preparative biotransformation was dropped.
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Furthermore, different cytochrome P450 monooxygenases from Bacillus
megaterium (CYP BM-3) were analyzed with regard to their capability to convert
pentanal (19). Since the tendency of aldehydes to undergo oxidation by simply
stirring their aqueous emulsions in air to give the corresponding carboxylic acids
[127) the stability of pentanal (19)
in water was investigated over the time. Therefore a mixture of pentanal (19) in
D,O was stirred for 0-24 h and analyzed via "H-NMR-spectroscopy at different
reaction times. The formation of the corresponding carboxylic acid was found to
be very small at an extent of 5.4% on average, identified on the basis of the
characteristic triplet caused by the two C,-protons at 2.2 ppm. The following

in high yields recently was described in literature

mutants of a cytochrome P450 monooxygenase from Bacillus megaterium
(CYP BM-3) were tested: CYP BM-3 F87A A328V (2), CYP BM-3 F87P (2), CYP BM-3
19A12 (2), CYP BM-3 F87V, CYP BM-3 R255P P329H and CYP BM-3 WT (SOP 4). In
Figure 11, the specific activity in U/g lyophilized crude extract is plotted against
the respective mutant.
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Figure 11. Results of the enzyme activity test with CYP BM-3 and pentanal (19)

As apparent from Figure 11, the mutants CYP BM-3 F87P (2) and CYP BM-3 19A12
(2) are most promising for a preparative biotransformation. For the mutant CYP
BM-3 F87P a specific activity of 21 U/g was found and with the CYP-content of
0.223 pmol/g in the lyophilized crude extract, a TOF of 94 min™ was calculated.
For CYP BM-3 19A12 (2), a specific activity of 29 U/g was found and with the CYP-
content of 0.120 umol/g in the lyophilized crude extract, a TOF of 242 min™ was
calculated.
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Different mutants of the cytochrome P450 monooxygenase from Bacillus
megaterium (CYP BM-3 19A12 (formulation 0-3), CYP BM-3 F87P (1-2), CYP BM-3
F87V, CYP BM-3 WT, CYP BM-3 R255P-P329H, CYP BM-3 F87A A328V (1-2)) were
analyzed at different times to transform cyclododecane (1c) into the
corresponding cyclododecanol (2c) (SOP 4). In Figure 12, the specific activity in
U/g lyophilized crude extract is plotted against the respective mutant.
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Figure 12. Results of the enzyme activity test with cyclododecane (1c) as
substrate. Repetitions are referred to multiple measurements of individual
enzyme lots during the project term. In that case, the more recent the measured
value, the further right it is placed on the x-axis. A decrease in activity over the
course of time can be ascribed to a loss in stability of the enzyme lot during long-
term storage.

It is noticable from Figure 12, that only the mutants CYP BM-3 F87P and CYP BM-3
F87A A328V showed an activity in converting the substrate 1c, while all other
mutants showed no or only poor activity. Therefore these mutants are most
promising for a preparative biotransformation. For the mutant CYP BM-3 F87P a
specific activity of 52 U/g and later 34 U/g was found and with the CYP-content of
0.235 pmol/g in the lyophilized crude extract, a TOF of 221 resp. 145 min™ was
calculated. For CYP BM-3 F87A A328V (1), a specific activity of 15 U/g was found
and with the CYP-content of 0.480 umol/g in the lyophilized crude extract, a TOF
of 31 min™ was calculated. With a new formulation of CYP BM-3 F87A A328V (2),
27 U/g and a TOF of 27 min™ was obtained. However, in the presence of higher
concentrations of DMSO (F87A A328V (2)* in Figure 12) the specific activity and
therefore the turn over frequency (TOF) is lowered noticable.
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Different mutants of the cytochrome P450 monooxygenase from Bacillus
megaterium (CYP BM-3 19A12 (formulation 0-3), CYP BM-3 F87P (1), CYP BM-3
F87V, CYP BM-3 WT, CYP BM-3 R255P-P329H, CYP BM-3 F87A A328V (1)) and
empty vector E.coli BL21 as blank were analyzed at different times in the course of
this project with respect to their ability to transform cyclodecane (1b) into the
corresponding cyclodecanol (2b) (SOP 4). In Figure 13, the specific activity in U/g
lyophilized crude extract is plotted against the respective mutant.
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Figure 13. Results of the enzyme activity test with cyclodecane (1b) as substrate.
Repetitions are referred to multiple measurements of individual enzyme lots
during the project term. In that case, the more recent the measured value, the
further right it is placed on the x-axis. A decrease in activity over the course of
time can be ascribed to a loss in stability of the enzyme lot during long-term
storage.

It is noticable from Figure 13, that all available formulations of the mutant CYP
BM-3 19A12 showed the best specific activity for cyclodecane (1b) by far (39-
56 U/g; TOFs of 317-850 min) and therefore this mutant was preferred for
preparative experiments with this substrate. One of the later performed tests
manifests the mutant CYP BM-3 F87P (1) as well as a promising mutant for the
conversion of cyclodecane (1b). A specific activity of 76 U/g was found but with
the CYP-content of 0.235 umol/g in the lyophilized crude extract, a turn over
frequency of 323 min™ was calculated.

Different mutants of the cytochrome P450 monooxygenase from Bacillus
megaterium (CYP BM-3 19A12 (formulation 0-3), CYP BM-3 F87P (1), CYP BM-3
F87V, CYP BM-3 WT, CYP BM-3 R255P-P329H, CYP BM-3 F87A A328V (1)) and
empty vector E.coli BL21 as blank were analyzed at different times in the course of
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this project with respect to their ability to transform cyclohexane (1a) into the
corresponding cyclohexanol (1b). In Figure 14, the specific activity in U/g
lyophilized crude extract is plotted against the respective mutant.
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Figure 14. Results of the enzyme activity test with cyclohexane (1a) as substrate.
Repetitions are referred to multiple measurements of individual enzyme lots
during the project term. In that case, the more recent the measured value, the
further right it is placed on the x-axis. A decrease in activity over the course of
time can be ascribed to a loss in stability of the enzyme lot during long-term
storage.

As already with the substrate cyclodecane (1b), the mutant CYP BM-3 19A12 was
by far the best enzyme to catalyze the oxidation of cyclohexane (1a). Moreover,
this mutant emerged to be the one of choice for the whole project. Without
exception, all other tested enzymes lag far behind this remarkable activity. For the
formulation CYP BM-3 19A12 (0), a specific activity of 146 U/g was found and with
the CYP-content of 0.123 umol/g in the lyophilized crude extract, a TOF of
1187 min™ was calculated. The formulations CYP BM-3 19A12 (1) (131 U/g; TOF =
2183 min™), CYP BM-3 19A12 (2) (161 U/g; TOF = 1342 min™) and CYP BM-3 19A12
(3) (134 U/g; TOF = 1165 min™") were at the same promising range and therefore
CYP BM-3 19A12 was used extensively for preparative experiments.

Moreover, UV/VIS-spectroscopy was used to investigate the kinetics according to
MICHAELIS-MENTEN of a biotransformation and by the MICHAELIS-MENTEN-equation it
was specified, to what extent the reaction rate depends on the substrate
concentration. This information is of particular importance if substrates are poorly
soluble in the aqueous reaction medium.
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Since the log P value of cyclododecane (1c) is 6.6/ - exemplarily for the higher
homologue cycloalkanes - this compound is known to show a very poor solubility
in water. Therefore it has to be analyzed if the effective solubility of a certain
substrate, e.g. cyclododecane (1c) is high enough for an efficient
biotransformation: if not enough substrate molecules are in solution to saturate
the available enzyme with substrate, the approximate maximum reaction rate
remains inaccessible. To analyze this parameter, a serial dilution of 1c in DMSO
was prepared from a stock solution (0.5-16 mM). The concentration of the
saturated solution (~16 mM) was identified via "H-NMR-spectroscopy using pivalic
acid (52) as standard. A set of serial dilution (16 mM, 12 mM, 8 mM, 4 mM, 2 mM,
1 mM, 0.5 mM) was prepared to measure the following absolute concentrations
in a photometric assay: 160 uM, 120 uM, 80 uM, 40 uM, 20 uM, 10 uM and 5 pM.
A 0.6 mM solution of NAD(P)H was used for the measurements (SOP 5). In this
way the kinetics according to MICHAELIS-MENTEN of the cyclododecanol (2c)-
formation were determined via an enzyme activity test with the cytochrome P450
monooxygenase mutant from Bacillus megaterium (CYP BM-3 F87A A328V)
(solution of the lyophilisate: 10 mg/mL, NAD(P)H-dependent, phosphate buffer:
pH 7.0, 50 mM) and cyclododecane (1c) as substrate (Figure 15).
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Figure 15. Results of the enzyme activity test with cyclododecane (1c) as substrate
combined in a MICHAELIS-MENTEN diagram of the biocatalyzed hydroxylation
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As it is apparent from Figure 15, the substrate molecules in solution are entirely
sufficient so that the enzyme is working at full capacity. Adding more substrate
would not affect the reaction rate since the enzyme is already saturated with
substrate at the given concentration.

To make a statement about the stability of CYP BM-3 F87A A328V, the enzyme
activity of CYP BM-3 F87A A328V to convert the substrate 1c to the corresponding
product 2c is investigated as a function of time. Therefore the cytochrome P450
monooxygenase mutant from Bacillus megaterium (CYP BM-3 F87A A328V) was
stirred in the presence of 0.02 mmol D-glucose (22) and DMSO (10% v/v) in
phosphate buffer (pH 7.0, 50 mM) and samples are taken at (regular) intervals
over a period of 28h (SOP6). These samples were analyzed via UV/VIS-
spectroscopy and the initial slope of the absorption curve vy [1/min] was plotted
against the time [h] (Figure 16).
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Figure 16. Stability of CYP BM-3 F87A A328V as a function of time

It is apparent from Figure 16 that a reaction time of 28h and even the presence of
DMSO (10% v/v) in the reaction mixture have no severe negative effect on the
stability and therefore the enzyme activity of mutant CYP BM-3 F87A A328V. Of
course a theoretical inhibition of the enzyme by product formation or
denaturation of the enzyme through long contact with the substrate or product is
not considered with this test.
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4.2.2 Biocatalyzed oxidation of monounsaturated cyclic hydrocarbons with
different CYP BM-3 and glucose dehydrogenase (GDH)

Cyclododecene (18)

C-C multiple bonds in unsaturated hydrocarbons lag far behind the single bonds in
saturated hydrocarbons regarding stability and are therefore more easily
attacked.”® Cyclododecene (18), a valuable intermediate for e.g. the synthesis of

5] was tested as agent of this class of substrates with

parfumes and fragrances,
different mutants of the cytochrome P450 monooxygenases from Bacillus

megaterium.
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Scheme 21. Anticipated enzymatic oxidation of Cyclododecene (18)

The promising mutants which were detected in the enzyme activity test with the
unsaturated cyclic hydrocarbon cyclododecene (18) as substrate were the
mutants CYP BM-3 F87P (2) and CYP BM-3 F87A A328V (2) (SOP 4). The specific
activities of CYP BM-3 F87P (40 U/g) and CYP BM-3 F87A A328V (40 U/g) are in a
range worthy to test and therefore those two mutants are applied in a
preparative biocatalyzed oxidation. The formation of an oxidation product was
not detected via "H-NMR-spectroscopy, neither with CYP BM-3 F87P nor with
CYP BM-3 F87A A328V (by comparison with the 'H-NMR-spectra of 18), that
means that cyclododedene (18) was neither converted by CYP BM-3 F87P nor by
CYP BM-3 F87A A328V. The activity detected in the enzyme activity test can be
attributed to an undefined background reaction consuming the cofactor NADPH
resp. uncoupling in general.

4.2.3 Biocatalyzed oxidation of pentanal (19) with different CYP BM-3 and
glucose dehydrogenase (GDH)

expected products
CYP BM-3 19A12, O, OH
PN (7.62 U/mmol) 20 or L _~_o0

43 42
19

100 mM

NADPH NADP* | 1 mL phosphate buffer (pH 7, 50 mM),
(0.1eq.) / 24 h, r.t.
D-glucose 22 \ D-gluconolactone 23
(2 eq.) GDH (70 U/mmol)

Scheme 22. Anticipated enzymatic oxidation of pentanal (19)
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The cytochrome P450 monooxygenase from Bacillus megaterium CYP BM-3 19A12
(2) was expected to be suitable for an enzymatic oxidation of pentanal (19)
because its specific activity (29 U/g) was the highest activity found in these
enzyme activity tests (SOP 4). Therefore this mutant is applied in a preparative
enzymatic transformation (Scheme 22).

alcohol dehydrogenase from

the host organism E. coli HO

NADPH, 1 mL phosphate buffer
(pH 7, 50 mM), 24 h, r.t.

19 53

Scheme 23. Biocatalyzed reduction of pentanal (19) yielding 1-pentanol (53)

53

HO _~_ " ‘ ‘

T fi(ppm)

Figure 17. Results of the enzymatic oxidation of pentanal (19) (red, above),
biotransformation of pentanal (19) (blue, middle) and biotransformation sample
after addition of the assumed product 1-pentanol (53)

Compared to the 'H-NMR spectrum of pentanal (19) (red, above), the *H-NMR
spectrum of the biocatalytic transformation with CYP BM-3 19A12 (blue, middle)
showed a clear modification (Figure 17). Especially the triplet that appears at
3.58 ppm indicates the formation of a new compound. The addition of the
assumed product 1-pentanol (53) to the biotransformation sample (*H-NMR
spectrum in green, below) confirms the assumption, that not the oxidation
reaction takes place but the reduction of pentanal (19) to the corresponding
alcohol 53 occurs (Figure 17). The most obvious explanation for this phenomenon
is an undesired background activity caused by an alcohol dehydrogenase from the
host organism E. coli, operating in the reductive direction (Scheme 23).
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424 Biocatalyzed hydroxylation of higher homologous cycloalkanes with
different CYP BM-3 and glucose dehydrogenase (GDH)

Cyclododecane (1c)

The mutants CYP BM-3 F87P and CYP BM-3 F87A A328V seemed to be very
promising for the conversion of the substrate cyclododecane (1c) (TOF of 145
resp. 31 min™) in an initial enzyme activity test (SOP 4). Therefore the preparative
hydroxylation of 1c with 0.762 U of the mutant CYP BM-3 F87A A328V was carried
out first. All experiments were conducted by varying the following parameters:
Concentration of the substrate 1c, concentration of the cofactor, volume of the
cosolvent DMSO and reaction time. In addition, the absence of the cofactor
regeneration system was analyzed (Scheme 24). Despite a scientifically supported
confidence especially for the double mutant CYP BM-3 F87A A328V, which is
known to convert even the long chained cyclic alkane cyclododecane (1c),"*® in
most experiments the conversion of cyclododecane (1c) to cyclododecanol (2c)
was below 1% and the results could not be reproduced (SOP 9). Probably one of
the most obvious reasons why WEBER et al. found conversion in their experiments
is the comparatively low substrate concentration of 200 uM while in the

experiments shown below substrate concentrations up to 0.1 M were applied.®®

CYP BM-3 F87A A328V, O,
(7 62 U/mmol)

1- 100 mM ADPH NADP+
(0.1-1eq.)

D-glucose 22 \
D-gluconolactone 23

0-0.2 mmol
GDH (0-70 U/mmol)

1 mL phosphate buffer (pH 7, 50 mM),
0-10% (v/v) DMSQ, 2-24 h, r.t.

Scheme 24. Biocatalyzed hydroxylation of cyclododecane (1c)

A series of experiments with different CYP BM-3, mainly CYP BM-3 F87P was
conducted with the result that the formation of cyclododecanol 2c¢ was below
5 mg/L and conversion could not be determined. For the sake of completeness
experiments with all spectrophotometrically inactive mutants were carried out
with exemplarily 50 mg of the respective mutant to ensure that no active mutant
is missed. But in all experiments the formation of cyclododecanol 2c was below
5 mg/L and conversion was always below 1% (SOP 9).
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In summary it can be stated that there was a very low acceptance of all tested
mutants towards the substrate cyclododecane (1c) in the preparative experiments
although activity was shown in an initial enzyme activity test. This activity may be
caused from another NADPH-consuming background reaction because crude
extract is used for both, the enzyme activity test and the preparative experiments.
The fact that cyclododecane (1c) is hardly soluble in the aqueous phase could be
another reason for the biotransformation did not work. Compared to other
analyzed liquid substrates the additional lattice energy of the molecular crystal
has to be overcome in that case and it is not surprising that the solubility of the
unpolar 1c in the aqueous phase is quite poor.

The corresponding alcohols 2 formed during the biotransformation are
notoriously not as stable and inert as the substrate alkanes 17 and for this
reason the further oxidation of the alcohol 2 can not be excluded. For example, it
is supposed that the sesquiterpene (+)-valencene (54) has multiple binding
orientations in CYP BM-3 and therefore - besides the favoured (+)-nootkatone
(55) - several further oxidation products are formed.™ In 2000, AbAMm et al.
showed, that cyclohexane (1a) and cyclooctane (1d) can be hydroxylated by living
cells of Bacillus megaterium giving the corresponding cycloalcohols cyclohexanol
(2a) and cyclooctanol (2d). In this study it was additionally found that
overoxidation to the corresponding ketones 3a and 3d takes place. The influence
of the ring size on the oxidative activity was conspicuous, since 65%
cyclooctanone (3d) were vyielded while only 21% cyclohexanone (3a) were
formed™ Therefore the hydroxylation of cyclohexane (1a) and cyclodecane (1b)
is realized and for that reason analyzed with regard to a possible further
oxidation.

Cyclodecane (1b)

CYP BM-3 19A12, O,
(7.62 U/mmol) Cij/ @&
100 mM / \ product product

recovery NADPH NADP+ formation formation

7.65mg (0-1ea) 0.15 mg 0.08 mg
(0.15 g/L) (0.08 g/L)
D- glucose 22
D-gluconolactone 23

2
(2 eqa) GDH (70 U/mmol)

1 mL phosphate buffer (pH 7, 50 mM),
24 h, r.t.

Scheme 25. Results of the oxidation of cyclodecane (1b) with CYP BM-3 19A12
(SOP 10)
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The cytochrome P450 monooxygenase from Bacillus megaterium CYP BM-3 19A12
is expected to be suitable for an enzymatic oxidation of 1b. The specific activity of
CYP BM-3 19A12 was significantly higher than all other mutants (39-56 U/g; TOFs
of 317-850 min™, SOP 4) and therefore this mutant is applied in a preparative
enzymatic transformation (Scheme 25). The content of CYP BM-3 19A12 (2)
amounts to 0.120 umol/g lyophilized crude extract.

In the experiment shown in Scheme 25, 7.65 mg of the substrate 1b were
recovered and as a product of further oxidation cyclodecanone (3b) was found

(0.08 mg). The product formation of 2b was 0.15 mg.

Cyclohexane (1a)

The cytochrome P450 monooxygenase from Bacillus megaterium CYP BM-3 19A12
was by far the best enzyme to catalyze the oxidation of cyclohexane (1a) and
specific activities up to 161 U/g were found. Therefore this mutant is applied in a
preparative enzymatic transformation (Scheme 26). The content of CYP BM-3
19A12 (2) amounts to 0.120 umol/g lyophilized crude extract.

CYP BM-3 19A12, O, OH 0]
O (7.62 U/mmol) N O/ g
1a / \ 2a 3a
100 mM product product

recovery ~ NADPH NADP*  formation formation

0.89mg (0-leq) 1.33 mg 0.08 mg
(1.33 g/L) (0.08 g/L)
D-glucose 22
D-gluconolactone 23

(2eq.) GDH (70 U/mmol)

1 mL phosphate buffer (pH 7, 50 mM),
24 h, r.t.

Scheme 26. Results of the oxidation of cyclohexane (1a) with CYP BM-3 19A12
(SOP 10)

In the experiment shown in Scheme 26, 0.89 mg substrate 1a were recovered and
as a product of further oxidation cyclohexanone (3a) was found (0.08 mg). In all,
1.33 mg of the product 2a were formed. It can be summarized that the double
oxidation induced by CYP BM-3 can be detected for both substrates, cyclohexane
(1a) and cyclodecane (1b). However, it plays a major role for cyclodecane( 1b).
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5 Double oxidation combining a cytochrome P450
monooxygenase from B. megaterium and an
alcohol dehydrogenase from L. kefir in an one-
pot process

5.1 Introduction, state of the art, and aim of this section

Since a whole chapter is already focused on the first step of the planned double
oxidation, namely the cytochrome P450 monooxygenase catalyzed hydroxylation
(chapter 4), the key aspect of this chapter is the oxidation of the alcohol 2 to the
corres-ponding ketone 3, catalyzed by an alcohol dehydrogenase from
Lactobacillus kefir, which is highlighted in Scheme 27.

OH 0
Q CYP BM-3, 0, Q/ LK-ADH (j
)n \ )n \ )n

lazn=1 " \appy  Nappt  28n=1 Napp+ NADPH 3a:in=1
1b:n=>5 ‘ 2b:n=5 ‘ ‘ 3b:n=5

1c:n=7 2c:n=7 ‘ 3c:n=7

in situ-formation,

not isolated

Scheme 27. Double oxidation of cycloalkanes 1 with ADH-catalyzed step

Alcohol dehydrogenases (ADHs) occur in all domains of life."* In humans, for
example, ADHs are found in high concentrations in liver and stomach, catalyzing
the oxidative degradation of toxic alcohols (Scheme 28, left)."* In yeast, the last
step of the alcoholic fermentation is the ADH-mediated transformation of
acetaldehyd (56) yielding ethanol (57) (Scheme 28, right)."*"

A) Degradation of alcohol B) Alcoholic fermentation in yeast:
in a human liver:

oM AD{' . g 0 ADH\ ~ ~OH
57 / 56 56 / 57
NAD*  NADH NADH  NAD*

Scheme 28. Details of A) the degradation of alcohol in humans™” and B) the
alcoholic fermentation in yeast cells!®Y

In the field of organic chemistry, the ketoreductase function of alcohol
dehydrogenases is often used to generate a stereogenic center and therefore a
valuable structural motif. Three impressive examples for the application of ADHs

. . 132
on an industrial scale are shown below:™?
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The first example is the synthesis of the (4S,6S)-hydroxysulfone ((4S,6S)-58)
performed at AstraZeneca which serves as an intermediate in the synthesis of
Trusopt™, a drug for the treatment of glaucoma. Suspended whole cells are
applied in aqueous medium to produce (4S,6S)-58 from the methyl ketosulfone
((65)-59) on a multi ton scale with a yield of >85% and >98% ee (Scheme 29).113%

0 OH
m ADH-containing whole cells m
s S of Neurospora crassa 5 S
O/ \O O/ \O
(6S)-59 (4S,65)-58

Scheme 29. Selected step of the synthesis route for the drug Trusopt™

A further example is a selected step in the synthesis of LY 300164, an orally
administered benzodiazepine produced by Eli Lilly and Company. Suspended
whole cells are applied in agueous medium to produce the precursor (5)-60 from
3,4-methylenedioxyphenylacetone (61) on a kilogram scale with a yield of 96%
and >99.9% ee (Scheme 30).*2

<oj©/\ﬂ/ ADH-containing whole cells <O v
0 0 of Zygosaccharomyces rouxii 0 OH

61 (5)-60

Scheme 30. Selected step of the synthesis route for the drug LY 300164

The next biocatalytic synthesis is performed at Wacker Chemie. A crude enzyme
solution of alcohol dehydrogenase from Lactobacillus brevis is applied in aqueous
medium to produce (R)-ethyl-3-hydroxybutyrate ((R)-62) from ethyl acetoacetate
(63) on a scale of 35t/a with a yield of 96% and >99.8% ee. The coproduct
acetone which is formed during the regeneration of the cofactor is continuously
stripped to shift the reactions equilibrium to the product site. (Scheme 31).1%?

O O crude enzyme solution of ADH

)J\/U\ from Lactobacillus brevis ~ HO H O
OFt PN ot

63 m
(R)-62

NADPH + H* NADP*

TO OH

N A

crude enzyme solution of ADH
from Lactobacillus brevis

Scheme 31. Selected step of the synthesis route of (R)-62

As apparent from the example shown in Scheme 31, one single enzyme (alcohol
dehydrogenase from Lactobacillus brevis) catalyzes both, the desired biotrans-
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formation as well as the biotransformation of the auxiliary substrate 2-propanol.
This coupled substrate process is one possibility for the recycling of the high
priced cofactor to its reduced form.

Another approach is a coupled enzyme method where two different enzymes (E1
and E2) are applied, one (E1) for the formation of the product of interest and
another (E2) for the recycling of the cofactor (Scheme 32).1%8

Enzyme 1 (E1)

Substrate®* Product™d

NAD(P)H NAD(P)*
St.OlChlomEt”C . Auxiliary Substrateed
side product® Enzyme 2 (E2) (AS)
(SSP)

Scheme 32. Coupled-enzyme method for cofactor recycling

The application of ADHs is described in literature for the transformation of the
main product[133] but also for its function in cofactor recycling: besides other well-
known systems for recycling of the cofactor (E2 = Formate dehydrogenase (FDH);
AS = formate; SSP = CO, resp. E2 = Glucose dehydrogenase (GDH); AS = glucose;
SSP = gluconic acid), alcohol dehydrogenases are as well established in the
coupled method for cofactor recycling.”®! These applications make clear that the
oxidative direction of ADHs is as well important for designing enzyme reactions
and should not be disregarded. Nevertheless, the capability of these enzymes to
catalyze oxidation reactions as well is often outshined by the corresponding and
above-mentioned reduction reactions.!?%¥

Some generally accepted reasons for the fact that dehydrogenase-mediated
oxidation reactions attach less importance than the corresponding reduction
reactions are outlined below. In the course of oxidation of an unsymmetric
secondary alcohol a chiral center - generally valuable for synthetic applications - is
destroyed.'®! Furthermore, aldehydes and ketones tend to bind more tightly to
the hydrophobic active site of the dehydrogenase than the employed alcohols and
product inhibition might be a result hereof.” In addition, oxidation reactions of
primary and secondary alcohols that depend on the cofactor NAD(P)" are
thermodynamically unfavoured (ethanol/acetaldehyde: -199 mV; 2-propanol/ace-
tone: -286 mV) since the redox couple NAD(P)H/NAD(P)* has a redox potential
of -320 mV.21% pespite these drawbacks, alcohol dehydrogenases are the most
popular biocatalysts for the oxidation of alcohol substrates (Scheme 33).[1920%
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NAD: X=H !/N NH,
, AN
Y= 2-
OH 0 NADP: X=PO, N_- '
\'R' =——= ADH ——— R)J\R. 0N
N 20
Ho-P-0 = OX
H o 0 0-p O OF
H  H O,P\\o
= | NH2 | | NH2 0 ’o§OH
Nt + !
N N T o
RII Rll S
NAD(P)* NAD(P)H

Scheme 33. General reaction equation of the ADH-catalyzed oxidation of
alcohols!**1%4

The alcohol dehydrogenase isolated from horse liver (HLADH) for example is one
of the first enzymes applied in organic syntheses and therefore very well
characterized."®! HLADH shows an (S)-enantioselectivity and is successfully
applied in oxidation reactions for enzymatic kinetic resolution of alcohols. A
prominent example is the HLADH-catalyzed enantioselective dehydrogenation of
racemic B-hydroxysilanes (rac)-64. One enantiomer (R)-64 remains untouched
while the other is converted into the corresponding B-ketosilane (S)-65, that

hydrolyzes spontaneously and promotes the regeneration of the cofactor
(Scheme 34).11%°)

TMS TMS ™S
_A__OH HLADH N _o + _~_oH
(rac)-64 (5)-65 (R)-64
NAD*  NADH l H,0
/\/OH HLADH NO + TMS-OH

Scheme 34. Kinetic resolution of racemic B-hydroxysilane (rac)-64 >

A further example was reported in 2006 when a secondary ADH from
Rhodococcus ruber DSM 44541 (ADH-A) was found to catalyze the desymmet-
risation of meso-2,5-hexanediol (66) yielding (R)-5-hydroxy-2-hexanone ((R)-67)
(Scheme 35).11913]
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OH OH

/K/\;/ ADH-A /K/\H/
66 OH 67 O
>99% ee

NAD* NADH 88% conversion

OH 0]

AL+ ADH-A A

Scheme 35. ADH-A catalyzed desymmetrisation of meso-2,5-hexanediol (66)
yielding (R)-5-hydroxy-2-hexanone ((R)-67)%*3¢

The simplified mechanism of oxidations catalyzed by NADP(P)*-dependent ADHs is
depicted in Scheme 36.'%% The cofactor NAD(P)* binds to the protein by
coordinating zinc at the ADHs active site. After the dissociation of water, the
alcohol substrate is as well coordinated to the zinc of the ADH-NAD(P)*-complex.
A conformation change effects, that the catalytic domain moves closer to the
cofactor to easify the hydride transfer. The first step in the redox reaction is the
deprotonation of the alcohol. The resulting alkoxide ion is complexed by the
active-site zinc to stabilize it and prevent extraction of an adjacent proton forming
the alcohol substrate again (b). The second step is the hydride transfer from the
alkoxide ion to NAD(P)". Simultaneously the double bond is formed (c). The
release of the oxidized ketone is forced by the - at this point favored -
recoordination of water to zinc (d). Finally the reduced cofactor NAD(P)H

dissociates and the catalytic cycle is ready to restart from (a)( Scheme 36)!1%**3°

His ,
- _Hi RV
NAD(P)* NAD(P)H 120 zln‘H'S R H,0+H
./ o) ./
N ONH,
~t a
N
His R" R His
HZO\ZI ;H|S R'%/&\ZIH‘HIS
HH O ) o
NH, Z NH,
ar AN
N ~N
R|| R tlls R||
)=0-__: .His
R' |
HH O
/\ ] NH,
Q H,0 N c
I
R R| R||

Scheme 36. Simplified mechanism of the ADH-catalyzed oxidation™®"
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Aim of this section is to realize the second, ADH-catalyzed oxidation step
simultaneously to the first CYP BM-3 catalyzed oxidation step in a one pot process
to synthesize the cyclic ketones 3 directly from the corresponding cycloalkanes 1.

In the previous chapter 4, the first hydroxylation step, which is catalyzed by a
cytochrome P450 monooxygenase (CYP BM-3), was investigated in detail. In order
to complete the enzymatic two-step one-pot process that is based on the
cooperation of two enzymes, a second alcohol dehydrogenase catalyzed oxidation
step has to be implemented. In this way the oxidized form of the cofactor NADP®,
which is generated in the first CYP BM-3 catalyzed hydroxylation step, is retrans-
formed into the reduced form NAD(P)H by the alcohol dehydrogenase. By this
means the application of a further cosubstrate becomes redundant. Using this
process, cyclic ketones 3 can be synthesized directly from the corresponding
cycloalkanes 1. BURDA applied the (R)-enantioselective alcohol dehydrogenase
from Lactobacillus kefir (LK-ADH) for the direct oxidation of cycloalkanes 1 to
cycloalkanones 3 with oxygen in water and STAUDT extensively analyzed the
synthesis of cyclooctanone (3d) in an aqueous reaction medium while using this
system.?>?? On the basis of these results, the application of this (R)-enantio-
selective alcohol dehydrogenase from Lactobacillus kefir (LK-ADH) for the second
oxidation step was adopted to complete the double oxidation sequence as well
for the synthesis of further homologue cycloalkanones 3.

With intent to make enzymatic applications even more attractive, the conversion
in relation to the catalyst can be enormously enhanced by using the catalyst more
often than once. In literature, several methods of enzyme immobilization are
reported aiming to overcome general limitations of enzyme applications like the
difficult recovery of the biocatalyst or low stability in organic syntheses.™" In this
way, the recycling of the (to some extent) costly biocatalysts is possible. According
to SHELDON, the immobilization of enzymes can be distinguished into three groups,
abridged in Figure 18.

A) B) . ..C)...
°

e®o00 ® ®

e o0 0 o0

Figure 18. Three methods to immobilize enzymes (enzyme: ®; carrier: o):
A) Cross-Linking B) Entrapment C) Binding to a support ")

While cross-linking (method A) is a carrier-free approach, encapsulation in a
support (method B) resp. binding on a support (method C) is a carrier-based
procedure. If covalent binding is used to attach the enzyme to a support, enzyme
leaching from the surface of the carrier is prevented.”*® However it is a drawback
of this generally robust method that the cofactor is not co-immobilized™ and if
the enzyme is deactivated, the whole system (biocatalyst and support) is use-

less. "]
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In 2009 it was reported by JEROMIN, that an entrapment of an ADH in a hydrogel
matrix (superabsorbent polymer Favor SXM 9155) was accomplished, in which the
required cofactor was co-immobilized. The application of this system in aqueous
medium enabled a recyclization of the immobilized enzyme over five cycles,
providing constantly high substrate conversion. The main disadvantage of this
approach is the very high excess enzyme loading, that renders the application
unattractive.”®” Recently RuLLl et al. presented a further development of this
encapsulation system for the synthesis of different 1,3-diols with drastically
reduced enzyme loading (LK- resp. Rsp.-ADH). However, under these conditions
no conversion was detected after the third cycle. These results emphasized that
leaching in aqueous media is a problem to consider.® This problem was
adressed by a most recent publication, describing the application of a co-immo-
bilized, superabsorbed ADH in organic media (Scheme 37). In this way, the
enzyme can be removed from its natural agueous environment into a biphasic
system with the result that leaching is suppressed and extraction of the product is

redundant.™"
OH O co-immobilized Rsp-ADH OH OH
cl > CH, and NAD* (4.5 mol%)  Cl o cH,
cyclohexane, r.t., 24 h
(R)-69 5 eq. 2-propanol (1R,35)-68
5 consecutive cycles 79-89% conversion
>99% ee
>35:1dr

Scheme 37. Synthesis of the 1,3-diol (1R,35)-68 from (R)-69 with high conversion
and ee over five cycles™"

The aim of this section is to analyze, if the recently presented achievement of
HEIDLINDEMANN et al. can be generally transferred to the above described double
oxidation system. For this purpose a co-immobilisate of enzymes, hereinafter
referred to as ‘superabsorbed enzyme tandem’, consisting of a cytochrome P450
monooxygenase from Bacillus megaterium (CYP BM-3 19A12) and an alcohol
dehydrogenase from Lactobacillus kefir (LK-ADH) together with the cofactor
NADPH is prepared and applied for the enzymatic two-step one-pot process.
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5.2 Results and discussion

5.2.1 Photometric assay to determine the enzyme activity of the alcohol
dehydrogenase from Lactobacillus kefir (LK-ADH)

The recombinant ADH from Lactobacillus kefir (LK-ADH) turned out to be a
suitable catalyst for the oxidation of cyclohexanol (2a) yielding cyclohexanone
(3a). Very recently, in 2013, STAUDT et al. presented a proof of concept for the
synthesis of the bulk chemical e-caprolactone (70) in a biocatalytic one-pot
process. This process is based on a double oxidation starting from cyclohexanol
(2a), which is oxidized by an LK-ADH to provide cyclohexanone (3a). This key
intermediate 3a is then directly transformed into the desired product
g-caprolactone (70) with up to 97% conversion in a second oxidation step,
catalyzed by a Baeyer-Villiger monooxygenase.™ Based on these positive
findings this ADH from Lactobacillus kefir (LK-ADH) was chosen for the second

step of the double oxidation of cycloalkanes 1 shown in Scheme 38.

OH 0
Q CYP BM-3, 0, Q/ LK-ADH (j
)n \ )n \ In

1 NADPH  NADP* 2 NADP* NADPH 3
\ , in situ-formation, ,
' i not isolated ' i

Scheme 38. Double oxidation of cycloalkanes1(n=1, 3, 5)

Prior to a preparative biotransformation it is essential to determine the enzyme
activities with regard to the selected substrates. The enzyme activities can be
determined with an UV/VIS-spectrophotometer for NADP" is used as cofactor. The
formation of NADPH through reduction of NADP' is measured spectrophoto-
metrically at a wavelength of 340 nm in the presence of the LK-ADH and the
respective substrate. This increase in extinction is recorded time-dependent by a
spectrophotometer and is schematically shown in Scheme 39 on the right side. By
means of the initial slope of the absorption curve and the following formula, the
volumetric enzyme activity can be determined.

u _ AE340nm Vi f
mL gV td

With U/mL = volumetric enzyme activity; AEsq0,m/t = initial slope of the absorption curve, V, = total
volume [mL]; f = dilution factor; € = molar extinction coefficient for NAD(P)H [6.3 mL*umoI'l*cm'l];
Vs = sample volume [mL]; d = path length of the cuvette [cm]
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cycloalkanol LK'ADH\‘ cycloalkanone A‘/
2 NADP* NADPH 3

Scheme 39. General reaction scheme of the photometric assay applying LK-ADH
(left) and schematically plotted increase of NADPH over the course of the enzyme
activity test (right)

>t

Additionally to the respective substrates a reference compound is measured and
its activity is defined as 100% in order to make a relative statement on the
enzyme activities. The specific activities of the substrates are related to this value.
Over the course of time, the reference compound 1-phenylethanol (71) as well as
the substrates cyclohexanol (2a) and cyclodecanol (2b) were repeatedly measured
and the results of the measurements were of the same order of magnitude
(SOP 11). It is noticable that the substrate cyclodecanol (2b) is accepted 3 to 6
times better by the LK-ADH than the substrate cyclohexanol (2a), which is shown
clearly in Figure 19.

160 - 154 156

140 +
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100 100 100
100 -
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42
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71 2a 2b 71 2a 2b 71 2 2b

Figure 19. Relative activities of reference compound 1-phenylethanol (71) and the
substrates cyclohexanol (2a) and cyclodecanol (2b) with LK-ADH, measured at
different times (n.d. not determined)

An explanation can be found in the log-P-values of the substrate alcohols 2a and
2b. The octanol-water partition coefficient is a non-dimensional partition
coefficient (log P) that describes the ratio of the concentrations of a compound in
a biphasic system, containing of water and 1-octanol. By means of log P, the
hydrophobicity of a compound can be deduced. While a high log P-value indicates
for a hydrophobic compound, a low log P-value describes a more hydrophilic
substance."*'?® As apparent from Figure 20, cyclodecanol (2b) is composed of a
larger cyclic alkyl chain than cyclohexanol (2a), making this substrate 2b
considerably more hydrophobic.
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O@ “@

2a 2b
logP=1.5 logP=4.0

Figure 20. Cyclohexanol (2a) and cyclodecanol (2b) with differently sized
hydrophobic areas ((O): hydrophobic, O: hydrophilic)**®

A substrate has to pass a hydrophobic tunnel-like region™® to reach the as well
hydrophobic active site.l**?®! Therefore it seems to be obvious that the more
hydrophilic substrate 2a is accepted to a lesser extent.

5.2.2 Biocatalyzed oxidation of cyclododecanol (2c) with different alcohol
dehydrogenases

Since the main focus of this thesis was on the first oxidation step catalyzed by a
cytochrome P450 monooxygenase from Bacillus megaterium (CYP BM-3) (chapter
4), comparatively few experiments were conducted to oxidize cyclododecanol (2c)
to cyclododecanone (3c) with alcohol dehydrogenases (Scheme 40).

ADH
(100 1000 U/mmol)

NAD(P)+ NAD(P)H
10 - 50 mM  (0.02 mmol)

[N

2.5 mL acetone + 7.5 mL phosphate buffer
(pH 7, 50 mM, 1 mM MgCl,), 24 h, r.t.

Scheme 40. ADH-catalyzed oxidation of cyclododecanol (2c)

Despite knowing that only the alcohol dehydrogenase from Lactobacillus kefir
(LK-ADH) is a suitable catalyst for the double oxidation as it is NADPH-dependent,
two more NADH-dependent alcohol dehydrogenases, namely an alcohol dehydro-
genase from Rhodococcus species (Rsp.-ADH) and the ADH evo-1.1.200 were
tested in preparative experiments (SOP 12). The conversion was determined by
comparison of the GC-areas of the substrate 2c and the product 3c. In order to
verify this method, the simulated conversion is related to the actually measured
conversion. The simulated conversion is obtained by weighting in the substrate 2c
and the product 3c and is calculated to be 50.22%. The conversion determined by
means of gas chromatography, 49.99%, is obtained by comparing the substance-
specific surface integrals of 2c and 3c (SOP 12). The results are summarized in
Table 10.
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Table 10. Results of the ADH-catalyzed oxidation of cyclododecanol (2c) according
to Scheme 40

ADH/uL or mL Activityb) Substrate Conversion
Entry Cofactor
resp. mg [U/mmol] [mmol] [%]
1 LK-ADH/32.4 ul? 100 NADP* 0.5 2
2 Rsp.-ADH/2.5 mL? 100 NAD* 0.5 1
ADH evo- N
100 NAD 0.5 2
1.1.200/11.1 mg
4 LK-ADH/64.8 uL? 1000 NADP* 0.1 10
ADH evo- .
5 1000 NAD 0.1 5

1.1.200/22.2 mg

Jdiluted 1:1 in glycerol; ®lreferred to the respective standard substrate (LK-ADH: acetophenone (72)
(1544 U/mL®); Rsp.-ADH: p-chloroacetophenone (73) (49 U/mL®); ADH evo-1.1.200: ethyl
acetoacetate (63) (4.5 U/mg)).

These preliminary experiments were performed in order to generally analyze if
cyclododecanol (2c) is a substrate for the available alcohol dehydrogenases.
However, the activities applied were referred to the oxidized form of the
respective standard substrate (LK-ADH: acetophenone (72); Rsp.-ADH: p-chloro-
acetophenone (73); ADH evo-1.1.200: ethyl acetoacetate (63) (Figure 21).

0 0 0 o
@Aj\ /©)k )J\/U\o/\
72 cl 73 63

Ox. Red.

H

OH 0 OH O

T A
71 cl 74 62

Figure 21. Structures of the standard substrates acetophenone (72) (LK-ADH),
p-chloro-acetophenone (73) (Rsp.-ADH) and ethyl acetoacetate (63) (ADH evo-
1.1.200) as well as the corresponding reduced forms 1-phenylethanol (71),
p-chloro-1-phenylethanol (74) and ethyl 3-hydroxybutyrate (62)

Red. Ox. || Red. Ox.

For the performed oxidation reaction, which is not favoured compared to the
reduction reaction, higher amounts of enzyme need to be applied, as an enzyme
activity test has to be done with the reduced form of the standard substrates
1-phenylethanol (71), p-chloro-1-phenylethanol (74) and ethyl 3-hydroxy-
butyrate (62) (Figure 21). Therefore, even better results can be expected if the
experiments are repeated with redefined amounts of ADHs.
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5.2.3 Biocatalyzed double oxidation of cyclododecane (1c) with CYP BM-3
and LK-ADH

The double oxidation with cyclododecane (1c) as substrate was performed twice
and as no product formation was detected, the first oxidation step catalyzed by a
cytochrome P450 monooxygenase from Bacillus megaterium (CYP BM-3) was
focused for the main part. Nevertheless an important discovery was made
performing these experiments, based on the varying recovery of the substrate 1c
(SOP 13)(Table 11).

Table 11. Results of the double oxidation of cyclododecane (1c)

CYP BM-3, 0, OH LK-ADH 0
O) (7.62 U/mmol) G( (200 U/mmol) OT
n:7 \ )n:7 \ n=7
lc NADPH  NADP* 2c NADP*  NADPH 3¢
100mM (0.1 eq.) ' in situ-formation, A i
! . ____notisolated ! !
o Leccccccc e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e .- - 1
A [ 1 mL phosphate buffer (pH 7, 50 mM, 1 mM MgCl,), 24 h, r.t. ]
)Oi> optionally
sco, —— NADP?*
('V/VO)O (0.1 eq.)
CYP BM-3 Cyclododecanone Recovery of
Entry ) IPA  Cofactor
(biomass) (3¢) [g/11] substrate 1c [%]
19A12 v "
(19.6 mg)a) NADP 0 92
F87V
(127.0 mg)” NADPH 0 83

“The content of CYP BM-3 19A12 (0) amounts to 0.123 umol/g lyophilized crude extract; ®The con-
tent of CYP BM-3 F87V amounts to 0.525 pumol/g lyophilized crude extract.

As already described detailed in chapter 3, high recovery rates in the presence of
biomass are not something that can be taken for granted and require an
appropriate working up procedure. This correlation, namely the decreasing of the
recovery rate with increasing biomass applied in an experiment, can be seen from
both preparative double oxidations of cyclododecane (1c) summarized in Table
11. No product 3c was detected and although same amounts of 1c were applied,
the recovery of 1c deviated enormously. The explanation for this phenomenon is
that for the biotransformation with the mutant CYP BM-3 19A12 only 19.6 mg
protein contained the required activity (0.762 U referred to 1b), whereas in
contrast it was necessary to apply a more than sixfold higher amount of biomass,
namely 127.0 mg protein by using the mutant CYP BM-3 F87V, in order to obtain
the same activity.
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This considerably increased amount of biomass manifests itself by the recovery
rate of the substrate 1c: while in the small enzyme pellet only traces of the
substance 1c are restrained, the more voluminous pellet is able to hold back
higher amounts. A one-time extraction of the pellet (later mentioned as SOP A) is
therefore insufficient to isolate the absorbed compounds completely (Figure 22).

Figure 22. Enzyme pellet from 19.6 mg biomass (CYP BM-3 19A12) (left) and
enzyme pellet from 127.0 mg biomass (CYP BM-3 F87V) (right)

Taking this into account and aiming to further improve the recovery rate, the
working up process of the reaction mixture was optimized to the effect
that - likewise the aqueous phase - the enzyme pellet is extracted three times
(later mentioned as SOP B). This optimized extractive working up of the reaction
mixture ensures a high recovery rate both, in presence and absence of an enzyme
pellet.

5.2.4 Biocatalyzed double oxidation of cycloalkanes 1 with different CYP
BM 3 and LK-ADH

The double oxidation of cyclohexane (1a) and cyclodecane (1b) was realized in the
presence of a cytochrome P450 monooxygenase from Bacillus megaterium (CYP
BM-3) and the alcohol dehydrogenase from Lactobacillus kefir (LK-ADH) in
phosphate buffer. To start the reaction, cofactor NADPH is added (SOP 14). The
results of the oxidation of 1a are summarized in Table 12, whereby it is
unmissable, that two experiments (entry 1-2) yield 0.41 g/L while two further
experiments, that were conducted about one year later (entry 3-4) yield 0.98 g/L
on an average.
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Table 12. Results of the double oxidation of cyclohexane (1a) with CYP

BM-3 19A12
CYP BM-3
19A12, 0, OH LK-ADH 0]
O (7.62 U/mmol) O (200 U/mmol) g
la ~ NappH  NADPT 2@ NaDPT NADPH 3@
100 mM (0.1 eq.) . in situ-formation, !
X not isolated ' :
[ 1 mL phosphate buffer (pH 7, 50 mM, 1 mM MgCl,), 24 h, r.t. ]
Activity Recovery/formation? [g/L]
En- LK-ADH NADPH
¢ AL G mmoll/[ut]  [mol%] o
r mmo mo
y [U]/[mg] H 0 ..la ...2a ..3a
1 0.762/5.2°) 200/326 10 1.01 0.43 0.41
2 0.762/5.2° 200/326 10 1.05 n.d.? 0.40
3 0.762/10.3" 200/1057 10 0.61 0.53 0.96
4  0.762/10.3” 200/528° 10 1.61 0.16 0.99

“The content of CYP BM-3 19A12 (0) amounts to 0.123 umol/g lyophilized crude extract; ®The con-
tent of CYP BM-3 19A12 (2) amounts to 0.120 umol/g lyophilized crude extract; 9Addition of LK-ADH
without dilution in glycerol; he term “recovery” describes the mass concentration in g/L of a
compound initially added to the reaction, that is recovered after workup, here cycloalkane 1. The
term “formation” describes the mass concentration in g/L of a compound which is formed during
the reaction and isolated while workup (product formation of cycloalkanol 2 and cycloalkanone 3).
All mass concentrations in g/L were determined via gas chromatography; ®n.d.: not determined, no
clear assignment possible.’

An explanation for this is the protein concentration of CYP BM-3 19A12, which
was twice as high (entry 3-4: 10.3 mg) as in the previously conducted experiments
(entry 1-2: 5.2 mg) and additionally, the amount of LK-ADH (528 pL crude extract
resp. 1057 ulL crude extract dil. 1:1 in glycerol instead of 326 pL crude extract dil.
1:1 in glycerol) was increased. This phenomenon is known as ‘Macromolecular
Crowding’, describing the enhanced stability of an enzyme in the presence of
higher total protein concentration.™* For this purpose bovine serum albumin
(BSA) is applied to stabilize proteins resp. enzymes and ranks among the most

commonly used stabilizers in buffer solutions.™*!

The double oxidation of cyclodecane (1b) with CYP BM 3- F87V and LK-ADH
yielded 0.20 g/L cyclodecanone (1b) but since slightly better results were reached
for this substrate by adding an 2-propanol-starter, the biotransformation was
generally conducted in the presence of 2-propanol.
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5.2.5 Biocatalyzed double oxidation of cycloalkanes 1 with different CYP BM-
3 and LK-ADH and addition of 2-propanol

By adding 2-propanol, the reduced cofactor form NADPH which is required for the
initial hydroxylation step, is generated in situ from NADP’. This approach is
preferable for NADP* is more cost-effective than the reduced NADPH.* |n
Table 13 the results of the double oxidation of 0.1mmol 1a with addition of
2-propanol (2.5%o (v/v)) are summarized (SOP 15).

Table 13. Results of the double oxidation of 1a with addition of 2-propanol

CYP BM-3, 0, OH LK-ADH 0
O (7.62U/mmol) O/ (200 U/mmol) (j
la NADPH  NADP* 22 NADP*  NADPH 3@

100 mM A A ' insitu-formation, A ;
i ... notisolated i
O R U R U U 1
)J\> [ 1 mL phosphate buffer (pH 7, 50 mM, 1 mM MgCl,), 24 h, r.t. ]
OH
)\ NADP*
2.5 %o (0.1 eq.)
(v/v)
Activity CYP Recovery/formation® [g/L]
Ent BM-3 LK-ADH NADP* of
ntr -
y [U/mmoll/[ul]  [mol%]
[U]/[mg] ..1a ..2a ..3a
WT
a) 200/326 10 0.75 0.25 0.35
0.762/109.2
19A12
b) 200/326 10 1.39 0.68 0.19
0.762/5.2
19A12
b) 200/326 10 0.91 0.40 0.18
0.762/5.2

*The content of CYP BM-3 WT amounts to 1.260 umol/g lyophilized crude extract; ®The content of
CYP BM-3 19A12 (0) amounts to 0.123 umol/g lyophilized crude extract; The term “recovery”
describes the mass concentration in g/L of a compound initially added to the reaction, that is
recovered after workup, here cycloalkane 1. The term “formation” describes the mass concentration
in g/L of a compound which is formed during the reaction and isolated while workup (product
formation of cycloalkanol 2 and cycloalkanone 3). All mass concentrations in g/L were determined
via gas chromatography.

Higher product amounts (0.35g/L) were obtained by applying the wildtype
enzyme, probably due to the high protein loading and the associated
macromolecular crowding. However, this extremely increased need for biomass
renders this enzyme unattractive for further applications. The experiments with
the mutant CYP BM-3 19A12 showed a product formation of 0.18 resp. 0.19 g/L
that lag far behind the product formations without 2-propanol-starter
(0.41 g/L)(5.2.4). This is the reason why this type of biotransformation was
generally conducted in the absence of 2-propanol.
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In Table 14 the results of the double oxidation of 0.1 mmol 1b with addition of
2-propanol (2.5%o (v/v)) are summarized (SOP 15).

Table 14. Results of the double oxidation of cyclodecane (1b) with CYP

BM-3 19A12
CYP BM-3 19A12 LK-ADH 0
O (7.62 U/mmol) 02 O/ (200 U/mmol) (j
)n=5 \ g )n=5
1b NADPH NADP* NADP* NADPH 3b
100 mM " | in situ-formation, .
: , not isolated ' i
)?\ b e e e T g
OH> [ 1 mL phosphate buffer (pH 7, 50 mM, 1 mM MgCl,), 24 h, r.t. ]
)\ NADP*
2.5 %o (0.1eq.)
(v/v)
Activity Recovery/formation® [g/L]
LK-ADH NADP*
Entry 19A12 w/ Wil [mol%] of
mmo mo
[U)/Img] H “ 1b .20 .3b
1 0.762/19.6” 200/91 10 7.92 0.00 0.24
2 0.762/14.9" 200/166 10 9.66 0.00 0.27
3 0.762/14.9° 200/166 10 9.38 0.00 0.27
4 0.762/14.9" 200/166 10 10.28 0.00 0.25

“The content of CYP BM-3 19A12 (0) amounts to 0.123 umol/g lyophilized crude extract; he
content of CYP BM-3 19A12 (2) amounts to 0.120 umol/g lyophilized crude extract; The term
“recovery” describes the mass concentration in g/L of a compound initially added to the reaction,
that is recovered after workup, here cycloalkane 1. The term “formation” describes the mass
concentration in g/L of a compound which is formed during the reaction and isolated while workup
(product formation of cycloalkanol 2 and cycloalkanone 3). All mass concentrations in g/L were
determined via gas chromatography.

Entry 1 shows one of the early experiments of the double oxidation of
cyclodecane (1b) with CYP BM-3 19A12 and LK-ADH, in which a product formation
of 0.24 g/L cyclodecanone (1b) was detected. Since the double oxidation of 1b
without the 2-propanol-starter gave slightly poorer results (0.20 g/L) this type of
biotransformation was generally conducted in the presence of 2-propanol. A
reason for this phenomenon, namely the slightly higher product formation in the
presence of low concentrations of 2-propanol (2.5%o (v/v)) could be the following:
Not only the amount of NADPH, necessary to start the first step of the
biotransformation is generated by this system. Also the wastage of NADPH, an
undesired result from three possible additional shunt pathways consuming
NADPH decoupled from the substrate oxidation, is compensated by the
regeneration of NADPH with 2-propanol. The experiments shown in entry 2-4,
were conducted one year after the experiment shown in entry 1 and the obtained
result of entry 1 could be reproduced precisely accurate for three times.
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Like in the experiments without 2-propanol-starter (5.2.4) no intermediate was
detected in contrast to the conversion of 1a. But if the result of the enzyme
activity test is regarded (5.2.1), where it is shown that the substrate cyclodecanol
(2b) is accepted 3 to 6 times better by the LK-ADH than the substrate
cyclohexanol (2a), it becomes clear that 2b is quickly converted into 3b and
therefore did not accumulate.

5.2.6 Biocatalyzed double oxidation of cycloalkanes 1 with different CYP
BM-3 and LK-ADH with reduced amount of cofactor

Aiming to find out if an economically profitable reduction of the high-priced
cofactor quantity - and therefore a notable decrease of the total turn over
number (TTN) - is possible, several experiments are conducted with reduced
amount of cofactor. Compared to the experiments described so far in which
generally 10 mol% of cofactor were applied, the input of only 1 or 2 mol%
cofactor was analyzed (SOP 16). The results of the double oxidation of 0.1 mmol
1a with addition of only 1 or 2 mol% cofactor are summarized in Table 15.
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Table 15. Results of the double oxidation of cyclohexane (1a) with different
concentrations of cofactor NADPH

CYP BM-3, O, OH LK-ADH 0
O (7.62 U/mmoI) O/ (200 U/mmol) (j
la NADPH NADP+ NADP* NADPH 33
100 mM (0.01-0.02 eq.) ! in 5/tu—format|on, \ !
A i not isolated ! !
0]
A [ 1 mL phosphate buffer (pH 7, 50 mM, 1 mM MgCl,), 24 h, r.t. ]
)\ optionally
2.5 %o NADP*
(V/v) (0.01 eq.)
Activity Recovery/formation® [g/L]
En- LK-ADH
. 19A12 W/ e NADP(H) of
r mmo
Y [U]/[mg] ! .1a ..2a ..3a
1 0.762/5.2% 200/825 1 mol% 0.42 0.09 0.08
2 0.762/5.2% 200/825 1 mol% 1.04 0.09 0.10
3 0.762/5.2% 200/825 2 mol% 1.07 0.11 0.11
4  0.762/5.2" 200/825 2mol%”  0.98 0.09 0.10
5 0.762/10.3” 200/528°) 1 mol% 0.31 0.19 0.28

6 0.762/10.3" 200/528° 10 mol% 1.61 0.16 0.99

“The content of CYP BM-3 19A12 (0) amounts to 0.123 umol/g lyophilized crude extract; ®The
content of CYP BM-3 19A12 (2) amounts to 0.120 umol/g lyophilized crude extract; 9addition of LK-
ADH without dilution in glycerol; Yeach 1 mol% cofactor in oxidized + reduced form; “The term

“recovery” describes the mass concentration in g/L of a compound initially added to the reaction,
that is recovered after workup, here cycloalkane 1. The term “formation“ describes the mass
concentration in g/L of a compound which is formed during the reaction and isolated while workup
(product formation of cycloalkanol 2 and cycloalkanone 3). All mass concentrations in g/L were
determined via gas chromatography.

For the experiments shown in entry 1-4, always the same amount of both
enzymes (CYP BM-3 and LK-ADH) was applied to obtain comparable results. The
product formation is pretty much the same employing 1 or 2 mol% of NADPH.
Also the application of both, each 1 mol% of the reduced as well as of the
oxidized form of cofactor gave no notable increase on the product formation. This
is not surprising for the initially necessary NADPH in den comparative tests is not
formed via a 2-propanol-starter. In entry 5, the amount of CYP BM-3 19A12 was
twice as high (10.3 mg) as in the previously conducted experiments (entry 1-4;
5.2 mg) and additionally the amount of LK-ADH (528 uL crude extract instead of
825 uL crude extract diluted 1:1 in glycerol) is increased. As already depicted in
5.2.4, macromolecular crowding is, besides an optimized work up, hence the
explanation for this threefold higher product formation.
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Comparing the experiments in entry 5 and 6, that differ only in the amount of
cofactor, it is apparent that scarcely % of the benchmark product formation can
be accomplished with 0 amount of cofactor. The results of the double oxidation
of 0.1mmol 1b with addition of only 1 or 2 mol% cofactor are summarized in Table
16.

Table 16. Results of the double oxidation of cyclodecane (1b) with different
concentrations of cofactor NADP”

CYP BM-3 19A12 LK-ADH 0
O (7.62 U/mmol) o, O/ (200 U/mmol) (j
)n:S \ )n=5
1b NADPH NADP* NADP* NADPH 3b
100 mM  (0.01 eq.) . insitu-formation, A :
A \ not isolated ' !
)?\ e |
OH [ 1 mL phosphate buffer (pH 7, 50 mM, 1 mM MgCl,), 24 h, r.t. ]
)\ NADP*
2.5 %o (0.01-0.02 eq.)
(v/v)
Activity Recovery/formation® [g/L]
En- LK-ADH .
. 19A12 w/ /] NADP of
r mmo
Y [U)imel H .1b  .2b  .3b
1 0.762/19.6° 200/241 1 mol% 7.34 n.d.” 0.26
2 0.762/19.6% 200/241 1 mol% 3.25 n.d.” 0.29
3 0.762/19.67 200/241 2mol%  7.08 n.d.” 0.25
4  0.762/19.6” 200/241 2mol%?  4.23 n.d.” 0.35
5  0.762/14.9" 200/83¢ 1 mol% 7.88 n.d.” 0.22
6 0.762/14.9" 200/166 10mol%  9.38 n.d.” 0.27

“The content of CYP BM-3 19A12 (0) amounts to 0.123 umol/g lyophilized crude extract; *The
content of CYP BM-3 19A12 (2) amounts to 0.120 umol/g lyophilized crude extract; C)Addmon of LK-
ADH without dilution in glycerol; Yeach 1 mol% cofactor in oxidized + reduced form; “The term
“recovery” describes the mass concentration in g/L of a compound initially added to the reaction,
that is recovered after workup, here cycloalkane 1. The term “formation“ describes the mass
concentration in g/L of a compound which is formed during the reaction and isolated while workup
(product formation of cycloalkanol 2 and cycloalkanone 3). All mass concentrations in g/L were
determined via gas chromatography; Inot detected.

Entry 6 shows the benchmark experiment with a product formation of 0.27 g/L.
The biotransformations applying only 1-2 mol% NADP® gave nearly the same
product formation which was 0.26 g/L on an average (entry 1-3, 5). A slightly
higher product formation was realized when using each 1 mol% of the reduced as
well as of the oxidized form of cofactor (entry 4). This is not surprising since only
half of the amount of the cofactor NADPH has to be produced in situ and the
reaction could start immediately without waiting for the starter-step.
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5.2.7 Biocatalyzed double oxidation of cycloalkanes 1 with different CYP
BM-3 and LK-ADH with reduction of the reaction time

Since a shortened reaction time enables the performance of more experiments
and decreases the consumption of resources, the biotransformationes with
cyclohexane (1a) as well as with cyclodecane (1b) as substrates were analyzed
with regard to this parameter (SOP 17). The results of the biotransformation of
cyclohexane (1a) are summarized in Table 17 and can be compared easily to the
benchmark experiment (entry 3), for the same amounts of both enzymes (CYP
BM-3 19A12 and LK-ADH) were applied.

Table 17. Results of the double oxidation of cyclohexane (1a) with shortened
reaction time

CYP BM-3
19A12, 0, OH LK-ADH (0]
O (7.62 U/mmol) O/ (200 U/mmol) g
1a NADPH  NADP* 2a NADP* NADPH 3a
100 mM (0.1 eq.) in situ-formation,

not isolated !

[ 1 mL phosphate buffer (pH 7, 50 mM, 1 mM MgCl,), 2-4 h, r.t.]

Activity LCADH . Recovery/formation® [g/L]
- me
Entry 19A12 w/ /] (h] of
mmo
[U]/[mg] " ..1a ..2a ..3a
1 0.762/10.3% 200/528 2 1.09 0.22 0.37
2 0.762/10.3% 200/528" 4 0.66 0.23 0.51
3 0.762/10.3% 200/528” 24 1.61 0.16 0.99

The content of CYP BM-3 19A12 (2) amounts to 0.120 umol/g lyophilized crude extract; ®Iaddition
of LK-ADH without dilution in glycerol; “The term “recovery” describes the mass concentration in g/L
of a compound initially added to the reaction, that is recovered after workup, here cycloalkane 1.
The term “formation” describes the mass concentration in g/L of a compound which is formed
during the reaction and isolated while workup (product formation of cycloalkanol 2 and
cycloalkanone 3). All mass concentrations in g/L were determined via gas chromatography.

After 4 h, which is one sixth of the generally used reaction time of 24 h, the
product formation was already at 0.51 g/L, therefore the half of 0.99 g/L. The
results of the biotransformation of cyclodecane (1b) are summarized in Table 18.
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Table 18. Results of the double oxidation of cyclodecane (1b) with shortened
reaction time

CYP BM-3 19A12 OH LK-ADH 0
O (7.62 U/mmol), O, O/ (200 U/mmol) (j
)n=5 \ )n=5 \ )n=5
1b NADPH  NADP* 2P NADP*  NADPH 3P
100 mM WY . Insitu-formation,
E | not isolated ' E
)(J)\ I . J
OH> [ 1 mL phosphate buffer (pH 7, 50 mM, 1 mM MgCl,), 2-4 h, r.t. ]
)\ NADP*
2.5 %o (0.1eq.)
(v/v)
Activity Recovery/formation® [g/L]
LK-ADH Time
Entry 19A12 Wmmol/lutl  [h] of
mmo
[U]/[mg] H ..1a ..2a ..3a
1 0.762/14.93) 200/166 2 11.81 0.00 0.21
2 0.762/14.93) 200/166 4 10.98 0.00 0.23
3 0.762/14.93) 200/166 24 9.38 0.00 0.27

“The content of CYP BM-3 19A12 (2) amounts to 0.120 umol/g lyophilized crude extract; ®The term
“recovery” describes the mass concentration in g/L of a compound initially added to the reaction,
that is recovered after workup, here cycloalkane 1. The term “formation” describes the mass
concentration in g/L of a compound which is formed during the reaction and isolated while workup
(product formation of cycloalkanol 2 and cycloalkanone 3). All mass concentrations in g/L were
determined via gas chromatography.

The experiments using cyclodecane (1b) as substrate are - in contrast - more easy
to abbreviate, for the shortening of the reaction time brought along only a
marginal decrease of the product formation. The reason for this divergence -
namely the different product formation of 3a and 3b at shortened reaction times
of the double oxidation - can be found in the fact that the biotransformation of 1b
is faster compared to the biotransformation of 1a. Cyclodecanol (2b) is accepted 3
to 6 times better by the LK-ADH than cyclohexanol (2a) what makes the reaction
faster and provides the reduced form of the cofactor more quickly to the first
oxidation step.

5.2.8 Biocatalyzed double oxidation of cyclodecane (1b) with increased
initial substrate concentration

To compare the influence of the substrate concentration on the product
formation, one experiment with fivefold substrate concentration was conducted
(SOP 18). The results are summarized in Table 19.
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Table 19. Results of the double oxidation of cyclodecane (1b) with increased
substrate concentration

CYP BM-3 19A12 LK-ADH o)
O (7.62 U/mmol) 0, O/ (200 U/mmol) (j
)n:S \ = )n=5
1b NADPH NADP" NADP*  NADPH 3P
100-500 mM A | in situ-formation, .
E X not isolated ' i
)(J)\ T J
OH> [ 1 mL phosphate buffer (pH 7, 50 mM, 1 mM MgCl,), 24 h, r.t. ]
)\ NADP*
2.5 %o (0.1eq.)
(v/v)
Activity Recovery/formation® [g/L]
Ent 19A12 LK-ADH 1b of
ntr
y [U/mmol]/[ul]  [mmol]
[U]/[mg] ..1a ..2a ..3a
1 0.762/14.93) 200/166 0.1 10.28 0.00 0.25
2 0.762/14.93) 200/166 0.5 64.32 0.00 0.82

“The content of CYP BM-3 19A12 (2) amounts to 0.120 umol/g lyophilized crude extract; ®The term
“recovery” describes the mass concentration in g/L of a compound initially added to the reaction,
that is recovered after workup, here cycloalkane 1. The term “formation” describes the mass
concentration in g/L of a compound which is formed during the reaction and isolated while workup
(product formation of cycloalkanol 2 and cycloalkanone 3). All mass concentrations in g/L were
determined via gas chromatography.

The increase of the substrate concentration leads to higher product formations,
but the correlation is not linear. However, this slightly more than three-times
higher product formation can easify the analytic that is quite complex at low
product formations.

5.2.9 Double oxidation of cyclohexane (1a) using a superabsorbed enzyme
tandem

Aiming to make the presented biotransformation even more attractive by
enhancing the conversion in relation to the catalysts by using the catalysts more
often than once, a co-immobilisate of enzymes, hereinafter referred to as
‘superabsorbed enzyme tandem’, was prepared (SOP 19). This superabsorbed
enzyme tandem consisted of a cytochrome P450 monooxygenase from Bacillus
megaterium (CYP BM-3 19A12) and an alcohol dehydrogenase from Lactobacillus
kefir (LK-ADH) together with the cofactor NADPH and was applied for the
enzymatic two-step one-pot process. To obtain this hydrogel matrix, the
superabsorbent polymer Favor SXM 9155 was employed. The results of the
biotransformation are summarized in Table 20 (SOP 20).
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Table 20. Double oxidation of cyclohexane (1a) using the superabsorbed enzyme

tandem
(0]
O superabsorbed enzyme tandem: (j
CYP BM-3 19A12 and LK-ADH
1a cofactor NADPH 3a
as solvent >
24 h, r.t.
s Method Cyclohexane Cyclohexanol Cyclohexanone
Entry Flask
(SOP 19) (1a) [g/L] (2a) [g/L] (3a) [g/L]
1 A 10 mL o 0.00 0.15
2 B 50 mL® -9 0.00 0.16
39 B 50 mL® - 0.00 0.18

GC-measurements are conducted in a twofold determination; PlExtraction as described in SOP 20,
but instead of dichloromethane, 1a (saturated with water to avoid the unwanted reduction of the
aqueous quantity) was used; c)Enlargement of the air volume in the flask to rule out the deficiency of
molecular oxygen; YConcentration of 1a is higher than the detection limit of the straight calibration
line.

As apparent from Table 20, the product formation was five to six times lower than
in the benchmark experiment using non-immobilized free catalysts, where
0.99 g/L of 3a were formed (5.2.4). Even in the experiments shown in entry 2-3, in
which the immobilisate contained twice the amount of all components (SOP 19)
no increase was observed. The reason for this phenomenon is most likely to be
found in the course of process engineering. The preparation of the heterogenized
enzyme tandem was performed according to HEIDLINDEMANN et al.**"!, keeping the
ratio aqueous phase/superabsorbent polymer constant with the result that a
quite voluminous hydrogel was formed. It is easy conceivable that the reaction
proceeds mainly on the surface of the immobilisate while the inlying enzymes are
passive. Additionally, the proteins on the surface might be denaturated due to the
contact with organic solvent. The extraction of the hydrogel by gently swirling
might be not enough to isolate the product completely. The addition of 5 mL
cyclohexane (1a) were necessary to surround the voluminous hydrogel with
solvent. The decision to use the substrate as solvent arose from the fact that
many common solvents are as well accepted as substrates by the cytochrome
P450 monooxygenase. This increases the over-all substrate concentration
enormously. Despite the increased substrate concentration and the complete
missing of a further solvent, the reaction takes place and a proof of concept for
the co-immobilization of two enzymes and the cofactor to realize the above
presented double oxidation of cycloalkanes 1 was given. Also the recycling of the
co-immobilisate was analyzed (SOP 20). However, the system showed no
conversion after the second cycle and could be optimized (Table 21).
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Table 21. Double oxidation of cyclohexane (1a) using the superabsorbed enzyme
tandem for 1-3 cycles

0]
O superabsorbed enzyme tandem: (j
CYP BM-3 19A12 and LK-ADH

1a cofactor NADPH 3a

as solvent >
24 h, r.t.

Cyclohexanone (3a)

c a) cvel Cyclohexane Cyclohexanol (/L i bilized
ntr ycle g/L immobilize
y (1a) [g/L] (2a) [g/L]
aqueous phase]
1 1 e 0.00 0.18
2 2 Y 0.00 0.04
3 3 P 0.00 <0.01

GC-measurements are conducted in a twofold determination with the result that for each reaction
the average of a twofold dataset is calculated; Plconcentration of 1a over the detection limit of the
straight calibration line.

A possible explanation why the system shows no conversion after the second
cycle is the denaturation of the biocatalyst on the outer shell of the immobilisate.
Furthermore the incomplete extraction after the first (and every following
reaction cycle) leads to the accumulation of organic materials in the hydrogel
compartiment, causing a destabilization of the biocatalyst.
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6 Biocatalyzed double oxidation of cycloalkanes 1
via whole cell catalysis

6.1 Introduction, state of the art and aim of this section

Already in ancient times, mankind employed microorganisms - and therefore
catalytically active whole cells - within daily life. Completely unaware of their tiny
assistants the Sumerians from Mesopotamia started to brew beer since 6000 BC.
Today it's known that for the activation of the fermentation process the dominant
operating organism is Saccharomyces cerevisiae, already present on the barley.
The situation is equal to the wine: Squashed berry juice was fermented yielding
alcohol by yeast growing on the berries. As well as the production of these
fermented beverages, the manufacturing of bread and cheese is based on the

application of living microorganisms. 44

For preparative and scientific purposes, microorganisms were applied 1858 for
the first time by L. PASTEUR when he realized the first microbial kinetic resolution
with the fungus Penicillium glaucum. This fungus is converting exclusively the
(R,R)-tartaric acid ((R,R)-75) of racemic ammonium tartrate (rac-75), not touching
the (S,S)-tartaric acid ((S,5)-75). The non-metabolizable enantiomer is accumulating
to an excess amount of (S,S)-tartaric acid ((S,S)-75) (Scheme 41).113%%%%/

COOH COOH
HO——H Penicillium glaucum HO=—H
H——OH H=—t=OH
COOH COOH
rac-75 (5,5)-75

Scheme 41. Kinetic resolution of racemic tartaric acid (rac-75) yielding
(5,5)-tartaric acid ((S,S)-75)

But not only on a laboratory scale whole cell biotransformations are highly
successful. One of the first biocatalytic reactions using whole cells as catalysts for
the industrial synthesis of considerable intermediates is shown in Scheme 42 and
further outstanding processes shoud be developed.™ In 1921, NeuserG and
HIRSCH published a procedure in which benzaldehyde (76) and pyruvate (77)
undergo C-C bond formation in the presence of Saccharomyces cerevisiae,
yielding the optically active key intermediate (R)-phenyl-acetylcarbinol
((R)-78).°% Applying two further chemical steps, the nearly enantiomerically pure
L-ephedrine ((1R,25)-79) is easily synthesized from the precursor (R)-78 (Scheme
42).
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0 0 pyruvate OH
H o4 )kH/OH decarboxylase 1) NH CH3 .
o (from yeast) 2) HZ/Pt Hlil\

76 77 02 (R)-78 (1R,25)-79

Scheme 42. L-Ephedrine production in the presence of yeast and two further
chemical steps, since 1930 by Knoll-AG, Ludwigshafen (Germany)®**

For the purpose of cost- and atom efficiency, acetaldehyde (80) can be employed
in preference to pyruvate (77).” This is one of the oldest biocatalytic processes
still applied, for ephedrine 79 is synthesized until today following this
procedure.>"

Another important process based on whole cell catalysis, the synthesis of
acrylamide (81) from acrylonitrile (82), is often serving as prime example to
demonstrate the commercial relevance of biocatalysis in industry. Acrylamide (81)
ranks among the most significant chemical commodities for it is applied as
versatile starting material for polymers. This importance is mirrored by the global
consumption of about 200 000 tons per year worldwide.™®? Quite recently, in the
year 2013, it was published that the reaction shown in Scheme 43 is now
performed on a scale of > 40 000 tons per year, which represents % of the global

demand.!**®
NH,
A eN 4 H,0 nitrile hydratase /\c[)]/
82 (immobilized cells of 81

Rhodococcus rhodochrous J1)

Scheme 43. Acrylamide-Process based on immobilized whole cells, since 1985 by
Nitto Chemical Ltd (Japan)

The last example that should emphasize the enormous significance of whole cells
in biocatalysis is the hydantoinase process. The D-hydantoinase process (Scheme
44, above) is applied since the 1970s, providing a direct access to b-amino acids
(D-83) and in this particular case to b-phenylglycine (D-83a) and p-hydroxyphenyl-
glycine (D-83b). Nowadays, more than 1000 tons per year of D-83a and D-83b are
produced as these compounds serve as side chain building blocks for the B-lactam
antibiotics ampicillin 84 and amoxicilin 85."*® A process of highest importance is
without doubt the L-hydantoinase process (Scheme 44, below), producing L-amino
acids (L-83) with the aid of a tailor-made recombinant whole-cell biocatalyst
(Scheme 45).1*°¢!
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R._-COOH

o]
R
\')(NH D-hydantoinase R\./COOH D-carbamoylase

HN\« +H,0 H \H/NHZ /\' NH,
O 0 H,0 CO,+NH; p.g3
D-86 D-87

20

“ racemase [ j

(0]
COOH R

R
HNH L-hydantoinase R\‘/ L-carbamoylase "~
HN~( +H,0 HN\H/NHZ /\' NH,
0]

0 H,0 CO,+NH; g3
L-87

L-86

Scheme 44. Reaction scheme of the bD-hydantoinase process (above) and the
L-hydantoinase process (below) for the production of b- resp. L-amino acids (D-83
resp. L-83), starting from D- resp. L-hydantoin (D-86 resp. L-86) via the
corresponding D- resp. L-carbamoyl amino acid (D-87 resp. L-87) **®

R 0 whole cell catalyst: recombinant E. coli cells R. _COOH
*ﬂNH overexpressing a racemase, a L-carbamoylase Y
HN\« and a L-selective hydantoinase (enantioselectivity NH,
(6] was inverted by directed evolution) .83
rac-86 T

H,O CO, + NH,4

Scheme 45. Reaction scheme of the L-hydantoinase process yielding L-amino acids
(L-83) ¢

As pointed out above, there are several processes that are based on whole cell
biocatalysts and their application is known to have clear advantages. There is no
universal answer to the question if a certain reaction should be conducted in the
presence of whole cells or isolated enzymes. Some criterions helpful to balance
the pros and cons are - without raising a claim to completeness - summarized in
Table 22.7
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Table 22. Pros and cons of non-recombinant whole cells and isolated enzymes as
catalysts according to JEROMIN'®

Non-recombinant whole cells as catalyst Isolated enzymes as catalyst

Demand for expensive cofactors in

) ) stoichiometric amounts or need for
Cofactor recycling occurs in the cell .
an external cofactor regeneration

system
Side reactions are characteristic for a Side reactions are rare for this highly
multi-enzyme system, a previous selective and definable system what
statement concerning the selectivities is | makes the reaction good manageable
difficult and a process more controllable

Biotransformations with extracellularly Absence of a protective cell

not stable or applicable enzymes are membrane requires suitable reaction

possible. However, the substrate has to conditions to avoid the denaturation

overcome the cell membrane to enter | ©f the complete loss of activity of the

the cytosol sy

Working up might cause difficulties as a

) Working up is traditionally rather easy
result of the biomass

Due to these advantages, especially with regard to the process management, it is
worthy to analyze if results that are obtained with isolated enzymes as catalysts
can be reproduced in a comparative whole cell biotransfomation. In particular
problems like side reactions, catalyzed by other enzymes in the wildtype cells, can
be avoided by using recombinant whole cell catalysts.

In the case of cytochrome P450 monooxygenases (CYPs), this approach is
promising for there are already several whole cell biotransformations with this
class of enzymes. Indeed, the technical application of these enzymes is still
constrained to a limited number of whole cell processes[67], recently reviewed by
BERNHARDT and URLACHER.!™®”! The reason behind this fact is that isolated enzymes
are considered to be inappropriate basically because of their low stability, their
stoichiometric demand for the high priced cofactors NAD(P)H and the low
solubility of many substrates in aqueous reaction media.’”” Indeed it is not
necessary to add stoichiometric amounts of cofactor if a regeneration system is
applied. However, additional cofactor has to be regenerated to compensate the

losses within the shunt pathways.
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Microbial oxidations of steroids are good examples of commercial applications of
cytochrome P450 monooxygenases. 11-Deoxycortisol (88) for example can be
transformed into hydrocortisone (89) via hydroxylation catalyzed by a CYP from
Curvularia sp. This process is applied by Schering AG (in 2006 acquired by Merck,
Germany) and performed on an industrial large scale of about 100 tons per year
(Scheme 46).194157138]

° OH 0 OH

10H ] HO 10H
Curvularia sp.

0] 0]
88 89

Scheme 46. Reaction scheme of the hydroxylation of 11-deoxycortisol (88)

A further example already established in the 1950s is the application of Rhizopus
sp. for the regioselective hydroxylation of progesterone (38) yielding cortisone
(90) (Scheme 47) conducted by Pharmacia & Upjohn (meanwhile acquired by
Pfizer Inc., USA).1*>7159]

0

Rhizopus sp.

38

Scheme 47. Reaction scheme of the regioselective hydroxylation of progesterone
(38) yielding cortisone (90)

But also in the particular case of CYP-based whole cell biotransformations with
(cyclic) alkanes as substrates researchers already started their investigations.?**
Taking their results into consideration, there is a reasonably confidence for the
quite similar substrates cyclohexane (1a) and cyclodecane (1b) applied in this
work. The first whole cell double oxidation of n-heptane (29) was recently
reported by MULLER et al.***? and is shown in Scheme 48. While the two-enzyme
system (consisting of CYP BM-3 and one ADH) enables the chiral resolution of the
(R)- resp. (S)-heptanols ((R)- resp. (5)-91) (RE-ADH: (S)-selective; LB-ADH:
(R)-selective), the three-enzyme system converts the alcohols 91 completely into

the corresponding ketones 92,3432
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OH OH
= &
N\ ROR! R)\R' N\ 29
NADH NAD* (5191 (rj91 NADPH NADP*

N 0

NADH-dependent NADPH-dependent

Scheme 48. Reaction scheme of the whole cell double oxidation of n-heptane (29)
with a three-enzyme catalyst, converting the intermediates (R)- resp. (S)-
heptanols ((R)- resp. (5)-91) completely into the corresponding ketones 925322

This concept was furthermore successfully adapted to cyclooctane (1d) and the
application of the three-enzyme system CYP BM-3 19A12“*°"_RE-ADH-LB-ADH
yielded 94% cyclooctanone (3d) (652 mg/l). With the two-enzyme system
containing CYP BM-3 19A12-LB-ADH the third highest TTN of 23700 for CYP BM-3
was achieved (Scheme 49).5?

O CYP BM-3
NAD
DH

OH
1d NADPH p* O
0
@i —
3d

Scheme 49. Reaction scheme of the whole cell double oxidation of cyclooctane
(1d) yielding the corresponding ketone 3d"%

Cyclohexane (1a) and cyclodecane (1b) turned out to be the most promising
substrates in both, the monohydroxylation experiments and the double oxidation
approaches. In this section it is analyzed if the cyclic alkanes cyclohexane (1a) and
cyclodecane (1b) can be applied as substrates in a whole cell biotransformation as

good as the encouraging substrate cyclooctane (1d).?

6.2 Results and discussion

6.2.1 Cultivation of the recombinant cells

To investigate cyclohexane (1a) and cyclodecane (1b) in a whole cell
biotransformation two different constructs were applied. These two constructs
(E. coli BL21 (DE3) Gold Lacl® pALXtreme-1a P450 BM-3 19A12"*°""(Kan®) + pKA1
LB-ADH (Cm") and E. coli BL21 (DE3) Gold Lacl* pALXtreme-la P450 BM-3
19A12"°"::RE-ADH (Kan®) + pKA1 LB-ADH (Cm®)) were previously used in the
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above-mentioned biotransformation of cyclooctane (1d).B**? In both cases
recombinant cells from E. coli are used in which the respective enzymes were
coexpressed. At one point, the monooxygenase and the LB-ADH were coex-
pressed on two different plasmids while the other time, the RE-ADH was coex-
pressed on the same plasmid with the monooxygenase while the LB-ADH was
coexpressed on a second plasmid. The strains were cultivated according to SOP 21
and for the whole cell experiments the cells were defrosted and suspended in
buffer.

6.2.2 Oxidation of cyclohexane (1a) using a two- and a three-enzyme system

In this section the whole cell biotransformation of cyclohexane (1a) is described
which was carried out according to SOP 22. The reaction scheme is shown in Table
23 - Table 24 and the model reaction was studied at different reaction times. The
concentration of the substrate 1a, the intermediate 2a and the product 3a was
analyzed via gas chromatography and the results are summarized in Figure 23 -
Figure 24.

Table 23. Oxidation of cyclohexane (1a) using construct A, BL21 (DE3) Gold LacI**
pALXtreme-1a P450 BM-3 19A12"°""(Kan®) + pKA1 LB-ADH (Cm"); ODggo = 40.2,
CDW = 8.7 (cell dry weight; in gcow L)

O P450-monooxygenase + O,
S\
1a

P450 BM-3 OH
10 mM
™ NAD(PH 19A12%0PH 4 g apH  NAD(P)” [O/

o g

alcohol dehydrogenase

3a
. Product yield on
T 22
Entry) ¢ lafg/l] 2alg/l] 3alg/L] a+3a catalyst”
[h] [8/L]
[mgproduct/gCDW]

1 0.5 0.06 0.10 0.02 0.12 14
2 1 0.01 0.16 0.08 0.24 28
3 2 0.02 0.21 0.14 0.35 40
4 4 0.03 0.26 0.15 0.41 94
5 18 0.02 0.36 0.04 0.40 47
6 24 0.02 0.38 0.04 0.42 48

a)Both, experiments and GC-measurements are conducted in a twofold determination with the
result that for each reaction the average of a fourfold dataset is calculated,; ®Jproduct yield on
catalyst describes the ratio between the sum of products mass concentrations (22+3) in mg/L and
the amount of catalyst as cell dry weight in gcpw L™
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Figure 23. Oxidation of cyclohexane (1a) using construct A, BL21 (DE3) Gold Lacl*
pALXtreme-1a P450 BM-3 19A12""™(Kan®) + pKA1 LB-ADH (Cm®) over the course
of time
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Table 24. Oxidation of cyclohexane (1a) using construct B, BL21 (DE3) Gold Lacl®
pALXtreme-1a P450 BM-3 19A12"""::RE-ADH (Kan®) + pKA1 LB-ADH (Cm®);
ODggo = 39.0; CDW = 5.0 (cell dry weight; in gcpw LY

O P450-monooxygenase + O,
S\
1a

PA450 BM-3 OH
10mM " NAD(P)H|  19A12MAPH:READH  NAD(P)* [O/

+ LB-ADH
0 2a

alcohol dehydrogenase

3a
Ti 52a+3 Product yield on
ime a+3a
Entry® la[g/L] 2a[g/L] 3al[g/L] catalyst”
[h] [g/L]
[mgproduct/gCDW]

1 0.5 0.05 0.08 0.03 0.11 22
2 1 0.03 0.14 0.09 0.23 46
3 2 0.02 0.18 0.15 0.33 66
4 4 0.01 0.25 0.21 0.46 92
5 18 0.01 0.41 0.06 0.47 94
6 24 0.01 0.43 0.08 0.51 102

a)Both, experiments and GC-measurements are conducted in a twofold determination with the
result that for each reaction the average of a fourfold dataset is calculated; ®product yield on
catalyst describes the ratio between the sum of products mass concentrations (£2+3) in mg/L and
the amount of catalyst as cell dry weight in gcpw L™
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Figure 24. Oxidation of cyclohexane (1a) using construct B, BL21 (DE3) Gold Lac
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Both, the series of experiments with the two-enzyme system (consisting of CYP
BM-3 19A12™P°™ and LB-ADH) and the three-enzyme system (consisting of CYP
BM-3 19A12"" RE-ADH and LB-ADH) (Scheme 48 - Scheme 49 and Figure 23 -
Figure 24) showed a very similar progress: in the beginning of the whole cell
catalyzed reaction, the concentration of the substrate cyclohexane (1a) is
continually decreasing. At about the same time, the concentration of the
intermediate cyclohexanol (2a) and the product cyclohexanone (3a) is continually
increasing. After the 4 initial hours of the reaction, the equilibrium is strongly
shifted from the product cyclohexanone (3a) towards the intermediate
cyclohexanol (2a). A conceivable explanation for this phenomenon is the low
stability of the cytochrome P450 monooxygenase and the associated,
chronological following disruption of the first oxidation step. As a consequence,
the reduced form of the cofactor NAD(P)H accumulates within the cells. This
excess causes the increased activity of the alcohol dehydrogenase in the reductive
direction.

The experiments with the three-enzyme system (CYP BM-3 19A12"**"+ RE-ADH +
LB-ADH) showed a tendentially higher product formation (up to 0.51 g/l 2a and
3a) than the experiments with the two-enzyme system (CYP BM-3 19A12MP™"4
LB-ADH) where up to 0.42 g/l 2a and 3a are produced. An explanation for these
findings is the varying intracellular concentration of CYP BM-3 that can be
ascribed to a varying expression level of the recombinant protein in the cells. This
value, specified as Mgpaso/Eow, is generally determined via CO-difference
spectroscopy. For the experiments described in this chapter, the intracellular
concentration of CYP BM-3 was not determined. Nevertheless, it is published by
MULLER et al. that the cells containing three enzymes (CYP BM-3 19A12"*°"+
RE-ADH + LB-ADH) include a fourfold higher concentration of the monooxygenase
(12 mgpaso/gcow) than the cells containing only two enzymes (3 mgpaso/8cow With
CYP BM-3 19A12"°""+ LB-ADH). Within the whole cell double oxidation of
n-heptane, this considerably increased content of CYP BM-3 causes an
improvement in product formation.**? Assuming that this a general tendency,
this makes the increased formation of the oxidation products 2a and 3a with the
three-enzyme system (CYP BM-3 19A12"°"+ RE-ADH + LB-ADH) more
comprehensible.

6.2.3 Oxidation of cyclodecane (1b) using a two- and a three-enzyme system

In this section the whole cell biotransformation of cyclodecane (1b) is described
which was carried out according to SOP 23. The reaction scheme is shown in Table
25 - Table 26 and the model reaction was studied at different reaction times. The
concentration of the substrate 1b, the intermediate 2b and the product 3b was
analyzed via gas chromatography and the results are summarized in Figure 25 -
Figure 26.
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Table 25. Oxidation of cyclodecane (1b) using construct A, BL21 (DE3) Gold Lacl*
pALXtreme-1a P450 BM-3 19A12"**""(Kan®) + pKA1 LB-ADH (Cm®);
ODggo = 39.4; CDW = 14.9 (cell dry weight; in gcpw LY

Ci) P450-monooxygenase + O,
\
1b
100 mM P450 BM-3 . OH
NAD(P)HT " 19a12NADPH ;. |g.ADH NAD(P)

0 K 2b
Ci:/r alcohol dehydrogenase

3b
Product yield on
Entry® Time 1b [g/L] 2b[g/L] 3b[g/L] 22b+3b catalyst”
[h] [8/L]
[mgproduct/gCDW]
1 1 8.00 - 0.06 0.06 4
2 4.5 6.42 - 0.10 0.10 7
3 20 1.99 - 0.06 0.06 4

*Both, experiments and GC-measurements are conducted in a twofold determination with the
result that for each reaction the average of a fourfold dataset is calculated; ®Jproduct yield on
catalyst describes the ratio between the sum of products mass concentrations (£2+3) in mg/L and
the amount of catalyst as cell dry weight in gcpw L™~

1b
50000
1h 3b
0 1 T T T T T A
2.1 2.3 2.5 2.7 2.9 3.1
50000
4,5h
O 1 T T T T T A
2.1 2.3 2.5 2.7 2.9 3.1
50000
20h
O 1 1 1 1 1 1 /\
2.1 2.3 2.5 2.7 2.9 3.1

Figure 25. Oxidation of cyclodecane (1b) using construct A, BL21 (DE3) Gold Lacl®
pALXtreme-1a P450 BM-3 19A12"**""(Kan®) + pKA1 LB-ADH (Cm®)
over the course of time
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Table 26. Oxidation of cyclodecane (1b) using construct B, BL21 (DE3) Gold LacI**
pALXtreme-1a P450 BM-3 19A12"*°"::RE-ADH (Kan®) + pKA1 LB-ADH (Cm®);
ODggo = 33.6; CDW = 10.4 (cell dry weight; in gcpw LY

CO P450-monooxygenase + O,
\

1b
P450 BM-3

100 mM \ . OH
NAD(P)H  19A12NAPH::Re.ADH  NAD(P)
+ LB-ADH

alcohol dehydrogenase

3b
Entry’  time [h] 1b 2b 3b £2b+3b Pmdclzj\(';;Iyylsetlbc)j -
[g/L]  [g/L]  [g/L] (8/L]
[Mgproduct/8cow]
1 1 7.97 -- 0.12 0.12 12
2 4.5 7.17 -- 0.12 0.12 12
3 20 4.95 -- 0.12 0.12 12

a)Both, experiments and GC-measurements are conducted in a twofold determination with the
result that for each reaction the average of a fourfold dataset is calculated; ®Jproduct yield on
catalyst describes the ratio between the sum of products mass concentrations (£2+3) in mg/L and
the amount of catalyst as cell dry weight in gcpw L™

1b
50000
1h 3b
O 1 T 1 1 1 1 j\‘
2.1 2.3 2.5 2.7 2.9 3.1
50000
4.5h
0 1 T 1 1 1 1 /\
2.1 2.3 2.5 2.7 2.9 3.1
50000
20h
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2.1 2.3 2.5 2.7 2.9 3.1

Figure 26. Oxidation of cyclodecane (1b) using construct B, BL21 (DE3) Gold LacI*
pALXtreme-1a P450 BM-3 19A12"*°"::RE-ADH (Kan®) + pKA1 LB-ADH (Cm®) over
the course of time
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Both, the series of experiments with the two-enzyme system (consisting of CYP
BM-3 19A12™"™ and LB-ADH) and the three-enzyme system (consisting of CYP
BM-3 19A12™*"" RE-ADH and LB-ADH) (Table 25 - Table 26 and Figure 25 - Figure
26) show a very similar progress: over the course of time the concentration of the
substrate cyclodecane (1b) is continually decreasing. On the other hand, the
concentration of the product cyclodecanone (3b) remains constant (disregarding
one deviation of measurement, Table 25, entry 2). For the intermediate cyclo-
decanol (2b) is not detected at any time, a reasonable explanation for the
decreasing concentration of 1b might be a further- or multiple oxidation. Gas
chromatography was used as analytical method for the absolute and
simultaneous quantification of all cycloalkanes 1, cycloalkanols 2 and cycloalka-
nones 3 by a straight calibration line. Multiple oxidation products would give
signals at higher retention times than the analyzed cycloalkanes 1, cycloalkanols 2
and cycloalkanones 3. Therefore it is conceivable that multiple oxidation products
of cyclodecane (1b) are not detected by the time-optimized method of
measurement which was designed for quantification of the oxidation products
cyclodecanol (2b) and cyclodecanone (3b) only. This approach can serve as
starting point for further investigation on this topic.

As already described for the substrate cyclohexane (1a), the formation of the
oxidation products 2b and 3b with the three-enzyme system (CYP BM-3
19A12™®"+ RE-ADH + LB-ADH) is increased compared to the whole cell catalysis
with the two-enzyme system (CYP BM-3 19A12"*°""+ | B-ADH). This is the result of
the tendential higher intracellular concentration of CYP BM-3 within the three-

enzyme system."?
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7 Summary

The aim of this thesis was predominantly to develop a more contemporary and
green procedure for the direct functionalization of cycloalkanes 1 to cycloalkano-
nes 3, theoretically able to substitute traditionally applied oxidation procedures.
The concept was a biotechnological approach, in which the desired cycloalkanone
3 is obtained directly by a one-pot process starting from the corresponding cyclo-
alkane 1 and using atmospheric oxygen as oxidizing agent (Scheme 50).

OH 0
O CYP BM-3, 0, O/ LK-ADH 07
I \ )n \ )n

1 NADPH  NADP* 2 NADP* NADPH 3
\ , in situ-formation,
' i not isolated ' i

Scheme 50. Double oxidation of cycloalkanes 1 (n =1, 3)

Besides the cycloalkanes 1 mentioned above, a range of substrates, for various
reasons attractive to be hydroxylated by cytochrome P450 monooxygenases from
Bacillus megaterium (CYP BM-3), was analyzed in this context. Cyclooctyne (17)
was accepted by none of the tested mutants while two mutants showed activity
with cyclododecene (18). However, the formation of an oxidation product was not
detected and the previously measured activity towards 18 was attributed to an
undefined background reaction consuming the cofactor NADPH resp. uncoupling
in general. The substrate pentanal (19) was expected to be suitable for an
enzymatic oxidation since a specific activity of 29 U/g towards this compound was
found with the mutant CYP BM-3 19A12. Nevertheless, the precisely identified
new compound was not the product of an oxidation reaction but the
corresponding alcohol 53, a product of the reduction of pentanal (19). Probably
this was the result of an undesired background activity caused by an alcohol
dehydrogenase from the host organism E. coli, operating in reductive direction.

Prior to preparative oxidation experiments with cycloalkanes 1, preliminary
studies like the simulation of the reaction conditions and the working up were
conducted to develop an overall process that is only marginal error-prone under
realistic conditions. Taking sources of error like the presence of biomass into
consideration, an efficiently optimized reaction progress and working up led to a
likewise high isolation rate of 94% cyclododecanone (3c) after 24 h, when 100 mM
of 3c were applied in a simulated reaction. Even concentrations down to 10 mM
of the substrate cyclododecane (1c) and the intermediate cyclododecanol (2c)
showed a constant deviation of < 10% and mostly far below, based on an ideal
recovery of 100%.
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To facilitate the simultaneous quantification of the particular cycloalkanes 1,
cycloalkanols 2 and cycloalkanones 3 from the extraction mixture via gas chroma-
tography, multipoint calibration lines were acquired. Additionally, the methods
detection limit (MDL) was investigated to ensure quantitatively correct results and
guarantee the reproducibility of the measurements. The C12-compounds 1-3c can
be detected in concentrations down to 0.005 g/L, covering the relevant concen-
tration range of interest. Also the quantification of the C10-compounds 1-3b is
realized and valid results are obtained in microgram quantities. Even at a concen-
tration of 0.025 g/L, the deviation was not exceeding more than 10% of the ideal
recovery (100%) at any time. For the C6-compounds 1-3a the simultaneous and
reliable quantification can be realized in a concentration range down to 0.1 g/L, a
result that is entirely sufficient for the planned syntheses.

In preliminary stages prior to the preparative biotransformations, the enzyme
activities of selected mutants were determined via UV/VIS-spectrophotometric
assays. The most promising substrates that came out of these enzyme activity
studies with the cycloalkanes 1 were then applied in preparative biotransforma-
tions. For the not readily soluble substrate cyclododecane (1c), the kinetics
according to MICHAELIS-MENTEN were investigated to ensure that the biotransfor-
mation can be conducted at maximum reaction rate. Since the enzyme is already
saturated with substrate at a substrate concentration of 50 uM, addition of more
substrate would not affect the reaction rate and under the standard reaction
conditions the maximum reaction rate is reached.

Since only the mutants CYP BM-3 F87A A328V and CYP BM-3 F87P seemed to be
promising for the conversion of the substrate cyclododecane (1c) (15-34 U/mg;
TOFs of 31 resp. 145 min™) while all other mutants showed no or only poor
activity, these mutants were used for the preparative biotransformations of 1c. In
summary it can be stated that all tested mutants showed a low acceptance
towards 1c in the preparative experiments although activity was shown in
preliminary enzyme activity tests.

The highest specific activity for the oxidation of cyclodecane (1b) by far (39-
56 U/g; TOFs of 317-850 min™) was shown by the mutant CYP BM-3 19A12 and
therefore it was preferred for preparative experiments with this substrate. In
order to consider the hydroxylation of the cycloalkane 1 in isolation, a cofactor
regeneration system using glucose dehydrogenase (GDH) was applied. In an
experimentally performed hydroxylation of cyclodecane (1b) (100 mM) with CYP
BM-3 19A12, 0.15 g/L of the desired product cyclodecanol (2b) were formed.
Therefore 1b turned out to be a suitable substrate for the planned double
oxidation. Just as with the substrate cyclodecane (1b), the mutant CYP BM-3
19A12 turned out to be as well by far the best recombinant enzyme to catalyze
the oxidation of cyclohexane (1a) and without exception, all other tested enzymes
lag far behind this remarkable activity. In summary, specific activities from
131 U/g through to 161 U/g and TOFs from 1165 to 2183 min™ were found for the
different formulations.
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Therefore, CYP BM-3 19A12 was used extensively for preparative experiments. In
the following hydroxylation experiment, remarkable 1.33 g/L of the product 2a
were formed while as a product of further oxidation 0.08 g/L 3a were detected
(Scheme 51). Keeping the synthetic concept - namely the intention to synthesize
cycloalkanones 3 from cycloalkanes 1 - in mind, the further oxidation is supporting
the LK-ADH-catalyzed reaction step (Scheme 50) by enhancing the desired
product quantity.

CYP BM-3 19A12, O, OH o
O (7.62 U/mmol) O/ (j
1a / \‘ 2a 3a

100 mM  NADPH NADP* 1.33g/L 0.08 g/L
(0.1eq.)

D-glucose \/
D-gluconolactone

2
ed- GDH (70 U/mmol)

[ 1 mL phosphate buffer (pH 7, 50 mM), 24 h, r.t. ]

Scheme 51. Oxidation of cyclohexane (1a) with CYP BM-3 19A12

This successful P450 monooxygenase-catalyzed hydroxylation using and consu-
ming molecular oxygen (O,) represents the initial step of the planned two step
one-pot process starting from a cycloalkane 1 and aiming to directly synthesize
the desired cycloalkanone 3. For the realization, a further alcohol dehydrogenase-
catalyzed oxidation of the cycloalkanol 2 into the desired cycloalkanone 3 was
planned, which proceeds in situ and transforms the oxidized form of the cofactor
resulting from the initial hydroxylation back to the reduced form NAD(P)H
(Scheme 52).

OH 0
Q CYP BM-3, 0, LK-ADH
)n )n I
\ \ .

1 NADPH NADP* 2 NADP* NADPH

Scheme 52. Double oxidation of cycloalkanes 1 (n = 1, 3) focussing the second
LK-ADH-catalyzed oxidation step

Spectrophotometric assays were performed to determine the enzyme activity of
the alcohol dehydrogenase from Lactobacillus kefir (LK-ADH) towards the sub-
strates of most interest, cyclohexanol (2a) and cyclodecanol (2b). Average relative
activities up to 42% referred to 1-phenylethanol (71) were determined for the
transformation of 2a. The enzyme activity studies with 2b in contrast revealed 1.5
times higher relative activities of @ 155% referred to the reference compound 71.
The double oxidations of cyclohexane (1a) and cyclodecane (1b) were realized in
the presence of a cytochrome P450 monooxygenase from Bacillus megaterium
(CYP BM-3) and the alcohol dehydrogenase from Lactobacillus kefir (LK-ADH) in
phosphate buffer.
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To oxidize 1a, the cofactor NADPH was added directly to start the reaction. The
approach of adding 2-propanol to generate the reduced cofactor form NADPH -
that is required for the initial hydroxylation step - in situ from NADP® was
discarded since in experiments with the mutant CYP BM-3 19A12 the product
formation of 0.19 g/L was lower by half of the product formations without
2-propanol (0.41g/L). Using the subsequent system the best results were
obtained whereby it was notable that early experiments yielded 0.41 g/L while
later conducted experiments gave 0.98 g/L on an average (Scheme 53). Since
guantitatively more biomass, nearly the double amount, was applied in the later
experiments, ‘Macromolecular Crowding’ - caused by an increased overall protein
loading - is hence, besides the optimized work up, an explanation for the more
than twofold higher productivity.

CYP BM-3
19A12, 0, OH LK-ADH 0
O (7.62 U/mmol) O/ (200 U/mmol) (j
1a NADPH NADP* 2a NADP* NADPH 3a
100 mM (0.1 eq.) in situ-formation, | 0.99 g/L

1
not isolated ! !
1

[ 1 mL phosphate buffer (pH 7, 50 mM, 1 mM MgCl,), 24 h, r.t.]

Scheme 53. Double oxidation of cyclohexane (1a) with CYP BM-3 19A12

The formation of cyclohexanone (3a) on a gram scale constitutes an excellent
productivity for this type of reaction. In comparison to cyclohexane (1a), slightly
better results were achieved for the double oxidation of cyclodecane (1b) by
adding the 2-propanol-starter. An average product formation of 0.26 g/L was
obtained by admixing NADP* and 2-propanol (Scheme 54). The intermediate 2b
was not detected at any time in contrast to intermediate 2a. This is owed to a fact
clarified by the enzyme activity assays: cyclodecanol (2b) revealed 1.5 times
higher relative activities of @ 155% referred to the reference compound 71,
compared to cyclohexanol (2a) with only 42%. Therefore 2b is quickly converted
into 3b and was not accumulated.

CYP BM-3 19A12 LK-ADH 0
O (7.62 U/mmol) 0, O/ (200 U/mmol) q
)n=s \ - )n=s5
1b NADPH NADP+ NADP* NADPH 3P
100 mM A | in situ-formation, \ , 0.27 g/L
v | not isolated ' i
0 e T J
OH> [ 1 mL phosphate buffer (pH 7, 50 mM, 1 mM MgCl,), 24 h, r.t.]
)\ NADP*
2.5 %o (0.1eq.)
(v/v)

Scheme 54. Double oxidation of cyclodecane (1b) with CYP BM-3 19A12
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Furthermore the shift in product formation caused by a shortened reaction time
was investigated. The double oxidation of cyclohexane (1a) was performed under
constant conditions with constant amounts of both enzymes (CYP BM-3 19A12
and LK-ADH) and various reaction times. After 4 h the product formation was
already 0.51 g/L and therefore half the benchmark product formation after 24 h,
which was 0.99 g/L. Even more easy to abbreviate were the experiments using
cyclodecane (1b) as substrate, since a shorter reaction time brought along only a
marginal decrease of product formation: After 2 h it was 0.21 g/L and after 4 h it
was 0.23 g/L while 24 h gave 0.27 g/L of cyclodecanone (3b). The reason for this
divergence - namely the different product formation of 3a and 3b at shortened
reaction times of the double oxidation - can be found in the fact that the
biotransformation of 1b is faster compared to the biotransformation of 1a.
Cyclodecanol (2b) is accepted 3 to 6 times better by the LK-ADH than cyclohexanol
(2a) what makes the reaction faster and provides the reduced form of the
cofactor more quickly to the first oxidation step.

Moreover the effect of decreasing the usually applied concentration of cofactor
NADP*/NADPH (10 mol%) was investigated. Under constant conditions, the
double oxidation of cyclohexane (1a) yielded a product formation that remained
unchanged employing 1 or 2 mol% of NADPH (@ 0.10 g/L) and also the application
of both, each 1 mol % of the reduced as well as of the oxidized form of cofactor
resulted in the same productivity. This was not surprising because the initially
necessary NADPH in den comparative tests had as well not to be formed via a
2-propanol-starter and the reaction could start immediately in any case. By
directly comparing experiments that differ only in the amount of cofactor it was
found that scarcely % of the benchmark product formation can be accomplished
with %, amount of cofactor: The application of 10 mol% cofactor led to a product
formation of 0.99 g/L while using only 1 mol% cofactor effected a product
formation of 0.28 g/L.

With cyclodecane (1b) as substrate, the biotransformations applying only
1-2 mol% NADP" resulted in a nearly unchanged product formation, which was
0.26 g/L on an average, compared to a benchmark product formation of 0.27 g/L.
However, a slight but noteworthy increased product formation of 0.35 g/L was
obtained when each 1 mol% of the reduced as well as of the oxidized form of
cofactor were added. This can be attributed to the fact that 1 mol% of the
reduced cofactor was provided directly to start the reaction and only half of the
amount of the cofactor NADPH had to be produced in situ from NADP®. The direct
comparison of the experiments that differ only in the amount of cofactor showed
that the benchmark product formation (0.27 g/L at 10 mol% cofactor) can be
achieved with ¥, amount of cofactor (@ 0.26 g/L at 1 mol% cofactor).

A shortened reaction time - explained in the section above - illustrated that the
enzyme catalyzed formation of cyclodecanone (3b) proceeds faster than the
formation of cyclohexanone (3a), probably due to a higher acceptance of
cyclodecanol (2b) by the LK-ADH.
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Therefore the considerably reduced cofactor quantity is more quickly provided to
the first hydroxylation step in the oxidation of cyclodecane (1b) whereas the
double oxidation of cyclohexane (1a) is not fast enough to compensate the
reduced amount of cofactor. To investigate the impact of substrate concentration
on product formation, an experiment with fivefold substrate concentration was
performed. The increase of the substrate concentration led to higher product
formations, but the correlation was not linear: Applying 100 mM 1b in a
biotransformation, the product formation was 0.25 g/L of 3b. A fivefold higher
substrate concentration, namely 500 mM resulted in a product formation of
0.82 g/L 3b.

An extended aim was to test a co-immobilisate of enzymes, hereinafter referred
to as ‘superabsorbed enzyme tandem’, that would render the presented biotrans-
formation even more attractive by reusing the catalysts. This tandem consisted of
a cytochrome P450 monooxygenase from Bacillus megaterium (CYP BM-3 19A12)
and an alcohol dehydrogenase from Lactobacillus kefir (LK-ADH) together with the
cofactor NADPH and was applied for the enzymatic two-step one-pot process
(Scheme 55).

0]
O superabsorbed enzyme tandem: (j
CYP BM-3 19A12 and LK-ADH

1a cofactor NADPH 3a

as solvent > 0.18 g/L
24 h, r.t. &

Scheme 55. Double oxidation of cyclohexane (1a) using the superabsorbed
enzyme tandem

To obtain this hydrogel matrix, the superabsorbent polymer Favor SXM 9155 was
employed. On an average, the product formation was about six times lower using
this not optimized system than in the benchmark experiment using non-
immobilized free catalysts, where 0.99 g/L of 3a were formed. Moreover, the
system showed no conversion after the second cycle.

Finally the biocatalyzed double oxidation via whole cell catalysis was investigated
for cyclohexane (1a) and cyclodecane (1b) and two different constructs were used
for this project. At one point, monooxygenase and LB-ADH were coexpressed on
two different plasmids while the other time, an RE-ADH was coexpressed on the
same plasmid with the monooxygenase while the LB-ADH was coexpressed on a
second plasmid. The oxidation of 1a was performed using the two- and the three-
enzyme system and the model reaction was studied at different reaction times.
The series of experiments with the two-enzyme system (consisting of CYP BM-3
19A12™°"" and LB-ADH) and the three-enzyme system (consisting of CYP BM-3
19A12"®" RE-ADH and LB-ADH) showed a very similar progress and one selected
reaction scheme is shown exemplarily in Scheme 56.
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O P450 monooxygenase + O,
S
1a P450 Bh OH
10mM  NAD(P)H|  19A12MAPH.Re.ADH  NAD(P)* [ O/ ]
o \H.B-ADH
2a
(j < 4h:0.25g/L

39 alcohol dehydrogenase 24 h: 0.43 g/L

4h:0.21g/L
24 h: 0.08 g/L

Scheme 56. Oxidation of cyclohexane (1a) using the three-enzyme system
(consisting of CYP BM-3 19A12"*°" RE-ADH and LB-ADH)

At the beginning of the whole cell biotransformation the concentration of 1a was
continually decreasing while the amount of the intermediate 2a and the product
3a increased significantly. Following this trend for 4 hours, the equilibrium was
then strongly shifted from the product 3a towards the intermediate 2a. A disrup-
tion of the first step might cause the accumulation of the reduced form of the
cofactor NAD(P)H within the cells and this excess effects the increased activity of
the alcohol dehydrogenase in reductive direction. Conceivable due to the varying
expression level of the recombinant protein in the cells, the experiments with the
three-enzyme system showed a slightly higher product formation (up to 0.51 g/L
2a and 3a after 24 h) than the experiments with the two-enzyme system where
up to 0.42 g/L 2a and 3a were produced after 24 h.

The oxidation of 1b was also analyzed using the two- and the three-enzyme
system over the time and with the two-enzyme system, 0.10 g/L 3b were obtained
after 4.5 h. As well as with 1a as substrate, the experiments with the two- and the
three-enzyme system showed an almost identical progression. The concentration
of the substrate 1b was decreasing while the concentration of 3b remained most
widely constant. The intermediate cyclodecanol (2b) was not detected at any
time. A reasonable explanation for the decreasing concentration of 1b - without
visible product formation - might be the formation of multiple oxidation products
which are not detected by the time-optimized method of measurement which
was designed for the quantification of the oxidation products 2b and 3b only.

In summary a biotechnological process was developed in which the desired cyclo-
alkanones 3, namely cyclohexanone (3a) and cyclodecanone (3b), were obtained
in a one-pot process starting from the corresponding cycloalkane 1. This system,
in which the reaction takes place in water, atmospheric oxygen is used as
oxidation agent and no further co-substrate is required, renders the necessity of
interim stages with isolation of intermediates obsolete. Furthermore this
technology was successful performed in a superabsorbed enzyme tandem consis-
ting of both enzymes as well as the cofactor NADPH. Equally this type of reaction
can be realized using whole cell catalysis.
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8 Experimental Section

8.1 Materials, instruments and methods

Chemicals:

The commercially available chemicals used for this project were purchased from
Acros Organics®, Sigma-Aldrich®, ABCR®, Thermo Fisher Scientific®, TCl Europe®
or Fluka® and except as noted otherwise used without further purification. The
superabsorbent polymer ,Favor SXM9155“ is commercially available from Evonik
Industries, Stockhausen.

Enzymes and cofactors:

The cytochrome P450 monooxygenases (CYP BM-3) used for this project (CYP
BM-3 WTEY, cYp BM-3 19A121"°**Y, cyp BM-3 F87V*', CYP BM-3 F87A
A328VE*162 cyp BM-3 R255P-P329H5**%3) cYP BM-3 F87P"®*) were made avail-
able through the courtesy of the research group Prof. Dr. U. Schwaneberg (RWTH
Aachen). The alcohol dehydrogenases from Lactobacillus kefir (LK-ADH) and
Rhodococcus sp. (Rsp.-ADH)™®>**”! were made available through the courtesy of
the research group Prof. Dr. W. Hummel (Research Centre Jilich). The ADH-200 is
commercially available from evocatal™® (catalogue entry evo-1.1.200, CAS: 9031-
72-5). The glucose dehydrogenase from Bacillus sp. (Amano 2) was purchased
from Amano Enzyme Inc. (Nagoya, Japan). The cofactors NADPH and NADP* were
purchased from Oriental Yeast Co. Ltd., Japan.

Buffer and media:

Buffer solutions were prepared from sodium dihydrogenphosphate and
equilibrated by adding sodium hydroxide until the desired pH was reached. 1 | LB-
medium is prepared by dissolving 10 g peptone, 5 g yeast extract and 10 g NaCl in
deionized water and filling up to a final volume of 1 |. The medium is autoclaved.
11 TB-medium is mixed on demand from 800 mL solution A and 200 mL solution
B. For the preparation of solution A, 12 g peptone, 24 g yeast extract und 4 g
glycerol are dissolved in deionized water, filled up to 800 mL and autoclaved. For
the preparation of solution B, KH,PO, (2.31 g) und K,HPO, (12.54 g) are dissolved
in deionized water, filled up to 200 mL and autoclaved.

The following instruments have been used for analytic and preparative works:

NMR-spectroscopy:

'H and C NMR spectra were recorded on an Avance DRX 500 spectrometer
(Bruker) in deuterochloroform (CDCl;), deuteriumoxide (D,0), dimethylsulfoxide-
d6 (DMSO-d6) or deuterodichloromethane (CD,Cl,) on a 500 MHz instrument.
Chemical shifts were reported in parts per million (ppm, 6) downfield from
residual solvent signals: CHCl3: 8(*H), 7.26 ppm; 6(*3C), 77.16 ppm. D,0: 8(*H),
4.79 ppm. CD,Cl,: 8(*H), 5.32 ppm; §(**C), 53.84 ppm. DMSO-d6: §(*H), 2.50 ppm;
8(*C), 39.52 ppm. Proton coupling patterns are described as singlet (s), doublet
(d), triplet (t), doublet of triplet (dt), quartet (g) and multiplet (m).
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Spectrophotometer:
The data for activity determination of the enzymes was recorded with a UV/VIS-
spectrophotometer V-630 from Jasco.

Thermomixer:
Extractions under constant shaking and isothermic conditions were conducted
using a thermomixer comfort 5355 from Eppendorf.

Centrifuge:

Phase separations during work-up were achieved using a microliter centrifuge
(model CT15RE, VWR). Samples were centrifuged for 10 - 30 minutes at 13000
rpm and room temperature.

Gas chromatography:

All qualitative and quantitative measurements via gas chromatography were
performed with a Shimadzu GC 2010 (Autoinjector AOC-20i (Shimadzu)) using a
Rt-BDEXm (Restek®) column (Length: 30 m; Inner Diameter: 0.25 mm; Film
Thickness: 0.25um) (used for method A) or a Shimadzu GC 2010 Plus
(Autoinjector AOC-20i (Shimadzu), Autosampler AOC-20s (Shimadzu)) using a Rxi-
5ms (Restek®) column (Length: 25 m; Inner Diameter: 0.2 mm; Film Thickness:
0.33 um) (used for method B). Molecular nitrogen (N,) is used as carrier gas at a
pressure of 100 kPa and as gas chromatographic detector a flame ionization
detector (FID) is applied. Since technical deviation of the retention times occur to
a certain degree, the samples are spiked at regular intervals. The measurements
are conducted according to the following temperature programs:

1-3c:

Method A (0.1-10 g/L): Shimadzu GC 2010: starting at 150°C, heating 10°C/min
up to 220°C. Old column: tg (1c): 2.5 min; tz (2c): 4.9 min; tz (3c): 4.5 min; new
column: tg (1c): 2.7 min; tg (2¢): 5.2 min; tz (3¢): 4.7 min.

Method B (0.025 - 0.2 g/L): Shimadzu GC 2010 Plus: isotherm at 170°C for 5.5 min.
g (1c): 2.7 min; tg (2c¢): 5.2 min; tg (3¢): 4.7 min.

1-3b:

Method A (0.1 - 10 g/L): Shimadzu GC 2010: starting at 150°C, heating 10°C/min
up to 220°C. Old column: tz (1b): 1.8 min; tz (2b): 3.4 min; tz (3b): 3.0 min; new
column: tz (1b): 1.9 min; tz (2b): 3.7 min; t; (3b): 3.2 min.

Method B (0.025 - 0.80 g/L): Shimadzu GC 2010 Plus: starting at 125°C, heating
15°C/min up to 185°C. tg (1b): 2.2 min; t; (2b): 3.6 min; tz (3b): 3.3 min.

1-3a:

Method A (0.15 - 1.5 g/L): Shimadzu GC 2010: starting at 70°C, heating 3.5°C/min
up to 95°C. Old column: tg (1a): 1.5 min; tz (2a): 5.6 min; tiz (3a): 5.1 min; new
column: t; (1a): 1.6 min; tz (2a): 6.3 min; t (3a): 5.7 min.

Method B (0.025 - 0.80 g/L): Shimadzu GC 2010 Plus: isotherm at 70°C for 4.5 min.
tr (1a): 1.5 min; tz (2a): 3.8 min; t; (3a): 4.0 min
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General methods for working up:

Standard Operating Procedure A (SOP A):
After the individual reaction time the aqueous phase is poured into an Eppendorf

tube and 1 mL dichloromethane is added. The biphasic system is extracted for
30 min by shaking in a Thermomixer Comfort (type 5355) with 550 rpm at 25°C. In
order to get a well-defined phase boundary the mixture is centrifuged at 13000
rom for 10 min. The supernatant aqueous phase is transferred into another
Eppendorf tube and the extraction as described above is repeated twice, whereby
the final phase separation is obtained by centrifugation at 13000 rpm for 30 min.
The combined organic phases are transferred completely into a 5 mL volumetric
flask which is filled with dichloromethane. By means of a straight calibration line
the concentration is analyzed via gas chromatography.

Standard Operating Procedure B (SOP B):
After the individual reaction time 1 mL dichloromethane is added and the biphasic

system is poured into an Eppendorf tube. The biphasic system is extracted for
30 min by shaking in a Thermomixer Comfort (type 5355) with 550 rpm at 25°C. In
order to get a well-defined phase boundary the mixture is centrifuged at 13000
rom for 10 min. After removing the organic phase the extraction as described
above is repeated twice, whereby the final phase separation is obtained by
centrifugation at 13000 rpm for 30 min. The combined organic phases are
transferred completely into a 3 mLvolumetric flask which is filled with
dichloromethane. By means of a straight calibration line the concentration is
analyzed via gas chromatography.



100 | EXPERIMENTAL SECTION

8.2 Syntheses and analytical data

8.2.1 Standard operation procedure 1 (SOP1): Biocatalyzed double
oxidation of cyclododecane (1c) with CYP BM-3 and LK-ADH

In a 25 mL round bottom flask cyclododecane (1c) (16.8 mg, 0.1 mmol) is mixed
with 1 mL phosphate buffer (pH 7.0, 50 mM, 1mM MgCl,) resp. 997.5 uL
phosphate buffer (pH 7.0, 50 mM, 1 mM MgCl,) and 2.5 pL 2-propanol. Then a
cytochrome P450 monooxygenase from Bacillus megaterium (CYP BM-3)
(lyophilisate, 0.762 U referred to cyclodecane (1b)) and the alcohol
dehydrogenase from Lactobacillus kefir (LK-ADH) (crude extract, 200 U/mmol
referred to cyclodecanol (2b), diluted 1:1 with glycerol) are added. To start the
reaction cofactor NADPH (8.3 mg, 0.01 mmol) resp. NADP* (7.9 mg, 0.01 mmol) is
added. The reaction mixture is stirred for 24 h at room temperature covered with
a plug and worked up according to SOP A.

Table 27. Results of the double oxidation of cyclododecane (1c)

CYP BM-3, 0, OH LK-ADH 0
O) (7.62 U/mmol) G( (200 U/mmol) O)//
n=7 \ )n=7 \ n=7
lc NADPH  NADP* 2c NADP*  NADPH 3¢
100mM (0.1 eq.) ' in situ-formation, A i
! . ____notisolated !
O Leccccccc e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e .- - 1
A [ 1 mL phosphate buffer (pH 7, 50 mM, 1 mM MgCl,), 24 h, r.t. ]
)Oi> optionally
Sco, —— NADP?*
e (0.1 eq.)
(v/v) ’
CYP BM-3 Cyclododecanone  Recovery of
Entry . IPA  Cofactor
(biomass) (3c) [g/1N] substrate 1c [%]
CYP BM-3 19A12 (0) .
a) v NADP 0 92
(19.6 mg)
CYP BM-3 F87V
b NADPH 0 83
(127.0 mg)

“The content of CYP BM-3 19A12 (0) amounts to 0.123 pmol/g lyophilized crude extract; ®The con-
tent of CYP BM-3 F87V amounts to 0.525 pumol/g lyophilized crude extract.

8.2.2 Standard operation procedure 2 (SOP 2): Simulation of reaction
conditions and working up for cyclododecane (1c), cyclododecanol (2c)
and cyclododecanone (3c)

In a 25mLround bottom flask cyclododecanone (3c) (18.13-18.54 mg,
0.10 mmol) resp. cyclododecanol (2c) (0.184 -18.72 mg, 0.001 - 0.10 mmol) resp.
cyclododecane (1c) (0.168 - 16.97 mg, 0.001 - 0.10 mmol) is mixed with 1 mL
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phosphate buffer (pH 7.0, 50 mM) (3c) or 900 uL phosphate buffer (pH 7.0,
50 mM) and 100 pL DMSO (1c, 2c). Then 0 - 30 mg of the denaturated (60°C, 20 h)
cytochrome P450 monooxygenase from Bacillus megaterium (CYP BM-3 19A12,
lyophilisate) is added and the mixture is stirred for 5 min up to 24 h at room
temperature, each time covered with a plug. Then 1 mL dichloromethane is added
and the biphasic system is poured into an Eppendorf tube. The biphasic system is
extracted for 30 min by shaking in a Thermomixer Comfort (type 5355) with
550 rpm at 25°C. After removing the organic phase the extraction as described
above is repeated twice (whereby with 1c and 2c, the third extraction is
conducted only with 500 pL dichloromethane) and the final phase separation is
obtained by centrifugation at 13000 rpm for 30 min. The combined organic phases
are transferred completely into a 2 mL (1c, 2c) resp. 5 mL (3c) volumetric flask
which is filled with dichloromethane. By means of a straight calibration line the
concentration is analyzed via gas chromatography.

8.2.2.1 Cyclododecanone (3c)

In a 25mLround bottom flask cyclododecanone (3c) (18.13-18.54 mg,
0.10 mmol) is mixed with 1 mL phosphate buffer (pH 7.0, 50 mM) and 0 - 20 mg of
the cytochrome P450 monooxygenase from Bacillus megaterium (CYP BM-3
19A12, lyophilisate) and stirred for 5 min-24 h at room temperature covered
with a plug and worked up according to SOP B, but a 5 mL volumetric flask was
used instead of a 3 mL volumetric flask.

Table 28. Results of the simulation of reaction conditions and working up for
cyclododecanone (3c)

1 mL phosphate buffer,
stirred for 5 min - 24 h, r.t.

extraction with 3x1mL DCM

3c 3c
100 mM

Entry Time Initial weight [mg] Output weight [mg]® Recovery [%]

1 5 min 18.40 17.29 94
2 24 h 18.13 17.29 95
32 24 h 18.40 = —
4 5 min 18.54 17.04 92
5 24 h 18.15 17.28 95
6° 24 h 18.44 17.32 94

720 mg denaturated CYP BM-3 19A12 are added; ® calculated via GC; “lost during working up.
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8.2.2.2 Cyclododecanol (2c)

In a 25 mL round bottom flask cyclododecanol (2c) (0.184 - 18.72 mg, 0.001 -
0.10 mmol) is mixed with 900 plL phosphate buffer (pH 7.0, 50 mM) and 100 pL
DMSO. Then 0 - 30 mg of the denaturated (60°C, 20 h) cytochrome P450 mono-
oxygenase from Bacillus megaterium (CYP BM-3 19A12, lyophilisate) are added.
The mixture is stirred for 5 min - 2 h at room temperature covered with a plug and
worked up according to SOP B, but a 2 mL volumetric flask was used instead of a
3 mL volumetric flask and the third extraction is conducted only with 500 uL
dichloromethane (Table 29).

Table 29. Results of the simulation of reaction conditions and working up for
cyclododecanol (2c)

OH 1 mL phosphate buffer, OH
10% (v/v) DMSO,
stirred for 5 min - 2 h, r.t.

extraction with 3x1mL DCM
2c 2c

1/10/100 mM

a) . o . . a0 Deviation®
Entry” 2c [mmol] Time Initial weight [mg] Output weight [mg]

[%]
1 0.1 5 min 18.35 20.04 +9
2 0.1 2h 18.72 20.16 +8
3" 0.1 2h 18.35 18.45 +1
4 001  5min 2.21 2.27 +3
5 0.01 2h 2.18 2.19 0
6" 0.01 2h 2.20 2.13 -3
7 0.001  5min 0.184° 0.151 -18
8 0.001 2h 0.184° 0.150 -19
9®) 0.001 2h 0.184° 0.136 -26

Il measurements are conducted in a twofold determination; REN) mg denaturated CYP BM-3
19A12 are added; “weigh in via stock solution; “calculated via GC; ®average deviation from a
recovery of 100%.

8.2.2.3 Cyclododecane (1c)

In a 25 mL round bottom flask cyclododecane (1c) (0.168 - 16.97 mg, 0.001 -
0.10 mmol) is mixed with 900 uL phosphate buffer (pH 7.0, 50 mM) and 100 pL
DMSO. Then 0 - 30 mg of the denaturated (60°C, 20 h) cytochrome P450 mono-
oxygenase from Bacillus megaterium (CYP BM-3 19A12, lyophilisate) are added.
The mixture is stirred for 5 min - 2 h at room temperature covered with a plug and
worked up according to SOP B, but a 2 mL volumetric flask was used instead of a
3 mL volumetric flask and the third extraction is conducted only with 500 uL
dichloromethane (Table 30).
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Table 30. Results of the simulation of reaction conditions and working up for
cyclododecane (1c)

1 mL phosphate buffer,
10% (v/v) DMSO,
stirred for 5 min-2 h, r.t.

extraction with 3x1mL DCM
1c 1c

1/10/100 mM

d) Deviation”

Entrya) 1c [mmol] Time Initial weight [mg] Output weight [mg]

[%]
1 0.1 5 min 16.89 18.26 +8
2 0.1 2h 16.95 18.35 +8
3" 0.1 2h 16.97 18.03 +6
4 001  S5min 1.80 1.87 +4
5 0.01 2h 1.75 1.79 +2
6” 0.01 2h 1.92 1.86° -3
7 0.001  5min 0.168° 0.162 -4
8 0.001 2h 0.168° 0.106 -37
9®) 0.001 2h 0.168 0.039 -77

JIAll measurements are conducted in a twofold determination; REN) mg denaturated CYP BM-3
19A12 are added; c)weigh in via stock solution; Dealculated via GC; %loss of one drop during working
up; f)average deviation from a recovery of 100%.

8.2.3 Standard operation procedure 3 (SOP 3): Simultaneous quantification
of cycloalkanes 1, cycloalkanols 2 and cycloalkanones 3 via gas
chromatography

In a 100 mL volumetric flask a stock solution in acetone is prepared containing the
substrate 1, the intermediate 2 and the product 3, each in a concentration of
10 g/L (A) resp. 0.2 g/L (B) for the compounds 1-3c; 10 g/L (A) resp. 0.80 g/L (B) for
the compounds 1-3b; 15 g/L (A) resp. 0.80 g/L (B) for the compounds 1-3a. A serial
dilution is prepared to measure the following concentrations via gas chromato-
graphy:

1-3c: Method A (0.1 -10g/L): 10 g/L, 5g/L, 1 g/L, 0.5 g/L, 0.3 g/L, 0.1 g/L; Method
B (0.025-0.2 g/L): 0.2 g/L, 0.1 g/L, 0.05 g/L, 0.025 g/L.

1-3b: Method A (0.1-10g/L): 10g/L, 1g/L, 0.5g/L, 0.3 g/L, 0.1g/L; Method B
(0.025-0.80 g/L): 0.80 g/L, 0.40 g/L, 0.20 g/L, 0.10 g/L, 0.05 g/L, 0.025 g/L.

1-3a: Method A (0.15 - 1.5 g/L): 1.5 g/L, 1.0 g/L, 0.75 g/L, 0.5 g/L, 0.3 g/L, 0.15 g/L;
Method B (0.025-0.80g/L): 0.80g/L, 0.40g/L, 0.20g/L, 0.10g/L, 0.05g/L,
0.025 g/L.

All measurements are conducted in a sixfold determination and different
concentrations of 1, 2 and 3 are analyzed to verify the respective method.
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8.2.3.1 AQuantification of cyclododecane (1c), cyclododecanol (2c),
cyclododecanone (3c)

According to SOP 3 a stock solution in acetone is prepared containing the
substrate cyclododecane (1c), the intermediate cyclododecanol (2c) and the
product cyclododecanone (3c). A serial dilution is prepared to measure different
concentrations via gas chromatography. Straight calibration lines are prepared
from the obtained data and different concentrations are analyzed to verify these
methods.

8.2.3.2 Definition of the methods detection limit (MDL)

The detection limit of cyclododecane (1c), cyclododecanol (2c¢) and
cyclododecanone (3c) is defined via gas chromatography. A stock solution in
acetone is therefore prepared containing the substrate cyclododecane (1c), the
intermediate cyclododecanol (2c) and the product cyclodecanone (3c), each in a
concentration of 0.04 g/L. A serial dilution is prepared to measure the following
concentrations via gas chromatography: 0.04 g/L, 0.02 g/L, 0.01 g/L, 0.005 g/L,
0.002 g/L. All measurements are conducted in a twofold determination (Table 31).

Table 31. GC-determined percental deviation from the prepared concentrations
of cyclododecane (1c), cyclododecanol (2c) and cyclododecanone (3c) (B)

Deviation® at a concentration of...

..0.04g/L ..0.02g/L ..0.01lg/L ..0.005g/L ..0.002g/L

Entry’  Compound

1 1c +3% -7% -9% -13% -31%
2 2c -1% -6% -6% -2% +6%
3 3c -6% -8% -9% -13% -41%
Al measurements are conducted in a twofold determination; IE”average deviation from a recovery

of 100%.

8.2.3.3 AQuantification of cyclodecane (1b), cyclodecanol (2b), cyclodecanone
(3b)

According to SOP 3 a stock solution in acetone is prepared containing the
substrate cyclodecane (1b), the intermediate cyclodecanol (2b) and the product
cyclodecanone (3b). A serial dilution is prepared to measure different
concentrations via gas chromatography. Straight calibration lines are prepared
from the obtained data and different concentrations are analyzed to verify these
methods (Table 32).
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Table 32. Results of the verification of the GC-method for 1b, 2b and 3b

Entry® Deviation® at a concentration of...
Compound
(method A) ..7.0g/L .14g/L ..0.2g/L
1 1b -1.7% -3.6% 0.0%
2 2b +2.9% n.d. -5.0%
3 3b -1.4% -2.7% -8.6%
Entry” Deviation? at a concentration of...
Compound
(method B) ..0.8g/L ..0.1g/L ..0.025 g/L
1 1b -1.4% -2.7% -10.0%
2 2b -0.5% +0.1% +0.8%
3 3b -1.5% -2.1% -5.0%

2IAll measurements are conducted in a fourfold determination; PIAll measurements are conducted in
a twofold determination; c)average deviation from a recovery of 100%.

8.2.3.4 AQuantification of cyclohexane (1a), cyclohexanol (2a), cyclohexanone
(3a)

According to SOP 3 a stock solution in acetone is prepared containing the
substrate cyclohexane (1a), the intermediate cyclohexanol (2a) and the product
cyclohexanone (3a). A serial dilution is prepared to measure different
concentrations via gas chromatography. Straight calibration lines are prepared
from the obtained data and different concentrations are analyzed to verify these
methods (Table 33).

Table 33. Results of the verification of the GC-method for 1a, 2a and 3a

Entry® Deviation® at a concentration of...
Compound
(method A) .13g/L ..09g/L ..0.2g/L
1 la +7.8% +12.2% +13.9%
2 2a -1.3% -10.6%. -4.5%
3 3a -5.5% -6.9% -6.7%
Entry” Deviation® at a concentration of...
Compound
(method B) ..0.8g/L ..0.1g/L ..0.025 g/L
1 1a +5.0% +9.5% +21.4%
2 2a +4.5% +1.9% +2.1%
3 3a -1.8% -5.3% -10.8%

3IAll measurements are conducted in a fourfold determination; PIAIl measurements are conducted in
a twofold determination; c)average deviation from a recovery of 100%.
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8.24 Standard operation procedure 4 (SOP4): Photometric assay to
determine the enzyme activity of different cytochrome P450
monooxygenases from Bacillus megaterium (CYP BM-3)

The enzyme activities can be determined with an UV/VIS-spectrophotometer for
NAD(P)H is used as cofactor. The consumption of NAD(P)H through oxidation to
NAD(P)" is measured spectrophotometrically at a wavelength of 340 nm in the
presence of the tested enzyme and one of the following compounds: Cyclohexane
(1a), cyclodecane (1b), cyclododecane (1c), pentanal (19), cyclooctyne (17) or
cyclododecene (18). A solution of the respective substrate (12 - 25 mM resp. 0.5 -
16 mM 1c for kinetics, assuming that the substrate will dissolve completely) is
prepared in DMSO. For this purpose the substrates are weigh in a 5 mL volumetric
flask which is filled up with DMSO.

A cuvette (1 mL) is filled with 690 ul phosphate buffer (pH 7.0, 50 mM) and 10 puL
of the substrate solution in DMSO (12 -25 mM). Then 100 pL of the enzyme
solution (10 mg/mL) are pipetted in the cuvette and mixed by inversion. After
5min, 200 ul of a buffered solution of the cofactor NAD(P)H (NAD(P)H:
0.6 - 0.8 mM; phosphate buffer: pH 7.0, 50 mM) are pipetted in the cuvette and
mixed by inversion. Then the measurement is started immediately.

At first a measurement of the blank value (DMSO without substrate) is taken in
which 690 pul of the phosphate buffer (pH 7.0, 50 mM), 10 ul DMSO and 100 pul of
the enzyme solution (10 mg/mL) are pipetted in the cuvette and mixed by
inversion. After 5 min, 200 ul of a buffered solution of the cofactor NAD(P)H
(NAD(P)H: 0.6-0.8 mM; phosphate buffer: pH 7.0, 50 mM) are pipetted in the
cuvette and mixed by inversion. Then the measurement is started immediately.
This blank value is subtracted from the measured values resulting from the
measurements including the respective substrate solutions. By means of the initial
slope of the absorption curve and the following formula the volumetric enzyme
activity resp. the kinetics resp. the stability can be determined.

u _ AE30nm Vi f

mL eV td

8.2.4.1 Enzyme activity towards monounsaturated cyclic hydrocarbons

8.2.4.1.1 Enzyme activity towards cyclododecene (18)

The measurements are performed as described above (SOP 4) to determine the
enzyme activity of different cytochrome P450 monooxygenases from Bacillus
megaterium (CYP BM-3) (solution of the lyophilisate: 10 mg/mL, NAD(P)H-
dependent, phosphate buffer: pH 7.0, 50 mM) for cyclododecene (18). A solution
of 18 (12 mM, assuming that 18 will dissolve completely) is prepared in DMSO.
For this purpose 9.98 mg (0.06 mmol) of 18 are weigh in a 5 mL volumetric flask
which is filled up with DMSO.
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A 0.6 mM solution of NAD(P)H is used for the measurements. For all preparative
experiments 0.762 U relative to 18 are used (Table 34).

Table 34. Results of the enzyme activity test with cyclododecene (18) as substrate

CYP BM-3, 0,

\ » cyclododecene-OH
NAD(P)H NAD(P)*
18
Specific Content of CYP
Entry  CYP BM-3 activity  0.762 U [nmol/g TOF
[U/mg] lyophilisate]”
1 19A12 (1) - — 60 =
2 F87P (2) 0.040  19.05 mg 223 179
3 F87V — — 525 =
4  F87AA328V(2) 0.040 19.05mg 989 40
5 WT - - 1260 —
6 R255P-P329H”  0.003  254.0 mg 220 14

Vi=1mL,f=1,£€=6.3 mL*umoI’l*cm’l, V,=0.1mL d=1cm; n parentheses the different enzyme
formulations are given; b)NADH—dependent; 9determined via CO-difference spectroscopy.

9 'H-NMR (500 MHz, CD,Cl,):
8 10 5 (ppm) = 5.28-5.39 (2H, m, H-C1,2), 2.04-2.13 (4H, m, H-C3,
o Y, | 12),1.25-1.47 (16H, m, H-C4-11).
5 1
18 2
C12HZZ
M =166.31 g/mol

8.2.4.1.2 Synthesis and enzyme activity towards cyclooctyne (17)

Two-step synthesis:

1) Synthesis of 1-bromocyclooctene (51) )**";

50 in CH,Cl,/ Br, -40 °C Br
KOtBu/THF, 1 h, 15 °C

50 51

Scheme 57. Synthesis of 1-bromocyclooctene (51) according to BRANDSMA et al.!*?*!
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"7 & ) The synthesis of 1-bromocyclooctene (51) is carried out
Ggm according to BRANDSMA et al. starting from cyclooctene (50).1"%
5 2 To a solution of cyclooctene (50; 11.02g, 0.1 mol) in
¢ 343 dichloromethane (35 mL) bromine (5.15 mL, 0.1 mol) is added
CgHy3Br with cooling at about -40°C until the brown colour persists.

M = 189.10 g/mol

After removal of the solvent in vacuo the residue is dissolved in
dry THF (40 mL) and a suspension of potassium t-butoxide (16.85 g, 0.15 mol) in
50 mL THF is added in 20 min to the vigorously stirred mixture, keeping its
temperature at 0 °C. After the addition, stirring is continued for 1 h at 15 °C. The
mixture is then poured into ice/water (50 mL) and the organic products are
extracted with MTBE. The organic phase is dried over magnesium sulfate. After
evaporation of the solvent in vacuo the crude product 51 is obtained as pale beige
oil and purified via fractional distillation.

Yield: 12.90 g (68%)

'H-NMR (500 MHz, CDCl,):
& (ppm) = 6.05 (1H, t, J = 12.5 Hz, H-C2), 2.60-2.62 (2H, m, H-C8), 2.08-2.13 (2H, m,
H-C3), 1.46-1.66 (8H, m, H-C4-7).

The compound 51 is further confirmed through conversion into the product 17
and its analytical characterization.

2) Synthesis of cyclooctyne (17) )**:

51 in LDA,45min,

Br _25°C to 15°C, 90min |
HCl

51 17

Scheme 58. Synthesis of cyclooctyne (17) according to BRANDSMA et al.***!

" 7 8 ) The above product (51; 12.90 g, 68.22 mmol) is added at once
6®1| to a solution of lithium diisopropylamide (1.5 M) in THF, cooled
5 2 at -25 °C. The temperature of the reaction mixture is allowed to
' 173 rise gradually over a period of 45 min to 15 °C and is kept at this
CgHyy level for another 90 min. It is then poured into a cold solution

M = 108.18 g/mol

of 3 normal hydrochloric acid. Five extractions with n-heptane
(5 x 15 mL) are carried out. The combined extracts are washed several times with
water in order to remove the THF and are then dried over magnesium sulphate.
The solvents are removed in vacuo keeping the bath temperature at 0 °C.
Distillation of the crude product by using a vigreux column gives cyclooctyne (17).

Yield: 0.87 g (12%)
'H-NMR (500 MHz, CDCl,):

O (ppm) = 2.15-2.18 (4H, m, H-C4-7), 1.86-1.87 (4H, m, H-C4-7), 1.60-1.64 (4H, m,
H-C3,8).
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The spectral data are in accordance with literature.?®

Enzyme activity:

The measurements are taken as described above (SOP 4) to determine the
enzyme activity of different cytochrome P450 monooxygenase from Bacillus
megaterium (CYP BM-3) (solution of the lyophilisate: 10 mg/mL, NAD(P)H-
dependent, phosphate buffer: pH 7.0, 50 mM) for cyclooctyne (17). A solution of
17 (12 mM, assuming that 17 will dissolve completely) is prepared in DMSO. For
this purpose 6.49 mg (0.06 mmol) of 17 are weigh in a 5 mL volumetric flask which
is filled up with DMSO. A 0.6 mM solution of NAD(P)H is used for the
measurements (Table 35).

Table 35. Results of the enzyme activity test with CYP BM-3 and cyclooctyne (17)

Q CYP BM-3, 0, hydroxycyclooctyne
Z N

17 NAD(P)H NAD(P)*

a) Specific activity
Entry CYP BM-3 Substrate 0.762 U
[U/mg]

2 F87A A328V (2) cyclooctyne (17) -- --

4 F87P (2) cyclooctyne (17) -- --

Vi=1lmL f=1,€=6.3 mL*umoI’l*cm’l, Ve=0.1mL d=1cm n parentheses the different enzyme
formulations are given.

8.2.4.2 Enzyme activity towards pentanal (19)

Stability of pentanal (19) in water over the time:

The stability of pentanal (19) in water is analyzed over a period of
24 h in the presence of equimolar amounts sodium acetate as

19
CoHyg0 external standard. For this purpose pentanal (19) (8.6 mg,
M = 86.13 g/mol

0.1 mmol) is weigh in a 25 mL round bottom flask and 1 mL D,0 is
added. The mixture is stirred for up to 24 h and then transferred into a NMR-tube
filled with sodium acetate (8.2 mg, 0.1 mmol). The formation of the corresponding
carboxylic acid was found only to very small extent of 5.4% on an average,
identified on the basis of the characteristic triplet caused by the two C,-protons at
2.2 ppm. Pentanal (19) is high vacuum distilled prior use and purity is examined
via 1H—NMR—spectroscopy.

'H-NMR (500 MHz, CD,Cl,):
& (ppm) = 9.73 (1H, t, J = 1.8 Hz, H-C1), 2.40 (2H, td, J = 7.4 Hz, 1.8 Hz, H-C2), 1.55-
1.62 (2H, m, H-C3), 1.31-1.38 (2H, m, H-C4), 0.92 (3H, t, J = 7.4 Hz, H-C5)
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Enzyme activity
The measurements are performed as described above (SOP 4) to determine the

enzyme activity of different cytochrome P450 monooxygenases from Bacillus
megaterium (CYP BM-3) (solution of the lyophilisate: 10 mg/mL, NAD(P)H-
dependent, phosphate buffer: pH 7.0, 50 mM) for pentanal (19). A solution of 19
(12 mM, assuming that 19 will dissolve completely) is prepared in DMSO. For this
purpose 5.17 mg (0.06 mmol) of 19 are weigh in a 5 mL volumetric flask which is
filled up with DMSO. A 0.6 mM solution of NAD(P)H is used for the
measurements. For all preparative experiments 0.762 U relative to 19 are used
(Table 36).

Table 36. Results of the enzyme activity test with CYP BM-3 for pentanal (19)

Pl CYPBM-3, O, hydroxypentanal
19 NAD(P)H  NAD(P)*
Specific Content of CYP?
Entry CYP BM-3? activity 0.762 U [nmol/g TOF [min™]

[U/mg] lyophilisate]
1 F87A(2A)328V 0.010 76.2 mg 989 10
2 F87P (2) 0.021 36.3mg 223 94
3 19A12 (2) 0.029 26.3 mg 120 242
4 F87V 0.009 84.7 mg 525 17
5  R255P P329H" - - 220 -
6 wrt? 0.009 84.7mg 1260 7

Vi=1lmL f=1,€=6.3 mL*umoI'l*cm'l, Ve=0.1mL d=1cm; n parentheses the different enzyme
formulations are given; b)NADH-dependent; g mg/mL enzyme; Ydetermined via CO-difference
spectroscopy.

8.2.4.3 Enzyme activity towards higher homologous cycloalkanes

8.2.4.3.1 Enzyme activity towards cyclododecane (1c)

The measurements are performed as described above (SOP 4) to determine the
enzyme activity of different cytochrome P450 monooxygenase from Bacillus
megaterium (CYP BM-3) (solution of the lyophilisate: 10 mg/mL, NAD(P)H-
dependent, phosphate buffer: pH 7.0, 50 mM) for cyclododecane (1c). A solution
of 1c (25 mM: entry 1-10; 12.5 mM: entry 11-13; assuming that 1c will dissolve
completely) is prepared in DMSO. For this purpose 10.5mg resp. 21 mg
(0.06 mmol resp. 0.12 mmol) are weigh in a 5 mL volumetric flask which is filled
up with DMSO. A 0.8 mM (entry 1-2) resp. 0.6 mM (entry 3-13) solution of
NAD(P)H was used for the measurements. For all preparative experiments 0.762 U
relative to 1c are used (Table 37).
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Table 37. Results of the enzyme activity test with cyclododecane (1c) as substrate

OH
CYP BM-3, 0,
RN
NADPH NADP*
1c 2c
Specific Content of CYP? TOF
Entry CYP BM-3? activity  0.762 U [nmol/g (min’]

[U/mg] lyophilisate]
1 19A12 (0) 0.003  254.0mg 123 24
2 F87P (1) 0.052 14.7 mg 235 221
3 19A12 (1) - - 60 -
4 19A12 (2) - - 120 -
5 19A12 (3) 0.001 762 mg 115 9
6 F87P (1) 0.034 22.4mg 235 145
7 F87V 0.001 762 mg 525 2
8 F87A A328V (1)  0.015 50.8 mg 480 31
9 WT - - 1260 -
10  R255P-P329H" - - 220 -
11  F87AA328V(2)  0.027 28.2 mg 989 27
12 F87AA328V(2)Y 0.005 152.4mg 989 5
13 F87AA328V(2)  0.023 33.1mg 989 23

Vi=1lmL f=1,€=6.3 mL*umoI'l*cm'l, Ve=0.1mL d=1cm; n parentheses the different enzyme
formulations are given; b)NADH-dependent; 910% (v/v) DMSO by adding 600 uL phosphate buffer
(pH 7.0, 50 mM)/ 90 uL DMSO and 10 pL of 1c in DMSO (12.5 mM) instead of 690 ul phosphate
buffer (pH 7.0, 50 mM) and 10 uL of 1c in DMSO (12.5 mM); Ydetermined via CO-difference
spectroscopy.

8.2.4.3.2 Enzyme activity towards cyclodecane (1b)

The measurements are performed as described above (SOP 4) to determine the
enzyme activity of different cytochrome P450 monooxygenases from Bacillus
megaterium (CYP BM-3) (solution of the lyophilisate: 10 mg/mL, NAD(P)H-
dependent, phosphate buffer: pH 7.0, 50 mM) for cyclodecane (1b). A solution of
1b (25 mM: entry 1-4, 6-13; 12 mM: entry 5, assuming that 1b will dissolve
completely) is prepared in DMSO. For this purpose 8.4 mg resp. 17.5mg
(0.06 mmol resp. 0.12 mmol) are weigh in a 5 mL volumetric flask which is filled
up with DMSO. A 0.8 mM (entry 1-4) resp. 0.6 mM (entry 5-13) solution of
NAD(P)H was used for the measurements. For all preparative experiments 0.762 U
relative to 1b are used (Table 38).
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Table 38. Results of the enzyme activity test with cyclodecane (1b) as substrate

CYPBM-3,0, OH
9@ e T
NADPH  NADP*

1b 2b
Specific Content of CYP?
Entry  CYP BM-3? activity 0.762 U [nmol/g [;%E]

[U/mg] lyophilisate]
1 F87V 0.006 127.0 mg 525 11
2 19A12 (0) 0.039 19.6 mg 123 317
3 WT 0.008 95.3 mg 1260 6
4 E?S;‘/’i‘éicztfr 0.001 762.0 mg - -
5 19A12 (2) 0.051 14.9 mg 120 425
6 19A12 (1) 0.051 14.9 mg 60 850
7 19A12 (2) 0.052 14.7 mg 120 433
8 19A12 (3) 0.056 13.6 mg 115 487
9 F87P (1) 0.076 10.0 mg 235 323
10 F87V 0.005 152.4 mg 525 10
11 F87A(1A)3 28V 0,020 38.1mg 480 42
12 WT 0.004 190.5 mg 1260 3
13 53225::;, 0.014 54.4 mg 220 64

Vi=1mL f=1,e=6.3 mL*umoI'l*cm'l, V,=0.1mL d=1cm; 2 parentheses the different enzyme
formulations are given; b)NADH—dependent; 9determined via CO-difference spectroscopy.

8.2.4.3.3 Enzyme activity towards cyclohexane (1a)

The measurements are performed as described above (SOP 4) to determine the
enzyme activity of different cytochrome P450 monooxygenase from Bacillus
megaterium (CYP BM-3) (solution of the lyophilisate: 10 mg/mL, NAD(P)H-
dependent, phosphate buffer: pH 7.0, 50 mM) for cyclohexane (1a). A solution of
la (25 mM: entry 1-12; 12 mM: entry 13-14, assuming that 1a will dissolve
completely) is prepared in DMSO. For this purpose 5.1 mg resp. 10.5 mg
(0.06 mmol resp. 0.12 mmol) are weigh in a 5 mL volumetric flask which is filled
up with DMSO. A 0.8 mM (entry 1-4) resp. 0.6 mM (entry 5-14) solution of
NAD(P)H was used for the measurements. For all preparative experiments 0.762 U
relative to 1a are used (Table 39).
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Table 39. Results of the enzyme activity test with cyclohexane (1a) as substrate

O CYP BM-3, O, O/OH

1a  NADPH NADP* 2a
Specific Content of
Entry CYPBM-3"  activity 0.762U  CYP? [nmol/g  TOF [min™]
[U/mg] lyophilisate]
1 F87V 0.002 343.24 mg 525 4
2 19A12 (0) 0.146 5.22mg 123 1187
3 WT 0.007 109.17 mg 1260 6
Empty vector
4 £ coli BL21 0.004 1.772¢g -- --
5 19A12 (1) 0.131 5.8 mg 60 2183
6 19A12 (2) 0.161 4.7 mg 120 1342
7 19A12 (3) 0.134 5.7mg 115 1165
8 F87P (1) 0.025 30.5mg 235 106
9 F87V 0 -~ 525 --
10 F87A(1A)328V 0.010 76.2 mg 480 21
11 WT 0.001 762.0 mg 1260 1
R255P-
12 P39 0.009 84.7 mg 220 41
13 19A12 (2) 0.074 10.3 mg 120 617
14 19A12 (2) 0.047 16.2 mg 120 392

Vi=1lmL f=1,€=6.3 mL*umoI'l*cm'l, Vo=0.1mL d=1cm; n parentheses the different enzyme
formulations are given; b)NADH—dependent; 9determined via CO-difference spectroscopy.

8.2.5 Standard operation procedure 5 (SOP 5): Analysis of the kinetics
according to MICHAELIS-MENTEN of the cyclododecanol (2b)-formation

0 The concentration of the saturated solution (~¥16 mM) of 1c
1 in DMSO is identified via ‘H-NMR-spectroscopy with pivalic
2>H512\OH acid (52) as standard. 'H-NMR (1c) (500 MHz, DMSO): &
CiH100, (ppm) = 1.30 (24H, s); *H-NMR (52) (500 MHz, DMSO): &

M =102.13 g/mol| (ppm) =12.03 (1H, s, HO-C1), 1.11 (9H, s, H-C2)

The measurements are performed as described above (SOP 4) to determine the
enzyme activity of the cytochrome P450 monooxygenase mutant from Bacillus
megaterium CYP BM-3 F87A A328V (1) (solution of the lyophilisate: 10 mg/mL,
NADPH-dependent, phosphate buffer: pH 7.0, 50 mM) for cyclododecane (1c).
Solutions of 1c (0.5-16 mM) are prepared in DMSO.
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For this purpose a stock solution of the substrate cyclododecane (1c) is prepared
in DMSO in a 25 mL volumetric flask at a concentration of 16 mM. A set of serial
dilution (16 mM, 12 mM, 8 mM, 4 mM, 2 mM, 1 mM, 0.5 mM) is prepared to
measure the following absolute concentrations in a photometric assay: 160 uM,
120 uM, 80 uM, 40 uM, 20 uM, 10 uM and 5 uM. A 0.6 mM solution of NADPH
was used for the measurements (Table 40). In this way the kinetics according to
MICHAELIS-MENTEN of the cyclododecanol (2c)-formation can be determined via an
enzyme activity test with the CYP BM-3 and cyclododecane (1c) as substrate.

Table 40. Results of the enzyme activity test with cyclododecane (1c) as substrate

CYP BM-3 F87A A328Y, O, OH
NADPH \NZDF>+
1c 2c
5-160 uM
Entry Substrate concentration [mMM] Initial slope v, [1/min]
1 0.16 0.133
2 0.12 0.131
3 0.08 0.127
4 0.04 0.121
5 0.02 0.105
6 0.01 0.081
7 0.005 0.057

Vi=1mL f=1,&=63ml*umol *cm™, V,=0.1mL d=1cm

8.2.6 Standard operation procedure 6 (SOP 6): Analysis of the stability of
CYP BM-3 F87A A328V

The measurements are performed in the manner of SOP 4 to determine the
enzyme activities of the cytochrome P450 monooxygenase mutant from Bacillus
megaterium CYP BM-3 F87A A328V (1) (solution of the lyophilisate: 10 mg/mL,
NADPH-dependent, phosphate buffer: pH 7.0, 50 mM) for cyclododecane (1c) as a
function of time. In a 25 mL round bottom flask 50.8 mg CYP BM-3 F87A A328V
(0.762 U) and b-glucose monohydrate (22) (3.96 mg, 0.02 mmol) are mixed with
900 uL phosphate buffer (pH 7.0, 50 mM) and 100 uL DMSO (10% v/v). The
mixture is stirred and samples are taken at (regular) intervals over a period of 28h.

A cuvette (1 mL) is filled with 680 pl phosphate buffer (pH 7.0, 50 mM) and 100 pL
of 1c in DMSO (1.2 mM) is added. Then 20 pL of the enzyme containing mixture
(50 mg/mL) are pipetted in the cuvette and mixed by inversion.
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After 5 min 200 ul of a buffered solution of the cofactor NADPH (NADPH: 0.6 mM;
phosphate buffer: pH 7.0, 50 mM) are pipetted in the cuvette and mixed by
inversion. Hereafter the measurement is started immediately. Before every
sampling at a certain time (Table 41), at first a measurement of the blank value
(DMSO without substrate) is taken according to SOP 4 (680 ul phosphate buffer
(pH 7.0, 50 mM), 100 ul DMSO, 20pul of the enzyme containing mixture
(50 mg/mL), 200 ul of a buffered solution of the cofactor NADPH (NADPH:
0.6 mM; phosphate buffer: pH 7.0, 50 mM)).

Table 41. Enzyme activity of CYP BM-3 F87A A328V as a function of time

CYP BM-3 F87A A328V, O, OH
NADPH \NZDW
1c 2c
stirred up to 28h
Entry Time [h] Initial slope vy [1/min]
1 0.167 0.0725
2 1 0.0741
3 2 0.0874
4 4 0.0689
5 6 0.0904
6 28 0.0585

Vi=1mL f=1,&=6.3 mL*umol *cm™, V,=0.1mL d=1cm

8.2.7 Standard operation procedure 7 (SOP 7): Biocatalyzed oxidation of
cyclododecene (18) with different CYP BM-3 and glucose dehydro-
genase (GDH)

In a 25 mL round bottom flask cyclododecene (18) (16.63 mg, 0.1 mmol) is mixed
with 900 uL phosphate buffer (pH 7.0, 50 mM). Then a cytochrome P450 mono-
oxygenase from Bacillus megaterium (CYP BM-3 F87P resp. CYP BM-3 F87A
A328V) (0.762 U, 19.05 mg) and 100 ul GDH (7 U) dissolved in phosphate buffer
(pH 7.0, 50 mM) and glycerol (1:1) are added. Then b-glucose monohydrate (22)
(39.6 mg, 0.2 mmol) is weigh in. To start the reaction cofactor NADPH (8.3 mg,
10 mol%) is added. The reaction mixture is stirred for 24 h at room temperature
covered with a plug and is worked up according to SOP B using deuterated
dichloromethane. This solution is analyzed via ‘H-NMR-spectroscopy and
compared to the spectra of the substrate 18. The formation of an oxidation
product was not detected, neither with CYP BM-3 F87P nor with CYP BM-3 F87A
A328V.
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8.2.8 Standard operation procedure (SOP 8): Biocatalyzed oxidation of
pentanal (19) with different CYP BM-3 and glucose dehydrogenase

(GDH)
expected products
CYP BM-3 19A12, O, OH
7.62 I HO\/\/\/O
R (7.62 U/mmol) > Z= or MO

43 42
19

100 mM

NADPH NADP* | 1 mL phosphate buffer (pH 7, 50 mM),
(0.1eq.) / 24 h, r.t.
D-glucose 22 \\ D-gluconolactone 23
(2 eq.) GDH (70 U/mmol)

Scheme 59. Anticipated biocatalyzed oxidation of pentanal (19)

In a 25 mL round bottom flask pentanal (19) (8.6 mg, 0.1 mmol) is mixed with
900 pL phosphate buffer (pH 7.0, 50 mM). Then 0.762 U of a cytochrome P450
monooxygenase from Bacillus megaterium (CYP BM-3 19A12 (26.3 mg) resp.
CYP BM-3 F87P (36.3 mg)) and 100 pl GDH (7 U) dissolved in phosphate buffer
(pH 7.0, 50 mM) and glycerol (1:1) are added. Then D-glucose monohydrate (22)
(39.6 mg, 0.2 mmol) is weigh in. To start the reaction cofactor NADPH (8.3 mg,
10 mol%) is added. The reaction mixture is stirred for 24 h at room temperature
covered with a plug and is worked up according to SOP B using 0.5 mL deuterated
dichloromethane. The combined organic phases are transferred completely into a
NMR-tube. This solution is analyzed via "H-NMR-spectroscopy and compared to
the spectrum of the substrate 19. Instead of the desired oxidation of pentanal
(19), its reduction yielding 1-pentanol (53) took place, clearly identified via
1H—NMR—spectroscopy:

S Pentanal (19): "H-NMR (500 MHz, CD,Cl,):
5/\3/\f0 & (ppm) = 9.73 (1H, t, J = 1.8 Hz, H-C1), 2.40 (2H, td, J =
19 7.4, 1.8 Hz, H-C2), 1.55-1.62 (2H, m, H-C3), 1.31-1.38 (2H,
CcH, 00 m, H-C4), 0.92 (3H, t, J = 7.4 Hz, H-C5)

M = 86.13 g/mol

T 2 1-Pentanol (53): "H-NMR (500 MHz, CD,Cl,):
5/\3/\1/OH & (ppm) = 3.58 (2H, t, J = 5.0 Hz, H-C1), 1.51-1.61 (2H, m,
53 H-C2), 1.26-1.37 (4H, m, H-C3, 4), 0.89-0.93 (3H, m, H-C5).
C5HlZo

M = 88.15 g/mol
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8.2.9 Standard operation procedure (SOP 9): Biocatalyzed hydroxylation of
the higher homologous cycloalkane 1c with different CYP BM-3 and
glucose dehydrogenase (GDH)

OH
CYP BM-3,0,
1c / \ 2¢

1-100 mM NADPH NADP*

D-glucose 22 D-gluconolactone 23
GDH

Scheme 60. Biocatalyzed hydroxylation of cyclododecane (1c)

In a 25mLround bottom flask cyclododecane (1c) (0.168-16.8 mg,
0.001 - 0.1 mmol) is mixed with 800 - 900 uL phosphate buffer (pH 7.0, 50 mM)
depending on the amount of DMSO. Then a cytochrome P450 monooxygenase
from Bacillus megaterium (CYP BM-3) (0.15-1.52 U), 0-200 ul GDH (0-14 U)
diluted in phosphate buffer (pH 7.0, 50 mM) and 0 - 100 uL DMSO (containing the
0.0001 mmol 1c) are added. Then D-glucose monohydrate (22) (0-39.6 mg,
0-0.2 mmol) is weigh in. To start the reaction cofactor NADPH (8.3 - 83.4 mg,
0.01-0.1 mmol) resp. NADH (0.67 mg, 0.001 mmol) is added. The reaction
mixture is stirred for 2-24 h at room temperature covered with a plug and is
worked up according to SOP B.

8.2.9.1 Hydroxylation of cyclododecane (1c) with spectrophotometrically
inactive mutants of CYP BM-3

According to SOP 9 cyclododecane (1c) (1.68 mg, 0.01 mmol) is mixed with 900 pL
phosphate buffer (pH 7.0, 50 mM) in a 25 mLround bottom flask. Then a
cytochrome P450 monooxygenase from Bacillus megaterium (CYP BM-3) (50 mg)
and 100 pl GDH (7 U) diluted in phosphate buffer (pH 7.0, 50 mM) are added.
Then D-glucose monohydrate (22) (3.96 mg, 0.02 mmol) is weigh in. To start the
reaction cofactor NADPH (0.83 mg, 0.001 mmol) resp. NADH (0.67 mg,
0.001 mmol) is added. The reaction mixture is stirred for 24 h at room
temperature covered with a plug. After that time the mixture is worked up
according to SOP 9 (Table 42).
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Table 42. Results of the hydroxylation of cyclododecane (1c) with
spectrophotometrically inactive mutants of CYP BM-3

CYPBM-3, 0, OH
(50 mg)
1c / \ 2c

10 mM NADPH NADP*
(0.1 eq.)
D-glucose 22 \ /
D-gluconolactone 23
0.2 mmol
GDH (7V)

1 mL phosphate buffer (pH 7, 50 mM),
24 h, r.t.

Cyclododecanol 2¢

Entry CYP BM-3° (gL Conversion [%]
1 19A12 (1) <5 =
2 19A12 (2) <5 -
3 19A12 (3) <5 =
4 F87V ~3 0.75
5 WT <5 -
6 R255P P329H" <5 -

R parentheses the different enzyme formulations are given; b)NADH—dependent; c)Analysis via gas
chromatography (method B).

8.2.9.2 Hydroxylation of cyclododecane (1c) with different CYP BM-3

According to SOP 9 cyclododecane (1c) (1.68 - 16.8 mg, 0.01 - 0.1 mmol) is mixed
with 800 - 900 puL phosphate buffer (pH 7.0, 50 mM) in a 25 mL round bottom
flask, depending on the amount of DMSO. Then a cytochrome P450
monooxygenase from  Bacillus megaterium  (CYP BM-3, 0.15-1.52 U),
0-200 ul GDH (0-14U) diluted in phosphate buffer (pH 7.0, 50 mM) and
0-100 uL DMSO are added. Then D-glucose monohydrate (22) (0-39.6 mg,
0-0.2 mmol) is weigh in. To start the reaction cofactor NADPH (0.83 - 83.4 mg,
0.001 - 0.1 mmol) is added. The reaction mixture is stirred for 24 h at room
temperature covered with a plug. After that time the mixture is worked up
according to SOP 9 (Table 43).
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Table 43. Results of the hydroxylation of cyclododecane (1c) with different CYP
BM-3 according to Scheme 60

Activity CYP GDH  Substrate Glucose NADPH DMSO

a,b) _
Entry®™” CYP BM-3 BM-3 [U] [U] [mM] [mmol] [mol%] [% (v/V)]

1 F87P 0.762 7 100 0.2 10 0
2 F87P 0.762 - 100 - 30 0
3 F87P 1.524 7 100 0.2 10 0
4 F87P 0.762 14 100 0.2 10 0
5 F87P 0.762 7 100 0.2 10 2
6 F87P 0.762 7 100 0.2 10 0
7 F87P 0.762 7 100 0.2 10 5
8 F87P 0.762 7 100 0.2 10 10
9 F87P 0.762 7 10 0.2 100 10
10 19A12 0.15 7 10 0.2 100 10

a)Analysis via gas chromatography (method B); *The combined organic phases are transferred com-
pletely into a 2 mL volumetric flask for GC-analysis.

In all experiments shown in Table 43 the formation of cyclododecanol (2c) was
below 5 mg/L and conversion could not be determined.

8.2.9.3 Hydroxylation of cyclododecane (1c) with CYP BM-3 F87A A328V

According to SOP 9 cyclododecane (1c) (0.168 - 16.8 mg, 0.001 - 0.1 mmol) is
mixed with 800 - 900 uL phosphate buffer (pH 7.0, 50 mM) (depending on the
amount of DMSO) in a 25 mLround bottom flask. Then a cytochrome P450
monooxygenase from Bacillus megaterium (CYP BM-3 F87A A328V, 0.762U),
0-100 ulGDH (0-7U) diluted in phosphate buffer (pH 7.0, 50 mM) and
0-100 pL DMSO are added. Then D-glucose monohydrate (22) (3.96 - 39.6 mg,
0.02 - 0.2 mmol) is weigh in. To start the reaction cofactor NADPH (0.83 - 83.4 mg,
0.001 - 0.1 mmol) is added. The reaction mixture is stirred for 2 - 24 h at room
temperature covered with a plug. After that time the mixture is worked up
according to SOP 9 (Table 44).
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Table 44. Results of the oxidation of cyclododecane (1c) with CYP BM-3 F87A

A328V
CYP BM-3 F87A A328V, O, OH
(0.762 U)
1 / \ 2
1-100 mM NADPH NADP*
(0.1-1eq.)
D-glucose 22 \ /
D-gluconolactone 23

0-0.2 mmol

GDH (0 - 7U)

1 mL phosphate buffer (pH 7, 50 mM),
0-10% DMSO (v/v), 2 - 24 h, r.t.

GDH Substrate Glucose NADPH DMSO Time 2c Conversion

Entry a)

(Ul [mM]  [mmol] [mol%] [% (v/v)] [h] [mg/L] [%]
1 7 100 0.2 10 0 24 <5 -
2 - 100 - 30 0 24 <5 -
3 7 100 0.2 10 5 24 33 0.17
4 7 100 0.2 10 10 24 40 0.19
5 7 10 0.2 100 10 24 <5 -
6 7 100 0.2 10 10 24 35 0.17
7 - 100 - 100 10 24 nd. n.d.
8 7 10 0.02 10 10 24 27 1.76
9 - 10 - 100 10 24 nd. n.d.
10 7 10 0.02 10 10 24 24 1.87
1 7 1 0.02 100 10 24 nd. n.d.
12 7 10 0.02 10 10 2 16 0.72
13 7 1 0.02 100 10 2 30 44.6

a)Analysis via gas chromatography (new calibration line); ®The combined organic phases are
transferred completely into a 3 mL volumetric flask for GC-analysis.

8.2.10 Standard operation procedure 10 (SOP 10): Biocatalyzed hydroxylation
of the higher homologous cycloalkanes 1a and 1b with CYP BM-3
19A12 and glucose dehydrogenase (GDH)

In a 25 mL round bottom flask a cycloalkane 1 (8.4 - 14.0 mg, 0.1 mmol) is mixed
with 900 uL phosphate buffer (pH 7.0, 50 mM). Then a cytochrome P450
monooxygenase from Bacillus megaterium (CYP BM-3 19A12) (0.762 U,
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10.3-14.9mg) and 100 ul GDH (7 U) dissolved in phosphate buffer (pH 7.0,
50 mM) and glycerol (1:1) are added. Then D-glucose monohydrate (22) (39.6 mg,
0.2 mmol) is weigh in. To start the reaction cofactor NADPH (8.3 mg, 0.01 mmaol,
10 mol%) is added. The reaction mixture is stirred for 24 h at room temperature
covered with a plug and worked up according to SOP B.

8.2.10.1 Hydroxylation of cyclodecane (1b) with CYP BM-3 19A12

According to SOP 10 cyclodecane (1b) (14.0 mg, 0.1 mmol) is mixed with 900 pL
phosphate buffer (pH 7.0, 50 mM) in a 25 mL round bottom flask. Then a
cytochrome P450 monooxygenase from Bacillus megaterium (CYP BM-3 19A12,
0.762U, 14.9 mg, the content of CYP BM-3 19A12 (2) amounts to 0.120 umol/g
lyophilized crude extract) and 100 ul GDH (7U) dissolved in phosphate buffer
(pH 7.0, 50 mM) and glycerol (1:1) are added. Then D-glucose monohydrate (22)
(39.6 mg, 0.2 mmol) is weigh in. To start the reaction cofactor NADPH (8.3 mg,
0.01 mmol, 10 mol%) is added. The reaction mixture is stirred for 24 h at room
temperature covered with a plug. After that time the mixture is worked up
according to SOP B (Table 45).

Table 45. Results of the oxidation of cyclodecane (1b) with CYP BM-3 19A12

CYP BM-3 19A12, O,
(7.62 U/mmol) Ci;( Ci:f
100 mM / \ product product

recovery NADPH NADP* formation formation
7.65mg (0-1eq) 0.15 mg 0.08 mg
D-glucose 22 \
0.2 mmol D-gluconolactone 23
GDH (7U)
1 mL phosphate buffer (pH 7, 50 mM),
24 h, r.t.
Activity . Product
GDH Substrate Glucose NADPH Time )
Entry 19A12 formation
[U] [mmol] [mmol] [mol%] [h]
[U]/[mg] [g/L]
1 0.762/14.9° 7 0.1 0.2 10 24 0.15

“The content of CYP BM-3 19A12 (2) amounts to 0.120 umol/g lyophilized crude extract.

8.2.10.2 Hydroxylation of cyclohexane (1a) with CYP BM-3 19A12

According to SOP 10 cyclohexane (1a) (8.4 mg, 0.1 mmol) is mixed with 900 uL
phosphate buffer (pH 7.0, 50 mM) in a 25 mL round bottom flask.
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Then a cytochrome P450 monooxygenase from Bacillus megaterium
(CYP BM-3 19A12, 0.762U, 10.3 mg, the content of CYP BM-3 19A12 (2) amounts
to 0.120 umol/g lyophilized crude extract) and 100 ul GDH (7U) dissolved in
phosphate buffer (pH 7.0, 50 mM) and glycerol (1:1) are added. Then D-glucose
monohydrate (22) (39.6 mg, 0.2 mmol) is weigh in. To start the reaction cofactor
NADPH (8.3 mg, 0.01 mmol, 10 mol%) is added. The reaction mixture is stirred for
24 h at room temperature covered with a plug. After that time the mixture is
worked up according to SOP B (Table 46).

Table 46. Results of the oxidation of cyclohexane (1a) with CYP BM-3 19A12

CYP BM-3 19A12, O, OH 0]
O (7.62 U/mmol) O/ g
1a / \ 2a 3a
100 mM product product

recovery NADPH NADP*  formation formation
0.89mg (0-1eq) 1.33 mg 0.08 mg
D-glucose 22 \
0.2 mmol D-gluconolactone 23
' GDH (7V)

1 mL phosphate buffer (pH 7, 50 mM),
24 h, r.t.

. . product
activity 19A12 GDH substrate glucose NADPH time

MY Uimg]  [U] [mmol] [mmol] [mol%] [h] f“?;i;"”

1 0.762/10.3" 7 0.1 0.2 10 24 1.33
“The content of CYP BM-3 19A12 (2) amounts to 0.120 umol/g lyophilized crude extract.

8.2.11 Standard operation procedure 11 (SOP 11): Photometric assay to
determine the enzyme activity of the alcohol dehydrogenase from
Lactobacillus kefir (LK-ADH)

cycloalkanol LK-ADH cycloalkanone

2

NADP* NADPH 3

Scheme 61. General reaction equation of the photometric assay with LK-ADH

The enzyme activities can be determined with an UV/VIS-spectrophotometer for
NADP" is used as cofactor. The formation of NADPH through reduction of NADP" is
measured spectrophotometrically at a wavelength of 340 nm in the presence of
the LK-ADH and each one of the following compounds: 1-phenylethanol (71),
cyclohexanol (2a) and cyclodecanol (2b).
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A 10 mM solution of the reference compound 71 and the cycloalkanols 2a and 2b
(10 mM, assuming that 71 and 2 will dissolve completely) is prepared in
phosphate buffer (pH 7.0, 50 mM, 1 mM MgCl,). For this purpose 5.0-7.8 mg
(mmol) of 2a, 2b and 71 are weigh in a 5 mL volumetric flask which is filled up
with phosphate buffer (pH 7.0, 50 mM, 1 mM MgCl,). A cuvette (1 mL) is filled
with each 960 pl of a buffered solution of 1-phenylethanol (71), cyclohexanol (2a)
or cyclodecanol (2b) (71 and 2a-b, phosphate buffer: pH 7.0, 50 mM, 1 mM
MgCl,). Then 20 pl of a buffered solution of the cofactor NADP* (NADP: 12.5 mM;
phosphate buffer: pH 7.0, 50 mM, 1 mM MgCl,) are pipetted in the cuvette and
mixed by inversion. After that 20 uL enzyme solution (diluted 1:160 resp. 1:300
with phosphate buffer: pH 7.0, 50 mM, 1 mM MgCl,) are pipetted in the cuvette
and mixed by inversion. Then the measurement is started immediately. At first a
measurement of the blank value is taken in which 960 pl of the phosphate buffer
(pH 7.0, 50 mM, 1 mM MgCl,), 20 pl buffered solution of the cofactor NADP*
(NADP": 12.5 mM; phosphate buffer: pH 7.0, 50 mM, 1 mM MgCl,) and 20 pL
enzyme solution (diluted 1:160 resp. 1:300 with phosphate buffer (pH 7.0, 50 mM,
1 mM MgCl,)) are pipetted in the cuvette, mixed by inversion and measured
immediately. This blank value is subtracted from the measured values resulting
from the measurements including the substrate solutions of 71 and 2a-b. By
means of the initial slope of the absorption curve and the following formula, the
volumetric enzyme activity can be determined.

u - AE340nm th
mL eV, td

With U/mL = volumetric enzyme activity; AEsq0,m/t = initial slope of the absorption curve, V, = total
volume [mL]; f = dilution factor; € = molar extinction coefficient for NAD(P)H [6.3 mL*umoI'l*cm'l];
Vs = sample volume [mL]; d = path length of the cuvette [cm]

8.2.11.1 Photometric assay with cyclohexanol (2a) resp. cyclodecanol (2b) as
substrate

The measurements are taken as described above (SOP 11) to determine the
enzyme activity of the LK-ADH (dilution of the crude extract: 1:160 or 1:300 with
phosphate buffer: pH 7.0, 50 mM, 1 mM MgCl,, NADPH-dependent). For all
preparative experiments 200 U/mmol relative to cyclohexanol (2a) resp.
cyclodecanol (2b) are used (Table 47 - Table 50).
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Table 47 - Table 50. Summarized results of all enzyme activity tests with LK-ADH
and 2a - b as substrates

OH (0]
LK-ADH I
Q; \ )n

2a:n=1 NADP* NADPH 3a:n=1
2b:n=5 3b:n=5

Table 47. Results of the enzyme activity test with LK-ADH and 2a - b as substrates

Vol. activity Relative activity
Entry Substrate 200 U/mmol

[U/mL] [%]
1 1-phenylethanol (71) 291.43 - 100
2 cyclohexanol (2a) 122.67 326 pL? 42
3 1-phenylethanol (71) 286.54 -- 100
4 cyclodecanol (2b) 441.59 91 pL® 154

V,=1mlL, f=160, € = 6.3 mL*umol *cm™, V, = 0.02 mL, d = 1 cm; “1:1-dilution in glycerol.

Table 48. Results of the enzyme activity test with LK-ADH and 2a - b as substrates

Vol. activity Relative activity
Entry Substrate 200 U/mmol
[U/mL] [%]
1 cyclohexanol (2a) 24.25 825 uL® n.d.”
2 cyclodecanol (2b) 82.92 241 pl? n.d.”

Vi=1mL, f=160, €=6.3 mL*umol™cm™, V.= 0.02 mL, d=1cm; “1:1-dilution in glycerol “not
determined.

Table 49. Results of the enzyme activity test with LK-ADH and 2a - b as substrates

Vol. activity Relative activity
Entry Substrate 200 U/mmol
[U/mL] [%]
1 1-phenylethanol (71) 154.52 - 100
2 cyclohexanol (2a) 37.86 528 pL? 25
3 cyclodecanol (2b) 241.43 83 uL? 156

Vi=1mL,f=300,e=6.3 mL*umoI'l*cm'l, V,=0.02mL, d=1cm; crude extract without glycerol.

Table 50. Results of the enzyme activity test with LK-ADH and 2a as substrate

Vol. activity Relative
Entry Substrate 200 U/mmol o
[(U/mL] activity [%]
1 1-phenylethanol (71) 171.4 -- 100
2 cyclohexanol (2a) 45.2 443 pL® 26

Vi=1mL,f=300,€=6.3 mL*umoI’l*cm’l, V,=0.02mL, d=1cm; crude extract without glycerol.
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8.2.12 Standard operation procedure 12 (SOP 12): Biocatalyzed oxidation of
cyclododecanol (2c) with different alcohol dehydrogenases

ADH
(100 1000 U/mmol)

NAD(P)+ NAD(P)H
10-50 mM  (0.02 mmol)

ﬂ‘\

2.5 mL acetone + 7.5 mL phosphate buffer
(pH 7, 50 mM, 1 mM MgCl,), 24 h, rt.

Scheme 62. ADH-catalyzed oxidation of cyclododecanol (2c)

In a 25 mL round bottom flask cyclododecanol (2c) (18.4 - 92.2 mg, 0.1 -0.5 mmol)
is mixed with 2.5 mL acetone and 7.5 mL phosphate buffer (pH 7.0, 50 mM,
1 mM MgCl,). Then 0.02 mmol cofactor NAD(P)" (13.3 - 15.8 mg) is added. To start
the reaction an alcohol dehydrogenase (100 U/mmol - 1000 U/mmol, referred to
the respective standard substrate (LK-ADH: acetophenone (72) (1544 U/mL%);
Rsp.-ADH: p-chloroacetophenone (73) (49 U/mL%); ADH evo-1.1.200: ethyl aceto-
acetate (63) (4.5 U/mg) (Pdiluted 1:1 in glycerol))) is added. The reaction mixture
is stirred for 24 h at room temperature each time covered with a plug. Then the
aqueous phase is extracted with dichloromethane (3 x 50 mL) very gently to get a
well-defined phase boundary. The unified organic phase is dried over magnesium
sulfate. After evaporation of the solvent the crude product is dissolved in 1.5 mL
acetone again and the conversion is analyzed via gas chromatography. For this
purpose the GC-areas of the substrate 2c and the product 3c are compared. In
order to verify this method a mixture of each 0.25 mmol 2c and 3c is weigh in and
measured, the resulting area-related conversion is compared to the expected
weight-in conversion (Table 51).

Table 51. Comparison of the weigh-in conversion to the area-related conversion

2c 3c
0.25 mmol 0.25 mmol Conversion [%]
(46.08 mg) (45.58 mg)
weigh in: weigh in: Weigh-in: 50.22%

46.15 mg 46.56 mg GC-Area-related: 49.99%
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Table 52. Results of the ADH-catalyzed oxidation of cyclododecanol (2c) according
to Scheme 62

Activityb) Substrate Conversion
Entry ADH/uL? Cofactor
[U/mmol] [mmol] [%]
1 LK-ADH/32.4 uL? 100 NADP* 0.5 2
2 Rsp.-ADH/2.5 mL? 100 NAD* 0.5 1
ADH evo- N
100 NAD 0.5 2
1.1.200/11.1 mg
4 LK-ADH/64.8 uLa) 1000 NADP* 0.1 10
ADH evo- .
5 1000 NAD 0.1 5

1.1.200/22.2 mg

Idiluted 1:1 in glycerol; ®lreferred to the respective standard substrate (LK-ADH: acetophenone (72)
(1544 U/mL®); Rsp.-ADH: p-chloroacetophenone (73) (49 U/mL®); ADH evo-1.1.200: ethyl
acetoacetate (63) (4.5 U/mg)).

8.2.13 Standard operation procedure 13 (SOP 13): Biocatalyzed double
oxidation of cyclododecane (1c) with CYP BM-3 and LK-ADH

CYP BM-3, 0, OH LK-ADH 0
Q) (7.62 U/mmol) C( (200 U/mmol) Q)//
n=7 \ =7 \ n=7
lc NADPH  NADP* 2c NADP* NADPH 3c
100mM (0.1 eq.) ‘ in situ-formation, A i
! . ___.notisolated !
O Leccccccc e e e e e e e e e e e e e e e e e e e e ,c e e e e e e e e e e e e .- - 1
)K [ 1 mL phosphate buffer (pH 7, 50 mM, 1 mM MgCl,), 24 h, r.t. ]
)Oi> optionally
260, —— NADP*
. 00
(0.1eq.)
(v/v)

Scheme 63. Double oxidation of cyclododecane (1c)

In a 25 mL round bottom flask cyclododecane (1c) (16.8 mg, 0.1 mmol) is mixed
with 1 mL phosphate buffer (pH 7.0, 50 mM, 1mM MgCl,) resp. 997.5 uL
phosphate buffer (pH 7.0, 50 mM, 1 mM MgCl,) and 2.5 uL 2-propanol (2.5 %o
(v/v)). Then a cytochrome P450 monooxygenase from Bacillus megaterium
(CYP BM-3) (lyophilisate, 0.762 U referred to cyclodecane (1b) (entry 1-2) and the
alcohol dehydrogenase from Lactobacillus kefir (LK-ADH) (crude extract,
200 U/mmol referred to cyclodecanol (2b), diluted 1:1 with glycerol, in total
91 ulL) are added. To start the reaction cofactor NADPH (8.3 mg, 0.01 mmol) resp.
NADP* (7.9 mg, 0.01 mmol) is added. The reaction mixture is stirred for 24 h at
room temperature covered with a plug and worked up according to SOP A. The
results are summarized in Table 53.
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Table 53. Results of the double oxidation of cyclododecane (1c) according to

Scheme 63
CYP BM-3 Cyclododecanone Recovery of
Entry . IPA Cofactor
(biomass) (3¢) [g/11] substrate 1c [%]
19A12 .
a) 4 NADP 0 92
(19.6 mg)
F87V
b) NADPH 0 83
(127.0 mg)

“The content of CYP BM-3 19A12 (0) amounts to 0.123 umol/g lyophilized crude extract; ®The con-
tent of CYP BM-3 F87V amounts to 0.525 pumol/g lyophilized crude extract.

8.2.14 Standard operation procedure 14 (SOP 14): Biocatalyzed double
oxidation of cycloalkanes 1 with different CYP BM-3 and LK-ADH

O (7.62 U/mmol) (200 U/mmol)

n \ n \ )n
lain=1"nappH  NaDP* 23:n=1  Nappt NADPH 3ain=1
1b.n—5 (0.1 eq.) : 2b.n=5 f 3b.n—5
100 mM in situ-formation,

not isolated

[ 1 mL phosphate buffer (pH 7, 50 mM, 1 mM MgCl,), 24 h, r.t. ]

Scheme 64. Double oxidation of cycloalkanes 1

In a 25 mL round bottom flask a cycloalkane 1 (8.4 - 14.0 mg, 0.1 mmol) is mixed
with 1 mL phosphate buffer (pH 7.0, 50 mM, 1 mM MgCl,). Then a cytochrome
P450 monooxygenase from Bacillus megaterium (CYP BM-3) (lyophilisate, 0.762 U
referred to the corresponding cycloalkane 1) and the alcohol dehydrogenase from
Lactobacillus kefir (LK-ADH) (crude extract, 200 U/mmol referred to the
corresponding cycloalkanol 2, diluted 1:1 with glycerol) are added. To start the
reaction cofactor NADPH (8.3 mg, 0.01 mmol) is added. The reaction mixture is
stirred for 24 h at room temperature and worked up according to SOP A resp.
SOP B.

8.2.14.1 Double oxidation of cyclohexane (1a)

According to SOP 14 cyclohexane (1a) (8.4 mg, 0.1 mmol) is mixed with 1 mL
phosphate buffer (pH 7.0, 50 mM, 1 mM MgCl,) in a 25 mL round bottom flask.
Then a cytochrome P450 monooxygenase from Bacillus megaterium
(5.2 -10.3 mg CYP BM-3 19A12, lyophilisate, 0.762 U referred to cyclohexane (1a))
and the alcohol dehydrogenase from Lactobacillus kefir (LK-ADH) (crude extract,
200 U/mmol referred to cyclohexanol (2a), diluted 1:1 with glycerol) are added.
To start the reaction cofactor NADPH (8.3 mg, 0.01 mmol) is added. The reaction
mixture is stirred for 24 h at room temperature covered with a plug.
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After that time the mixture is worked up according to SOP 14 (SOP A: entry 1-2;
SOP B: entry 3-4) (Table 54).

Table 54. Results of the double oxidation of cyclohexane (1a) with
CYP BM-3 19A12

CYP BM-3
19A12, 0, OH LK-ADH (0]
O (7.62 U/mmol) O (200 U/mmol) g
la  NaDPH  NADPT 2@ NaDPt NADPH 3@
100 mM (0.1 eq.) | in situ-formation, :
\ not isolated ' !
[ 1 mL phosphate buffer (pH 7, 50 mM, 1 mM MgCl,), 24 h, r.t. ]
Activity Recovery/formation® [g/L]
LK-ADH NADPH
Entry 19A12 w/ Wikl [mol% of
mmo mo
[U]/[mg] W 0 ..1a ..2a ..3a
1 0.762/5.2% 200/326 10 1.01 0.43 0.41
2 0.762/5.2% 200/326 10 1.05 n.d.? 0.40
3 0.762/10.3” 200/1057 10 0.61 0.53 0.96
4  0.762/10.3" 200/528° 10 1.61 0.16 0.99

“The content of CYP BM-3 19A12 (0) amounts to 0.123 umol/g lyophilized crude extract; he
content of CYP BM-3 19A12 (2) amounts to 0.120 umol/g lyophilized crude extract; 9addition of LK-
ADH without dilution in glycerol; Mhe term “recovery” describes the mass concentration in g/L of a
compound initially added to the reaction, that is recovered after workup, here cycloalkane 1. The
term “formation” describes the mass concentration in g/L of a compound which is formed during
the reaction and isolated while workup (product formation of cycloalkanol 2 and cycloalkanone 3).
All mass concentrations in g/L were determined via gas chromatography; ®n.d.: not determined, no
clear assignment possible.

8.2.14.2 Double oxidation of cyclodecane (1b)

According to SOP 14 cyclodecane (1b) (14.0 mg, 0.1 mmol) is mixed with 1 mL
phosphate buffer (pH 7.0, 50 mM, 1mM MgCl,). Then a cytochrome P450
monooxygenase from Bacillus megaterium (CYP BM-3) (lyophilisate, 0.762 U
referred to cyclodecane (1b)) and the alcohol dehydrogenase from Lactobacillus
kefir (LK-ADH) (crude extract, 200 U/mmol referred to cyclodecanol (2b), diluted
1:1 with glycerol) are added. To start the reaction cofactor NADPH (8.3 mg,
0.01 mmol) is added. The reaction mixture is stirred for 24 h at room temperature
covered with a plug. After that time the mixture is worked up according to SOP 14
(Table 55).
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Table 55. Results of the double oxidation of cyclodecane (1b)

CYP BM-3
F87V, 0, OH LK-ADH 0
O (7.62 U/mmol) (200 U/mmol) q
)n=5 \ )n:S \ )n=5
1b NADPH  NADP* 2P nappt  NaDpH 3P
100 mM (0.1 eq.) | in situ-formation, !
| not isolated ' !
[ 1 mL phosphate buffer (pH 7, 50 mM, 1 mM MgCl,), 24 h, r.t. ]
Activity Recovery/formation® [g/L]
LK-ADH NADPH
Entry F87V (U/mmoll/lul]  [moI%] of
mmo mo
[U]/[mg] H b .26 .3b
1 0.762/1273) 200/91 10 3.21 n.d. 0.20

*The content of CYP BM-3 F87V amounts to 0.525 umol/g lyophilized crude extract; ®The term
“recovery” describes the mass concentration in g/L of a compound initially added to the reaction,
that is recovered after workup, here cycloalkane 1. The term “formation” describes the mass
concentration in g/L of a compound which is formed during the reaction and isolated while workup
(product formation of cycloalkanol 2 and cycloalkanone 3). All mass concentrations in g/L were
determined via gas chromatography.

8.2.15 Standard operation procedure 15 (SOP 15): Biocatalyzed double
oxidation of cycloalkanes 1 with different CYP BM-3 and LK-ADH and
addition of 2-propanol

CYP BM-3, 0,

OH LK-ADH 0
O (7.62 U/mmol) (200 U/mmol)

n \ n \ n
lazn=1 " nNapPH  NADP* 23:7=1  Nappt NADPH 3a:n=1
1b:n=5 A ! 2b:n=5 A . b:n=5
100 mM ' E in situ-formation, E i

(0] : ' ' X

)J\ ] notisolated i
OH> [ 1 mL phosphate buffer (pH 7, 50 mM, 1 mM MgCl,), 24 h, r.t.]

)\ NADP*

2.5 %o (0.1 eq.)
(v/v)

Scheme 65. Double oxidation of cycloalkanes 1 with addition of 2-propanol

In a 25 mL round bottom flask a cycloalkane 1 (8.4 - 14.0 mg, 0.1 mmol) is mixed
with 997.5 uL phosphate buffer (pH 7.0, 50 mM, 1 mM MgCl,) and 2.5 uL
2-propanol (2.5 %o (v/v)). Then a cytochrome P450 monooxygenase from Bacillus
megaterium (CYP BM-3) (lyophilisate, 0.762 U referred to the corresponding
cycloalkane 1) and the alcohol dehydrogenase from Lactobacillus kefir (LK-ADH)
(crude extract, 200 U/mmol referred to the corresponding cycloalkanol 2, diluted
1:1 with glycerol) are added. To start the reaction cofactor NADP® (7.9 mg,
0.01 mmol) is added. The reaction mixture is stirred for 24 h at room temperature
covered with a plug and worked up according to SOP A resp. SOP B.
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8.2.15.1 Double oxidation of cyclohexane (1a) with addition of 2-propanol

According to SOP 15 cyclohexane (1a) (8.4 mg, 0.1 mmol) is mixed with 997.5 uL
phosphate buffer (pH 7.0, 50 mM, 1 mM MgCl,) and 2.5 uL 2-propanol (2.5 %o
(v/v)). Then a cytochrome P450 monooxygenase from Bacillus megaterium
(CYP BM-3) (lyophilisate, 0.762 U referred to cyclohexane (1a)) and the alcohol
dehydrogenase from Lactobacillus kefir (LK-ADH) (crude extract, 200 U/mmol
referred to cyclohexanol (2a), diluted 1:1 with glycerol) are added. To start the
reaction cofactor NADP* (7.9 mg, 0.01 mmol) is added. The reaction mixture is
stirred for 24 h at room temperature covered with a plug. After that time the
mixture is worked up according to SOP A.

Table 56. Results of the double oxidation of 1a with addition of 2-propanol

CYP BM-3, 0, OH LK-ADH )
O (7.62 U/mmol) O/ (200 U/mmol) (j
la NADPH  NADP* 2a NADP*  NADPH 32
100 mM A ' in situ-formation, A i
: | __._notisolated i 1
O Lecccc e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e .- - - - 1
)J\> [ 1 mL phosphate buffer (pH 7, 50 mM, 1 mM MgCl,), 24 h, r.t. ]
OH
)\ NADP*
2.5 %o (0.1eq.)
(v/v)
Activity CYP Recovery/formation® [g/L]
LK-ADH NADP*
e B mmol/fut]  mol%) o
mmo mo
[U]/[mg] " 0 ..1a ..2a ..3a
WT
a) 200/326 10 0.75 0.25 0.35
0.762/109.2
19A12
b) 200/326 10 1.39 0.68 0.19
0.762/5.2
19A12
b) 200/326 10 0.91 0.40 0.18
0.762/5.2

“The content of CYP BM-3 WT amounts to 1.260 umol/g lyophilized crude extract; ®The content of
CYP BM-3 19A12 (0) amounts to 0.123 umol/g lyophilized crude extract; The term “recovery”
describes the mass concentration in g/L of a compound initially added to the reaction, that is
recovered after workup, here cycloalkane 1. The term “formation” describes the mass concentration
in g/L of a compound which is formed during the reaction and isolated while workup (product
formation of cycloalkanol 2 and cycloalkanone 3). All mass concentrations in g/L were determined
via gas chromatography.
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8.2.15.2 Double oxidation of cyclodecane (1b) with addition of 2-propanol

According to SOP 15 cyclodecane (1b) (14.0 mg, 0.1 mmol) is mixed with 997.5 uL
phosphate buffer (pH 7.0, 50 mM, 1 mM MgCl,) and 2.5 pL 2-propanol (2.5 %o
(v/v)) in a 25 mL round bottom flask. Then a cytochrome P450 monooxygenase
from Bacillus megaterium (14.9 - 19.6 mg lyophilisate CYP BM-3 19A12, 0.762U
referred to cyclodecane (1b)) and the alcohol dehydrogenase from Lactobacillus
kefir (LK-ADH) (crude extract, 200 U/mmol referred to cyclodecanol (2b), diluted
1:1 with glycerol) are added. To start the reaction cofactor NADP® (7.9 mg,
0.01 mmol) is added. The reaction mixture is stirred for 24 h at room temperature
covered with a plug. After that time the mixture is worked up according to SOP 15
(SOP A: entry 1; SOP B: entry 2-4) (Table 57).

Table 57. Results of the double oxidation of cyclodecane (1b) with CYP

BM-3 19A12
CYP BM-3 19A12 LK-ADH o
O (7.62 U/mmoI) o, (200 U/mmol) Cj
)n=5 \ o )n=5
1b NADPH NADP* NADP* NADPH 3b
100 mM A | in situ-formation, A .
: , not isolated ' E
)(?\ L J
OH> [ 1 mL phosphate buffer (pH 7, 50 mM, 1 mM MgCl,), 24 h, r.t. ]
)\ NADP*
2.5 %o (0.1eq.)
(v/v)
Activity Recovery/formation® [g/L]
LK-ADH NADP*
Entry 19A12 w/ Vil [mol%] of
mmo mo
[U]/[me] H 1 .20 .3b
1 0.762/19.6° 200/91 10 7.92 0.00 0.24
2 0.762/14.9" 200/166 10 9.66 0.00 0.27
3 0.762/14.9" 200/166 10 9.38 0.00 0.27
4 0.762/14.9" 200/166 10 10.28 0.00 0.25

“The content of CYP BM-3 19A12 (0) amounts to 0.123 umol/g lyophilized crude extract; ®The
content of CYP BM-3 19A12 (2) amounts to 0.120 umol/g lyophilized crude extract; The term
“recovery” describes the mass concentration in g/L of a compound initially added to the reaction,
that is recovered after workup, here cycloalkane 1. The term “formation“ describes the mass
concentration in g/L of a compound which is formed during the reaction and isolated while workup
(product formation of cycloalkanol 2 and cycloalkanone 3). All mass concentrations in g/L were
determined via gas chromatography.
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8.2.16 Standard operation procedure 16 (SOP 16): Biocatalyzed double
oxidation of cycloalkanes 1 with different CYP BM-3 and LK-ADH with
reduced amount of cofactor

CYP BM-3, 0, OH LK-ADH 0
O (7.62 U/mmol) O/ (200 U/mmol) (j
n \ n \ n
lazn=1""nNappH  NaDP* 22:7=1  Nappt NADPH 3a:n=1
1b:n=5 (0_01_0_02 eq_) E 2b:n=5 A. : b:n=5
100 mM A ' in situ-formation, ' ,
. E not isolated E .
0] e :
A) [ 1 mL phosphate buffer (pH 7, 50 mM, 1 mM MgCl,), 24 h, r.t. ]
OH
/\ optionally
2.5 %o NADP*
(v/v) (0.01-0.02 eq.)

Scheme 66. Double oxidation of cycloalkanes 1 with reduced amount of cofactor

In a 25 mL round bottom flask a cycloalkane 1 (8.4 - 14.0 mg, 0.1 mmol) is mixed
with 1 mL phosphate buffer (pH 7.0, 50 mM, 1mM MgCl,) resp. 997.5 uL
phosphate buffer (pH 7.0, 50 mM, 1 mM MgCl,) and 2.5 uL 2-propanol (2.5 %o
(v/v)). Then a cytochrome P450 monooxygenase from Bacillus megaterium (CYP
BM-3) (lyophilisate, 0.762 U referred to the corresponding cycloalkane 1) and the
alcohol dehydrogenase from Lactobacillus kefir (LK-ADH) (crude extract,
200 U/mmol referred to the corresponding cycloalkanol 2, diluted 1:1 with
glycerol) are added. To start the reaction 1 resp. 2 mol% of cofactor (NADPH:
0.83 - 1.67 mg, 0.001 - 0.002; NADP": 0.79 mg - 1.57 mg, 0.001 - 0.002 mmol) resp.
1 mol% NADPH (0.83 mg, 0.001 mmol) as well as 1 mol% NADP® (0.79 mg,
0.001 mmol) is added. The reaction mixture is stirred for 24 h at room
temperature and worked up according to SOP A resp. SOP B.

8.2.16.1 Double oxidation of cyclohexane (1a) with reduced amount of cofactor

According to SOP 16 cyclohexane (1a) (8.4 mg, 0.1 mmol) is mixed with 1 mL
phosphate buffer (pH 7.0, 50 mM, 1 mM MgCl,) in a 25 mL round bottom flask.
Then a cytochrome P450 monooxygenase from Bacillus megaterium (CYP BM-3
19A12) (lyophilisate, 0.762 U referred to cyclohexane (1a)) and the alcohol
dehydrogenase from Lactobacillus kefir (LK-ADH) (crude extract, 200 U/mmol
referred to cyclohexanol (2a), diluted 1:1 with glycerol) are added. To start the
reaction 1 or 2 mol% of cofactor NADPH (0.83 -1.67 mg, 0.001 - 0.002 mmol)
resp. 1 mol% NADPH (0.83 mg, 0.001 mmol) as well as 1 mol% NADP* (0.79 mg,
0.001 mmol) is added. The reaction mixture is stirred for 24 h at room
temperature covered with a plug. After that time the mixture is worked up
according to SOP 16 (SOP A: entry 1-4; SOP B: entry 5) (Table 58).
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Table 58. Results of the double oxidation of cyclohexane (1a) with different
concentrations of cofactor NADPH

CYypP BM-3, O, OH LK-ADH 0
O (7.62 U/mmol) O/ (200 U/mmol) (j
1a NADPH NADP" NADP* NADPH 3a
100 mM (0.01-0.02 eq.) ! in situ-formation, !
A i not isolated ! !
o)
A [ 1 mL phosphate buffer (pH 7, 50 mM, 1 mM MgCl,), 24 h, r.t. ]
on )
)\ optionally
2.5 %o NADP*
(V/v) (0.01 eq.)
Activity Recovery/formation® [g/L]
En- LK-ADH
. 19A12 W/ /] Cofactor of
r mmo
y [U)/[mg] H ..1a ..2a ..3a
1 0.762/5.2%) 200/825 1 mol% 0.42 0.09 0.08
2 0.762/5.2%) 200/825 1 mol% 1.04 0.09 0.10
3 0.762/5.2%) 200/825 2 mol% 1.07 0.11 0.11
4 0.762/5.2° 200/825 2mol%?  0.98 0.09 0.10
5  0.762/10.3" 200/528° 1mol%  0.31 0.19 0.28

“The content of CYP BM-3 19A12 (0) amounts to 0.123 umol/g lyophilized crude extract; *The
content of CYP BM-3 19A12 (2) amounts to 0.120 umol/g lyophilized crude extract; 9addition of LK-
ADH without dilution in glycerol; Yeach 1 mol% cofactor in oxidized + reduced form; “The term
“recovery” describes the mass concentration in g/L of a compound initially added to the reaction,
that is recovered after workup, here cycloalkane 1. The term “formation”“ describes the mass
concentration in g/L of a compound which is formed during the reaction and isolated while workup
(product formation of cycloalkanol 2 and cycloalkanone 3). All mass concentrations in g/L were
determined via gas chromatography.

8.2.16.2 Double oxidation of cyclodecane (1b) with reduced amount of cofactor

According to SOP 16 cyclodecane (1b) (14.0 mg, 0.1 mmol) is mixed with 997.5 pL
phosphate buffer (pH 7.0, 50 mM, 1 mM MgCl,) and 2.5 puL 2-propanol (2.5 %o
(v/v)) in a 25 mL round bottom flask. Then a cytochrome P450 monooxygenase
from Bacillus megaterium (CYP BM-3 19A12) (lyophilisate, 0.762 U referred to
cyclodecane (1b)) and the alcohol dehydrogenase from Lactobacillus kefir
(LK-ADH) (crude extract, 200 U/mmol referred to cyclodecanol (2b), diluted 1:1
with glycerol) are added. To start the reaction 1 resp. 2 mol% of cofactor NADP"
(0.79 - 1.57 mg, 0.001 - 0.002 mmol) resp. 1 mol% NADPH (0.83 mg, 0.001 mmol)
as well as 1 mol% NADP* (0.79 mg, 0.001 mmol) is added. The reaction mixture is
stirred for 24 h at room temperature covered with a plug. After that time the
mixture is worked up according to SOP 16 (SOP A: entry 1-4; SOP B: entry 5) (Table
59).
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Table 59. Results of the double oxidation of cyclodecane (1b) with different
concentrations of cofactor NADP"

CYP BM-3 19A12 LK-ADH 0
O (7.62 U/mmol) o, O/ (200 U/mmol) (j
Jn=s \ D=5
1b NADPH NADPJr NADP* NADPH 3b
100 mM  (0.01 eq.) ,  insitu-formation,

A | not isolated ' i
)?\ e J

OH [ 1 mL phosphate buffer (pH 7, 50 mM, 1 mM MgCl,), 24 h, r.t. ]

NADP*
2.5 %o (0.01-0.02 eq.)
(v/v)

Activity Recovery/formation® [g/L]

LK-ADH ¢

r 19A12 (U/mmoll/[uL] Cofactor o
Y Ul/ime " b .2b  .3b
1 0.762/19.a" 200/241 1mol%  7.34 n.d.” 0.26
2 0.762/19.6” 200/241 1 mol% 3.25 n.d.” 0.29
3 0.762/19.6% 200/241 2 mol% 7.08 n.d.” 0.25
4  0.762/19.6” 200/241 2mol%?  4.23 n.d.” 0.35
5  0.762/14.9” 200/83° 1mol%  7.88 n.d.” 0.22

“The content of CYP BM-3 19A12 (0) amounts to 0.123 umol/g lyophilized crude extract; “'The
content of CYP BM-3 19A12 (2) amounts to 0.120 umol/g lyophilized crude extract; Addltlon of LK-
ADH without dilution in glycerol; Yeach 1 mol% cofactor in oxidized + reduced form; “The term

“recovery” describes the mass concentration in g/L of a compound initially added to the reaction,
that is recovered after workup, here cycloalkane 1. The term “formation“ describes the mass
concentration in g/L of a compound which is formed during the reaction and isolated while workup
(product formation of cycloalkanol 2 and cycloalkanone 3). All mass concentrations in g/L were
determined via gas chromatography; not detected.

8.2.17 Standard operation procedure 17 (SOP 17): Biocatalyzed double
oxidation of cycloalkanes 1 with different CYP BM-3 and LK-ADH and
reduction of the reaction time

CYP BM-3, O, LK-ADH 0
O) (7.62 U/mmol) O)/ (200 U/mmol) Q)//
n n
lazn=1 " NADPH E‘DP" 2a:n=1 " \app+ E‘DPH 3a:n=1
1b:n=>5 (0.1 eq.) : 2b.n=5 4 ; 3b:n=5
100 mM A E in situ-formation, E E
. ' not isolated ' E

[1 mL phosphate buffer (pH 7, 50 mM, 1 mM MgCl,), 2-4 h, r.t. ]

Scheme 67. Double oxidation of cycloalkanes 1
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In a 25 mL round bottom flask a cycloalkane 1 (8.4 - 14.0 mg, 0.1 mmol) is mixed
with 1 mL phosphate buffer (pH 7.0, 50 mM, 1 mM MgCl,) resp. 997.5 pL phos-
phate buffer (pH 7.0, 50 mM, 1 mM MgCl,) and 2.5 uL 2-propanol (2.5 %o (v/v)).
Then a cytochrome P450 monooxygenase from Bacillus megaterium (CYP BM-3)
(lyophilisate, 0.762 U referred to the corresponding cycloalkane 1) and the alcohol
dehydrogenase from Lactobacillus kefir (LK-ADH) (crude extract, 200 U/mmol
referred to the corresponding cycloalkanol 2, diluted 1:1 with glycerol) are added.
To start the reaction cofactor NADPH (8.3 mg, 0.01 mmol) resp. NADP* (7.9 mg,
0.01 mmol) is added. The reaction mixture is stirred for 2-4h at room
temperature covered with a plug and worked up according to SOP B.

8.2.17.1 Double oxidation of cyclohexane (1a) with shortened reaction time

According to SOP 17 cyclohexane (1a) (8.4 mg, 0.1 mmol) is mixed with 1 mL
phosphate buffer (pH 7.0, 50 mM, 1 mM MgCl,) in a 25 mL round bottom flask.
Then a cytochrome P450 monooxygenase from Bacillus megaterium
(CYPBM-319A12, 0.762 U, 10.3mg) and the alcohol dehydrogenase from
Lactobacillus kefir (LK-ADH) (crude extract, 200 U/mmol referred to cyclohexanol
(2a), diluted 1:1 with glycerol) are added. To start the reaction cofactor NADPH
(8.3 mg, 0.01 mmol) is added. The reaction mixture is stirred for 2 -4 h at room
temperature covered with a plug. After that time the mixture is worked up
according to SOP B (Table 60).

Table 60. Results of the double oxidation of cyclohexane (1a) with shortened
reaction time

CYP BM-3
19A12, O, OH LK-ADH 0
O (7.62 U/mmol) O/ (200 U/mmol) (j
la  NappH  NADP* 2@ NaDP*  NaDPH 3@
100 mM (0.1 eq.) . in situ-formation, :
| not isolated ! !
[ 1 mL phosphate buffer (pH 7, 50 mM, 1 mM MgCl,), 2-4 h, r.t. ]
Activity Recovery/formation® [g/L]
Ent 19AL LK-ADH Time of
ntry
U/mmol L h
[U]/[mg] v/ ] (h] ..1a ..2a ..3a
1 0.762/10.3° 200/528" 2 1.09 0.22 0.37
2 0.762/10.3° 200/528" 4 0.66 0.23 0.51

“The content of CYP BM-3 19A12 (2) amounts to 0.120 pmol/g lyophilized crude extract; ®Iaddition
of LK-ADH without dilution in glycerol; 9The term “recovery” describes the mass concentration in g/L
of a compound initially added to the reaction, that is recovered after workup, here cycloalkane 1.
The term “formation” describes the mass concentration in g/L of a compound which is formed
during the reaction and isolated while workup (product formation of cycloalkanol 2 and
cycloalkanone 3). All mass concentrations in g/L were determined via gas chromatography.
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8.2.17.2 Double oxidation of cyclodecane (1b) with shortened reaction time

According to SOP 17 cyclodecane (1b) (14.0 mg, 0.1 mmol) is mixed with 997.5 uL
phosphate buffer (pH 7.0, 50 mM, 1 mM MgCl,) and 2.5 pL 2-propanol (2.5 %o
(v/v)) in a 25 mL round bottom flask. Then a cytochrome P450 monooxygenase
from Bacillus megaterium (CYP BM-3 19A12, 0.762 U, 14.9 mg) and the alcohol
dehydrogenase from Lactobacillus kefir (LK-ADH) (crude extract, 200 U/mmol
referred to cyclodecanol (2b), diluted 1:1 with glycerol) are added. To start the
reaction cofactor NADP" (7.9 mg, 0.01 mmol) is added. The reaction mixture is
stirred for 2 - 4 h at room temperature covered with a plug. After that time the
mixture is worked up according to SOP B (Table 61).

Table 61. Results of the double oxidation of cyclodecane (1b) with shortened
reaction time

CYP BM-3 19A12 LK-ADH o
O (7.62 U/mmol), 0, O/ (200 U/mmol) (j
)n:S \ )n=5
b NADPH NADP" NADP*  NADPH 3P
100 mM A ,  insitu-formation,
E X not isolated ' i
i I . J
OH> [ 1 mL phosphate buffer (pH 7, 50 mM, 1 mM MgCl,), 2-4 h, r.t. ]
)\ NADP*
2.5 %o (0.1eq.)
(v/v)
Activity Recovery/formation” [g/L]
LK-ADH Time
Entry 19A12 W/mmoll/lll  (h] of
mmo
[U]/[mg] H ..1a ..2a ..3a
1 0.762/14.93) 200/166 2 11.81 0.00 0.21
2 0.762/14.93) 200/166 4 10.98 0.00 0.23

“The content of CYP BM-3 19A12 (2) amounts to 0.120 umol/g lyophilized crude extract; ®The term
“recovery” describes the mass concentration in g/L of a compound initially added to the reaction,
that is recovered after workup, here cycloalkane 1. The term “formation”“ describes the mass
concentration in g/L of a compound which is formed during the reaction and isolated while workup
(product formation of cycloalkanol 2 and cycloalkanone 3). All mass concentrations in g/L were
determined via gas chromatography.
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8.2.18 Standard operation procedure 18 (SOP 18): Biocatalyzed double
oxidation of cyclodecane (1b) with increased initial substrate
concentration

CYP BM-3 19A12 OH LK-ADH 0
O (7.62 U/mmol), 0, (200 U/mmol)
)n:5 \ = )n:S \ )n=5
1b ADPH  NADP*  2b NADP*  NADPH 3P
100-500 mM A ,in situ-formation, .
E | not isolated ' i
0 I . J
OH> [ 1 mL phosphate buffer (pH 7, 50 mM, 1 mM MgCl,), 24 h, r.t. ]
)\ NADP*
2.5 %o (0.1eq.)
(v/v)

Scheme 68. Double oxidation of cycloalkanes 1 with increased substrate
concentration

In a 25 mL round bottom flask cyclodecane (1b) (14.0 - 70.2 mg, 0.1 - 0.5 mmol) is
mixed with 997.5 uL phosphate buffer (pH 7.0, 50 mM, 1 mM MgCl,) and 2.5 pL
2-propanol (2.5%. (v/v)). Then a cytochrome P450 monooxygenase from
Bacillus megaterium (CYP BM-3 19A12, 0.762 U, 14.9mg) and the alcohol
dehydrogenase from Lactobacillus kefir (LK-ADH) (crude extract, 200 U/mmol
referred to cyclodecanol (2b), diluted 1:1 with glycerol) are added. To start the
reaction cofactor NADP" (7.9 - 39.4 mg, 0.01 - 0.05 mmol, 10 mol%) is added. The
reaction mixture is stirred for 24 h at room temperature covered with a plug and
worked up according to SOP B. The results are summarized in Table 62.

Table 62. Results of the double oxidation of cyclodecane (1b) with increased
substrate concentration according to Scheme 68

Activity LCADH b Recovery/formation” [g/L]
Entry 19A12 /mmoll/[ul]  [mmol] of
mmo mmo
[U]/[mg] H ..1a ..2a ..3a
1 0.762/14.93) 200/166 0.1 10.28 0.00 0.25
2 0.762/14.9° 200/166 0.5 64.32 0.00 0.82

“The content of CYP BM-3 19A12 (2) amounts to 0.120 umol/g lyophilized crude extract; ®The term
“recovery” describes the mass concentration in g/L of a compound initially added to the reaction,
that is recovered after workup, here cycloalkane 1. The term “formation“ describes the mass
concentration in g/L of a compound which is formed during the reaction and isolated while workup
(product formation of cycloalkanol 2 and cycloalkanone 3). All mass concentrations in g/L were
determined via gas chromatography.
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8.2.19 Standard operation procedure 19 (SOP 19): Preparation of the
superabsorbed enzyme tandem

To a homogenous mixture consisting of (A)8.34-(B)16.68 mg NADPH,
(A)1-(B)2mL phosphate buffer (pH7, 50mM, containing 1 mM MgCl,),
(A) 16.2 - (B) 32.4 mg CYP BM-3 19A12 (0.762 U referred to cyclohexane (1a)) and
(A) 443 - (B) 886 pL LK-ADH (200 U/mmol relative to the ordinarily used 0.1 mmol
substrate 1a) in a (A) 10 - (B) 50 mL round bottom or pear shaped flask were
added (A) 248 - (B) 496 mg of the superabsorbent polymer Favor SXM 9155®
(Evonik Industries AG). The mixture solidifies within 1 min of stirring.

8.2.20 Standard operation procedure 20 (SOP 20): Double oxidation of
cyclohexane (1a) using a superabsorbed enzyme tandem

The superabsorbed enzyme tandem is prepared according to SOP 19 in a 10 mL
round bottom or 50 mL pear shaped flask. The immobilizate is then mixed with
5 mL cyclohexane (1a) (saturated with water to avoid the unwanted reduction of
the aqueous quantity) and stirred at 70 rpm for 24 h at room temperature. The
supernatant organic phase is pipetted into a 10 mL volumetric flask while the
remaining hydrogel is extracted twice by adding each 2 mL dichloromethane or
cyclohexane (1a) (saturated with water to avoid the unwanted reduction of the
aqueous quantity) and swirling the suspension. The combined organic phases are
transferred completely into the 10 mL volumetric flask which is filled with
dichloromethane or 1a. By means of a straight calibration line the concentration is
analyzed via gas chromatography. Then 5 mL cyclohexane (1a) (saturated with
water to avoid the unwanted reduction of the aqueous quantity) are added to the
immobilisate and the next cycle is started by stirring at 70 rpm for 24 h at room
temperature. The results of the double oxidation of cyclohexane (1a) using the
superabsorbed enzyme tandem are summarized in Table 63, the recycling of the
superabsorbed enzyme tandem is shown in Table 64.
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Table 63. Double oxidation of cyclohexane (1a) using the superabsorbed enzyme

tandem
0]
O superabsorbed enzyme tandem: (j
CYP BM-3 19A12 and LK-ADH
1a cofactor NADPH 3a
as solvent
24 h, r.t.

Cyclohexane Cyclohexanol Cyclohexanone

a)
Entry™ Method  Flask ) ) 1e/1] (2a) [g/L] (3a) [g/L]

10 mL,
1 A round -9 0.00 0.15

bottom
50 mL®
2 B pear -9 0.00 0.16

shaped

50 mL®
3°) B pear -4 0.00 0.18

shaped
3IGC-measurements are conducted in a twofold determination; ®’Extraction as described above, but
instead of dichloromethane, cyclohexane (1a) (saturated with water to avoid the unwanted
reduction of the aqueous quantity) was used; c)Enlargement of the air volume in the flask to rule out
the deficiency of molecular oxygen; Yconcentration of 1a is over the detection limit of the straight
calibration line.

Table 64. Double oxidation of cyclohexane (1a) using the superabsorbed enzyme
tandem for 1-3 cycles

0]
O superabsorbed enzyme tandem: (j
CYP BM-3 19A12 and LK-ADH

1a cofactor NADPH 3a
as solvent >
24 h, r.t.
Cyclohexanone (3a
I vl Cyclohexane Cyclohexanol \[//L' bil (d)
Entr ycle g/Limmobilize
y (1a) [g/L] (2a) [g/L]
aqueous phase]
1 1 LD 0.00 0.18
2 2 P 0.00 0.04
3 3 P 0.00 <0.01

3GC-measurements are conducted in a twofold determination; PlConcentration of 1a is over the
detection limit of the straight calibration line.
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8.2.21 Standard operation procedure 21 (SOP 21): Cultivation of recombinant
cells for the biocatalyzed double oxidation of cycloalkanes 11>

Overnight preculture:

Under sterile conditions a preculture is prepared by inoculating 5 mL LB medium,
5 uL kanamycin (50 g/I, sterile filtered) and 5 pL chloramphenicol (34 g/|, sterile
filtered) with 5 pL of the construct A (E. coli BL21 (DE3) Gold Lacl®* pALXtreme-1a
P450 BM-3 19A12"°"(Kan®) + pKA1 LB-ADH (Cm")) or construct B (E. coli BL21
(DE3) Gold Lacl® pALXtreme-1a P450 BM-3 19A12"*P"::RE-ADH (Kan®) + pKA1 LB-
ADH (Cm") (1 pL/mL)). The cultures are grown overnight (14 h) by shaking at 37°C.

Expression culture:

Under sterile conditions an expression culture is prepared. In a 2 L shaking flask
400 mL TB medium is supplemented with 400 pL trace elements (3.40 mM CaCl,,
0.63 mM ZnS0O,, 0.59 mM MnSO,, 59.82 mM Na,-EDTA, 61.79 mM FeCl;, 0.64 mM
CuS0,, 0.76 mM CoCl,, autoclaved and sterile filtered) and each 400 uL of the
antibiotics kanamycin (50 g/I, sterile filtered) and chloramphenicol (34 g/I, sterile
filtered). Then 4 mL of the preculture are added. The cultures are grown by
shaking at 37°C. To monitor the bacterial growth, the optical density at 600 nm
(ODggo) of the bacterial culture is measured spectrophotometrically with an
UV/VIS-spectrophotometer (BioPhotometer plus, Eppendorf). The spectrophoto-
meter is blanked by measuring the media without the preculture. After the initial
cultivation (construct A: ODgyo = 0.72 after 3h; construct B: ODgy = 0.80 after 4h)
the culture is supplemented with each 400 pL aminolevulinic acid (ALA) (0.5 M,
sterile filtered), ZnCl, (1 M, sterile filtered) and thiamine (100 g/I). Then expression
is induced by adding 400 pL isopropyl-B-D-thiogalactopyranoside (IPTG) (0.1 M,
sterile filtered). Expression takes place while incubating the cultures at 25°C and
250 rpm (construct A: 20 h; construct B: 19 h). The E. coli cells are transferred into
tubes and harvested by centrifugation (10 min, 4000 rpm, 4 °C, Thermo
Scientific™ Sorvall™ RC 6 Plus Centrifuge). The supernatant media is discarded and
the cells are washed with 80 mL KPi-buffer (pH 8.0, 100 mM). After centrifugation
the supernatant is discarded again and the cell pellets are stored at -20°C.

8.2.22 Standard operation procedure (SOP 22): Oxidation of cyclohexane (1a)
using whole cells

The cell pellet is resuspended in KPi-buffer (pH 8.0, 100 mM) to an optical density
of approximately 40 (construct A: ODgy = 40.2; construct B: ODggp = 39.0). 50 pL
glucose solution (200 g/L, sterile filtered using 0.2 um filters) are poured into a
10 mL-glass vial with screw plug and 1 mL of the resuspended cells (ODgqy = ca. 40)
are added. This mixture is incubated for 5 min at room temperature before 20 uL
of a 0.5 M stock solution of cyclohexane (1a) in ethanol are pipetted in the glass
vial (10 mM). Then the vial is sealed and the reaction mixture is stirred at room
temperature for 0.5 - 24 h.


http://dict.leo.org/ende?lp=ende&p=Ci4HO3kMAA&search=standard&trestr=0x8001
http://dict.leo.org/ende?lp=ende&p=Ci4HO3kMAA&search=operation&trestr=0x8001
http://dict.leo.org/ende?lp=ende&p=Ci4HO3kMAA&search=procedure&trestr=0x8001
http://dict.leo.org/ende?lp=ende&p=Ci4HO3kMAA&search=standard&trestr=0x8001
http://dict.leo.org/ende?lp=ende&p=Ci4HO3kMAA&search=operation&trestr=0x8001
http://dict.leo.org/ende?lp=ende&p=Ci4HO3kMAA&search=procedure&trestr=0x8001
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After different time intervals the experiments are terminated by transferring the
reaction mixture into an Eppendorf tube and admix with hydrochloric acid
(100 pL, 37%) and MTBE (1 mL). The biphasic system is vortexed for 2 min and the
phase separation is obtained by centrifugation at maximal speed for 2 min
(Eppendorf centrifuge 5425). The organic phase is pipetted into another
Eppendorf tube where it is vortexed and centrifuged as described above in the
presence of magnesium sulphate. By means of a straight calibration line the
concentration is analyzed via gas chromatography (Table 65 and Table 66).

Table 65. Oxidation of cyclohexane (1a) using construct A, BL21 (DE3) Gold LacI®*
pALXtreme-1a P450 BM-3 19A12"°™(Kan®) + pKA1 LB-ADH (Cm®) (SOP 22)
ODggo = 40.2; CDW = 8.7 (cell dry weight; in gcow L)

O P450-monooxygenase + O,
S\

1a BL21 (DE3) Gold Lacl?!

OH
P450 BM-3 19A12NAPPH(KanR)

: 0 WADH (cm®) 2a

alcohol dehydrogenase

3a
. Product yield on
Entry® Time la[g/L] 2a[g/L] 3alg/L] 22a+3a catalyst”
[h] (g/L]
[mgproduct/gCDW]

1 0.5 0.06 0.10 0.02 0.12 14
2 1 0.01 0.16 0.08 0.24 28
3 2 0.02 0.21 0.14 0.35 40
4 4 0.03 0.26 0.15 0.41 94
5 18 0.02 0.36 0.04 0.40 47
6 24 0.02 0.38 0.04 0.42 48

a)Both, experiments and GC-measurements are conducted in a twofold determination with the
result that for each reaction the average of a fourfold dataset is calculated; ®product yield on
catalyst describes the ratio between the sum of products mass concentrations (£2+3) in mg/L and
the amount of catalyst as cell dry weight in gcpw L™
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Table 66. Oxidation of cyclohexane (1a) using construct B, BL21 (DE3) Gold Lacl®
pALXtreme-1a P450 BM-3 19A12"°"::RE-ADH (Kan®) + pKA1 LB-ADH (Cm")
(SOP 22) ODgy = 39.0; CDW = 5.0 (cell dry weight; in gcpw LY

O P450-monooxygenase + O,
\
1a BL21 (DE3) Gold Lacl?!

OH
10 mM pALXtreme-1la +
NAD(PIH 450 Bm-3 19A12%%0k::pE.ADH VAP (P) [ O/

o (Kan®) + pKA1 LB-ADH (Cm®) 2a
(j alcohol dehydrogenase
3a
) Product yield on
o Time 22a+3a b)
Entry la[g/L] 2a[g/L] 3alg/L] catalyst
[h] [g/L]
[mgproduct/gCDW]

1 0.5 0.05 0.08 0.03 0.11 22
2 1 0.03 0.14 0.09 0.23 46
3 2 0.02 0.18 0.15 0.33 66
4 4 0.01 0.25 0.21 0.46 92
5 18 0.01 0.41 0.06 0.47 94
6 24 0.01 0.43 0.08 0.51 102

a)Both, experiments and GC-measurements are conducted in a twofold determination with the
result that for each reaction the average of a fourfold dataset is calculated; ®product yield on
catalyst describes the ratio between the sum of products mass concentrations (£2+3) in mg/L and
the amount of catalyst as cell dry weight in gcpw L™

8.2.23 Standard operation procedure (SOP 23): Oxidation of cyclodecane (1b)
using whole cells

The cell pellet is resuspended in KPi buffer (pH 8.0, 100 mM) to an optical density
of approximately 40 (construct A: ODgyo = 39.4; construct B: ODgy = 33.6). 50 pL
glucose solution (200 g/L, sterile filtered using 0.2 um filters) are poured into a
glass vial and 1 mL of the resuspended cells (ODgy = ca. 40) are added. This
mixture is incubated for 5 min at room temperature before 20 pL of a 5 M stock
solution of cyclodecane (1b) in ethanol are pipetted in the glass vial (100 mM).
Then the vial is sealed and the reaction mixture is stirred at room temperature for
1-20h. After different time intervals the experiments are terminated by
transferring the reaction mixture into an Eppendorf tube and admix with
hydrochloric acid (100 uL, 37%) and MTBE (1 mL). The biphasic system is vortexed
for 2 min and the phase separation is obtained by centrifugation at maximal
speed for 2 min (Eppendorf centrifuge 5425). The organic phase is pipetted into
another Eppendorf tube where it is vortexed and centrifuged as described above
in the presence of magnesium sulphate. By means of a straight calibration line the
concentration is analyzed via gas chromatography (Table 67 and Table 68).


http://dict.leo.org/ende?lp=ende&p=Ci4HO3kMAA&search=standard&trestr=0x8001
http://dict.leo.org/ende?lp=ende&p=Ci4HO3kMAA&search=operation&trestr=0x8001
http://dict.leo.org/ende?lp=ende&p=Ci4HO3kMAA&search=procedure&trestr=0x8001
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Table 67. Oxidation of cyclodecane (1b) using construct A, BL21 (DE3) Gold Lacl*
pALXtreme-1a P450 BM-3 19A12"°™(Kan®) + pKA1 LB-ADH (Cm®) (SOP 23)
ODggo = 39.4; CDW = 14.9 (cell dry weight; in gcpw LY

Cij P450-monooxygenase + O,
N

1b BL21 (DE3) Gold Lacl®

100 mM OH
NAD(P)H pALXtreme-la NAD(P)+
P450 BM-3 19A12NAPPH(KanR)
0 W—ADH (cmR) 2b
3b

alcohol dehydrogenase

Time 52b+3b Product yield on

Entry® 1b [g/L] 2b[g/L] 3b|[g/L] catalyst”
[h] [g/L]
[mgproduct/gCDW]
1 1 8.00 - 0.06 0.06 4
2 4.5 6.42 - 0.10 0.10 7
3 20 1.99 -- 0.06 0.06 4

a)Both, experiments and GC-measurements are conducted in a twofold determination with the
result that for each reaction the average of a fourfold dataset is calculated; ®Jproduct yield on
catalyst describes the ratio between the sum of products mass concentrations (£2+3) in mg/L and
the amount of catalyst as cell dry weight in gcpw L

Table 68. Oxidation of cyclodecane (1b) using construct B, BL21 (DE3) Gold Lacl**
pALXtreme-1a P450 BM-3 19A12"°"::RE-ADH (Kan®) + pKA1 LB-ADH (Cm")
(SOP 23) ODggo = 33.6; CDW = 10.4 (cell dry weight; in gcow L)

Cij P450-monooxygenase + O,
\

1b BL21 (DE3) Gold Lacl®!
100 mM ALXtreme-1 OH
P450 BM-3 19A12NAPH::RE-ADH
o (Kan®) + pKA1 LB-ADH (CmFR) 2b
(Zj alcohol dehydrogenase
3b
Product yield
1b 2b 3b >2b+3b

Entry® Time [h] on catalyst”

[g/L] [g/L] [g/L] [g/L]

[M8product/Beow]
1 1 7.97 = 0.12 0.12 12
2 4.5 7.17 - 0.12 0.12 12
3 20 4.95 = 0.12 0.12 12

a)Both, experiments and GC-measurements are conducted in a twofold determination with the
result that for each reaction the average of a fourfold dataset is calculated; ®Jproduct yield on
catalyst describes the ratio between the sum of products mass concentrations (22+3) in mg/L and
the amount of catalyst as cell dry weight in gcpw L™






REFERENCES | 145

9

[1]

[2]

(3]
[4]
(5]

6]

[7]
(8]
[9]
[10]
[11]
[12]
[13]
[14]

[15]

[16]

[17]

[18]

[19]

References

J. Potter, Kochen fiir Geeks - Inspiration & Innovation fiir die Kiiche, 1°*
edition, O'Reilly Verlag GmbH & Co. KG, K6ln 2011. p.158.

B. Leitenberger, Was Sie schon immer (liber Lebensmittel und Erndhrung
wissen wollten, 1°** edition, BoD - Books on Demand, Norderstedt 2013.
p.189.

W. Umbach, Kosmetik und Hygiene von Kopf bis Fuf, 3" edition, WILEY-
VCH Verlag GmbH & Co. KGaA, Weinheim 2004.

T. Brandenburger, T. Bajorat, Fallbuch Biochemie, 1** edition, Georg
Thieme Verlag KG, Stuttgart 2006. p.225f.

M. Wehling, Klinische Pharmakologie, 2" edition, Georg Thieme Verlag
KG, Stuttgart 2011. p.9ff.

A. Wollrab, Organische Chemie - Eine Einfiihrung fiir Lehramts-und
Nebenfachstudenten, 4™ edition, Springer Verlag, Berlin Heidelberg
2014. p.79.

H.-). Arpe, K. Weissermel, Industrial Organic Chemistry, 3™ edition,
WILEY-VCH, Weinheim 1997.

R. A. Sheldon, I. Arends, U. Hanefeld, Green Chemistry and Catalysis, 1*
edition, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 2007.

T. Schiffer, G. Oenbrink, Ullmann’s Encyclopedia of Industrial Chemistry,
6™ edition, electronic release, Wiley-VCH, Weinheim 2000.

M. T. Musser, Ullmann’s Encyclopedia of Industrial Chemistry, 6" edition,
electronic release, Wiley-VCH, Weinheim 2012.
http://www.process.vogel.de/anlagenbau_effizienz/articles/249142/
last accessed on 24.09.2014, 11.37 Uhr.
http://www.process.vogel.de/thermische verfahrenstechnik/articles/18
2751/ last accessed on 24.09.2014, 11.37 Uhr.

J. Teles, B. RoRler, R. Pinkos, T. Genger, T. Preiss (BASF SE),

Eur. Patent EP 1663932, 2008.

J. Teles, B. Roéssler, R. Pinkos, G. Tebben, C. Miiller (BASF SE), Eur. Patent
EP 2041060, 2009.

G. Tojo, M. Fernandez, Oxidation of Alcohols to Aldehydes and Ketones: A
Guide to Current Common Practice, 1% edition, Springer Science +
Business Media Inc., New York 2006.

A. Kleemann, J. Engels, B. Kutscher, D. Reichert, Pharmaceutical

Substances: Syntheses, Patents, Applications, 4t edition, Thieme-Verlag,
Stuttgart 2001.

N. Ran, L. Zhao, Z. Chen, J. Tao, Green Chem. 2008, 10, 361-372.

G. E. Jeromin, M. Bertau, Bioorganikum: Praktikum der Biokatalyse, 1*
edition, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 2005, p. 1-12.

F. Hollmann. I. W. C. E. Arends, K. Blhler, A. Schallmey, B. Bihler, Green
Chem. 2011, 13, 226-265.


http://www.process.vogel.de/anlagenbau_effizienz/articles/249142/
http://www.process.vogel.de/thermische_verfahrenstechnik/articles/182751/
http://www.process.vogel.de/thermische_verfahrenstechnik/articles/182751/

146 | REFERENCES

[20]

[21]

[22]

[23]
[24]

[25]

[26]

[27]

[28]

[29]

(30]

[31]

[32]
[33]

[34]

[35]

[36]

[37]

E. Burda, Dissertation, Friedrich-Alexander-Universitait Erlangen-
Nirnberg, Erlangen 2010.

S. Staudt, Diplomarbeit 2010, Friedrich-Alexander-Universitdt Erlangen-
Nirnberg, Erlangen 2010.

S. Staudt, Dissertation, Friedrich-Alexander-Universitat Erlangen-
Nirnberg, Erlangen 2014.

E. Saxon, C. R. Bertozzi, Science 2000, 287, 2007-2010.

E. M. Sletten, C. R. Bertozzi, Accounts of Chemical Research 2011, 44,
666-676.

http://c8-
rings.evonik.com/sites/dc/Downloadcenter/Evonik/Product/C8-
Rings/en/Buildingblocks.pdf last accessed on 03/18/2015, at 09:58 pm
http://www.creatingperfume.com/gamma-valerolactonefcc.aspx last
accessed on 09/25/2014, at 01:27 pm.

J. Yang, L. Jia, Q. Hao, Y. Li, Q. Li, Q. Fang, A. Cao, Macromol. Biosci. 2005,
5, 896-903.

K. Faber, Biotransformations in Organic Chemistry, 5 edition, Springer-

Verlag, Berlin 2004. resp. K. Faber, Biotransformations in Organic
Chemistry - A Textbook, 6™ edition, Springer Verlag Berlin Heidelberg
2011.

P. Anastas, J. C. Warner, Green Chemistry: Theory and Practice, Oxford
University Press, Oxford 1998.
http://www.sigmaaldrich.com/MSDS/MSDS/DisplayMSDSPage.do?count
ry=DE&language=de&productNumber=C109800&brand=ALDRICH&Page
ToGoToURL=http%3A%2F%2Fwww.sigmaaldrich.com%2Fcatalog%2Fpro
duct%2Faldrich%2Fc109800%3Flang%3Dde last accessed on 03/18/2015,
at 10:02 pm.

C. A. Miiller, A. Dennig, T. Welters, T. Winkler, A. J. Ruff, W. Hummel, H.
Groger, U. Schwaneberg, J. Biotechnol. 2014, 191, 196-204.

C. A. Mdller, Dissertation, RWTH Aachen 2013.

E. Riedel, C. Janiak, Anorganische Chemie, 7" edition, Walter de Gruyter
GmbH & Co. KG Berlin 2007, p. 165, 317, 318.

R. C. Dart, Medical toxicology, 3 edition, LIPPINCOTT WILLIAMS &
WILKINS, Philadelphia 2004, p. 377.

K. Brink, G. Fastert, E. Ignatowitz, Technische Mathematik und

Datenauswertung fiir Laborberufe, 6™ edition, Verlag Europa-Lehrmittel,
Haan-Gruiten 2012.
http://www.sigmaaldrich.com/MSDS/MSDS/DisplayMSDSPage.do?count
ry=DE&language=de&productNumber=227048&brand=SIAL&PageToGoT
oURL=http%3A%2F%2Fwww.sigmaaldrich.com%2Fcatalog%2Fproduct%2
Fsial%2F227048%3Flang%3Dde last accessed on 03/02/2015, at 8:13 pm.
http://www.sigmaaldrich.com/MSDS/MSDS/DisplayMSDSPage.do?count
ry=DE&language=de&productNumber=155330&brand=ALDRICH&PageT
0GOoToURL=http%3A%2F%2Fwww.sigmaaldrich.com%2Fcatalog%2Fprod
uct%2Faldrich%2F155330%3Flang%3Dde last accessed on 03/02/2015,
at 8:17 pm.



http://c8-rings.evonik.com/sites/dc/Downloadcenter/Evonik/Product/C8-Rings/en/Buildingblocks.pdf
http://c8-rings.evonik.com/sites/dc/Downloadcenter/Evonik/Product/C8-Rings/en/Buildingblocks.pdf
http://c8-rings.evonik.com/sites/dc/Downloadcenter/Evonik/Product/C8-Rings/en/Buildingblocks.pdf
http://www.creatingperfume.com/gamma-valerolactonefcc.aspx
http://www.sigmaaldrich.com/MSDS/MSDS/DisplayMSDSPage.do?country=DE&language=de&productNumber=C109800&brand=ALDRICH&PageToGoToURL=http%3A%2F%2Fwww.sigmaaldrich.com%2Fcatalog%2Fproduct%2Faldrich%2Fc109800%3Flang%3Dde
http://www.sigmaaldrich.com/MSDS/MSDS/DisplayMSDSPage.do?country=DE&language=de&productNumber=C109800&brand=ALDRICH&PageToGoToURL=http%3A%2F%2Fwww.sigmaaldrich.com%2Fcatalog%2Fproduct%2Faldrich%2Fc109800%3Flang%3Dde
http://www.sigmaaldrich.com/MSDS/MSDS/DisplayMSDSPage.do?country=DE&language=de&productNumber=C109800&brand=ALDRICH&PageToGoToURL=http%3A%2F%2Fwww.sigmaaldrich.com%2Fcatalog%2Fproduct%2Faldrich%2Fc109800%3Flang%3Dde
http://www.sigmaaldrich.com/MSDS/MSDS/DisplayMSDSPage.do?country=DE&language=de&productNumber=C109800&brand=ALDRICH&PageToGoToURL=http%3A%2F%2Fwww.sigmaaldrich.com%2Fcatalog%2Fproduct%2Faldrich%2Fc109800%3Flang%3Dde
http://www.sigmaaldrich.com/MSDS/MSDS/DisplayMSDSPage.do?country=DE&language=de&productNumber=227048&brand=SIAL&PageToGoToURL=http%3A%2F%2Fwww.sigmaaldrich.com%2Fcatalog%2Fproduct%2Fsial%2F227048%3Flang%3Dde
http://www.sigmaaldrich.com/MSDS/MSDS/DisplayMSDSPage.do?country=DE&language=de&productNumber=227048&brand=SIAL&PageToGoToURL=http%3A%2F%2Fwww.sigmaaldrich.com%2Fcatalog%2Fproduct%2Fsial%2F227048%3Flang%3Dde
http://www.sigmaaldrich.com/MSDS/MSDS/DisplayMSDSPage.do?country=DE&language=de&productNumber=227048&brand=SIAL&PageToGoToURL=http%3A%2F%2Fwww.sigmaaldrich.com%2Fcatalog%2Fproduct%2Fsial%2F227048%3Flang%3Dde
http://www.sigmaaldrich.com/MSDS/MSDS/DisplayMSDSPage.do?country=DE&language=de&productNumber=227048&brand=SIAL&PageToGoToURL=http%3A%2F%2Fwww.sigmaaldrich.com%2Fcatalog%2Fproduct%2Fsial%2F227048%3Flang%3Dde
http://www.sigmaaldrich.com/MSDS/MSDS/DisplayMSDSPage.do?country=DE&language=de&productNumber=155330&brand=ALDRICH&PageToGoToURL=http%3A%2F%2Fwww.sigmaaldrich.com%2Fcatalog%2Fproduct%2Faldrich%2F155330%3Flang%3Dde
http://www.sigmaaldrich.com/MSDS/MSDS/DisplayMSDSPage.do?country=DE&language=de&productNumber=155330&brand=ALDRICH&PageToGoToURL=http%3A%2F%2Fwww.sigmaaldrich.com%2Fcatalog%2Fproduct%2Faldrich%2F155330%3Flang%3Dde
http://www.sigmaaldrich.com/MSDS/MSDS/DisplayMSDSPage.do?country=DE&language=de&productNumber=155330&brand=ALDRICH&PageToGoToURL=http%3A%2F%2Fwww.sigmaaldrich.com%2Fcatalog%2Fproduct%2Faldrich%2F155330%3Flang%3Dde
http://www.sigmaaldrich.com/MSDS/MSDS/DisplayMSDSPage.do?country=DE&language=de&productNumber=155330&brand=ALDRICH&PageToGoToURL=http%3A%2F%2Fwww.sigmaaldrich.com%2Fcatalog%2Fproduct%2Faldrich%2F155330%3Flang%3Dde

REFERENCES | 147

[38]

[39]

[40]
[41]
[42]
[43]
[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]
[52]

[53]
[54]
[55]
[56]

[57]

[58]

http://www.sigmaaldrich.com/MSDS/MSDS/DisplayMSDSPage.do?count
ry=DE&language=de&productNumber=C96605&brand=ALDRICH&PageT
0GoToURL=http%3A%2F%2Fwww.sigmaaldrich.com%2Fcatalog%2Fprod
uct%2Faldrich%2Fc96605%3Flang%3Dde last accessed on 03/02/2015, at
8:36 pm.
https://www.google.de/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&
cad=rja&uact=8&ved=0CCQQAFjAA&url=http%3A%2F%2Fcorporate.evoni
k.de%2F layouts%2FWebsites%2FInternet%2FDownloadCenterFileHandl
er.ashx%3Ffileid%3D1120&ei=zLf0VP34GM3baoyrghAD&usg=AFQjCNEA
MWogTrSAofTmQjkELCu7iBrEkg&bvm=bv.87269000,d.bGQ last accessed
on 03/02/2015, at 8:20 pm.

E. Nurnberg, P. Surmann, Hagers Handbuch der Pharmazeutischen
Praxis, Springer, Heidelberg, 1991, 400.

A. F. Holleman, E. Wiberg, Lehrbuch der Anorganischen Chemie, 101
edition, Walter de Gruyter & Co.KG, Berlin 1995.

J. Huheey, E. Keiter, R. Keiter, Anorganische Chemie - Prinzipien von
Struktur und Reaktivitdt, 3™ edition, Walter de Gruyter & Co.KG, Berlin
2003, p. 535, 1050.

H.-J. Duchstein, H.-J. Gurka, Arch. Pharm. 1992, 325, 129-146.

D. Garfinkel, Archives of Biochemistry and Biophysics 1958, 77, 493-509.
M. Klingenberg, Archives of Biochemistry and Biophysics 1958, 75, 376-
386.

P. R. Ortiz de Montellano, Cytochrome P450: Structure, Mechanism and

Biochemistry, 3" edition, Kluwer Academic/Plenum Publishers, New York
2005, p. 588.

F. Hannemann, A. Bichet, K. M. Ewen, R. Bernhardt, Biochim. Biophys.
Acta 2007, 1770, 330-344.

V. B. Urlacher, M. Girhard, Trends in Biotechnology 2012, 30, 26-36.

I. Schlichting, J. Berendzen, K. Chu, A. M. Stock, S. A. Maves, D. E.
Benson, R. M. Sweet, D. Ringe, G. A. Petsko, S. G. Sligar, Science 2000,
287, 1615-1622.

I. G. Denisov, T. M. Makris, S. G. Sligar, I. Schlichting, Chem. Rev. 2005,
105, 2253-2277.

B. Meunier, S. P. de Visser, S. Shaik, Chem. Rev. 2004, 104, 3947-3980.

C. J. C. Whitehouse, S. G. Bell, L.-L. Wong, Chem. Soc. Rev. 2012, 41,
1218-1260.

J. Rittle, M. T. Green, Science 2010, 330, 933-937.

J. T. Groves, G. A. McClusky, J. Am. Chem. Soc. 1976, 98, 859-861.

J. T. Groves, G. A. McClusky, R. E. White, M. J. Coon, Biochem. Biophys.
Res. Commun. 1978, 81, 154-160.

M. Filatov, N. Harris, S. Shaik, Angew. Chem. Int. Ed. 1999, 38, 3510-
3512.

M. Newcomb, M. H. Le-Tadic-Biadatti, D. L. Chestney, E. S. Roberts, P. F.
Hollenberg, J. Am. Chem. Soc. 1995, 117, 12085-12091.

M. Newcomb, M. H. Le-Tadic, D. A. Putt, P. F. Hollenberg, J. Am. Chem.
Soc. 1995, 117, 3312-3313.


http://www.sigmaaldrich.com/MSDS/MSDS/DisplayMSDSPage.do?country=DE&language=de&productNumber=C96605&brand=ALDRICH&PageToGoToURL=http%3A%2F%2Fwww.sigmaaldrich.com%2Fcatalog%2Fproduct%2Faldrich%2Fc96605%3Flang%3Dde
http://www.sigmaaldrich.com/MSDS/MSDS/DisplayMSDSPage.do?country=DE&language=de&productNumber=C96605&brand=ALDRICH&PageToGoToURL=http%3A%2F%2Fwww.sigmaaldrich.com%2Fcatalog%2Fproduct%2Faldrich%2Fc96605%3Flang%3Dde
http://www.sigmaaldrich.com/MSDS/MSDS/DisplayMSDSPage.do?country=DE&language=de&productNumber=C96605&brand=ALDRICH&PageToGoToURL=http%3A%2F%2Fwww.sigmaaldrich.com%2Fcatalog%2Fproduct%2Faldrich%2Fc96605%3Flang%3Dde
http://www.sigmaaldrich.com/MSDS/MSDS/DisplayMSDSPage.do?country=DE&language=de&productNumber=C96605&brand=ALDRICH&PageToGoToURL=http%3A%2F%2Fwww.sigmaaldrich.com%2Fcatalog%2Fproduct%2Faldrich%2Fc96605%3Flang%3Dde
https://www.google.de/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0CCQQFjAA&url=http%3A%2F%2Fcorporate.evonik.de%2F_layouts%2FWebsites%2FInternet%2FDownloadCenterFileHandler.ashx%3Ffileid%3D1120&ei=zLf0VP34GM3baoyrgbAD&usg=AFQjCNEAMWogTrSAofTmQjkELCu7iBrEkg&bvm=bv.87269000,d.bGQ
https://www.google.de/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0CCQQFjAA&url=http%3A%2F%2Fcorporate.evonik.de%2F_layouts%2FWebsites%2FInternet%2FDownloadCenterFileHandler.ashx%3Ffileid%3D1120&ei=zLf0VP34GM3baoyrgbAD&usg=AFQjCNEAMWogTrSAofTmQjkELCu7iBrEkg&bvm=bv.87269000,d.bGQ
https://www.google.de/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0CCQQFjAA&url=http%3A%2F%2Fcorporate.evonik.de%2F_layouts%2FWebsites%2FInternet%2FDownloadCenterFileHandler.ashx%3Ffileid%3D1120&ei=zLf0VP34GM3baoyrgbAD&usg=AFQjCNEAMWogTrSAofTmQjkELCu7iBrEkg&bvm=bv.87269000,d.bGQ
https://www.google.de/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0CCQQFjAA&url=http%3A%2F%2Fcorporate.evonik.de%2F_layouts%2FWebsites%2FInternet%2FDownloadCenterFileHandler.ashx%3Ffileid%3D1120&ei=zLf0VP34GM3baoyrgbAD&usg=AFQjCNEAMWogTrSAofTmQjkELCu7iBrEkg&bvm=bv.87269000,d.bGQ
https://www.google.de/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0CCQQFjAA&url=http%3A%2F%2Fcorporate.evonik.de%2F_layouts%2FWebsites%2FInternet%2FDownloadCenterFileHandler.ashx%3Ffileid%3D1120&ei=zLf0VP34GM3baoyrgbAD&usg=AFQjCNEAMWogTrSAofTmQjkELCu7iBrEkg&bvm=bv.87269000,d.bGQ

148 | REFERENCES

[59]

[60]

[61]

[62]
[63]

[64]

[65]

[66]

[67]

[68]

[69]
[70]

[71]

[72]

[73]

[74]

[75]
[76]
[77]
[78]
[79]
[80]
(81]
(82]
[83]

[84]

M. Newcomb, P. F. Hollenberg, M. J. Coon, Arch. Biochem. Biophys. 2003,
409, 72-79.

I. I. Karuzina, A. I. Archakov, Free Radical Biology & Medicine 1994, 16,
73-97.

I. I. Karuzina, A. |. Archakov, Free Radical Biology & Medicine 1994, 17,
557-567.

R. Fasan, ACS Catal. 2012, 2, 647-666.

M. D. Paulsen, R. L. Ornstein, J. Comput. Aided Mol. Des. 1992, 6, 449-
460.

S. T.Jung, R. Lauchli, F. H. Arnold, Curr. Opin. Biotechnol. 2011, 22, 809-
817.

T. Ueno, Y. Watanabe, Coordination Chemistry in Protein Cages:
Principles, Design and Applications, 1** edition, John Wiley and Sons, Inc.,
Hoboken, New Jersey 2013. p. 129.

S. G. Bell, J.-A. Stevenson, H. D. Boyd, S. Campbell, A. D. Riddle, E. L.
Orton, L.-L. Wong, Chem. Commun. 2002, 490-491.

S. C. Maurer, K. Kiihnel, L. A. Kaysser, S. Eiben, R. D. Schmid, V. B.
Urlacher, Adv. Synth. Catal. 2005, 347, 1090-1098.

N. Kawakami, O. Shoji, Y. Watanabe, Angew. Chem. Int. Ed. 2011, 5,
5315-5318.

O. Shoji, Y. Watanabe, Isr. J. Chem. 2015, 55, 32-39.

T. Brandenburger, T. Bajorat, Fallbuch Biochemie, 1* edition, Georg
Thieme Verlag KG, Stuttgart 2006. p.225f.

D. C. Dahlin, G. T. Miwa, A. Y. H. Lu, S. D. Nelson, Proc. Natl. Acad. Sci.
USA 1984, 81, 1327-1331.

J. Hallbach, Klinische Chemie und Hédmatologie - Biomedizinische Analytik
fiir MTLA und Studium, 3™ edition, Georg Thieme Verlag KG, Stuttgart
2011. p.336-338.

M. Baumel, K. Hergeth, T. Bein, Intensivbuch Pharmakotherapie -
Wirkstoffprofile, Behandlungsstrategien, Fehler und Gefahren in der
Intensivmedizin, 1 edition, Medizinisch Wissenschaftliche
Verlagsgesellschaft, Berlin 2009, p. 58-60.

M. Wehling, Klinische Pharmakologie, 2™ edition, Georg Thieme Verlag
KG Stuttgart 2011, p. 31.

D. R. Nelson, Methods in Molecular Biology 2006, 320, 1-10.

R. G. Bergman, Nature 2007, 446, 391-393.

Y. Miura, A. J. Fulco, J. Biol. Chem. 1974, 249, 1880-1888.

Y. Miura, A. J. Fulco, Biochim. Biophys. Acta 1975, 388, 305-317.

A. J. Fulco, Annu. Rev. Pharmacol. Toxicol. 1991, 31, 177-203.

L. O. Narhi, A. J. Fulco, J. Biol. Chem. 1986, 261, 7160-7169.

L. O. Narhi, A. J. Fulco, J. Biol. Chem. 1987, 262, 6683-6690.

L.-P. Wen, A. J. Fulco, J. Biolog. Chem. 1987, 262, 6676-6682.

J. Catalano, K. Sadre-Bazzaz, G. A. Amodeo, L. Tong, A. McDermott,
Biochemistry 2013, 52, 6807-6815.

M. J. Cryle, R. D. Espinoza, S. J. Smith, N. J. Matovic, J. J. De Voss, Chem.
Commun. 2006, 2353-2355.



REFERENCES | 149

[85]
[86]

[87]

(88]

[89]

[90]

[91]
[92]

[93]
[94]
[95]

[96]
[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

H. Li, K. Darwish, T. L. Poulos, J. Biolog. Chem. 1991, 266, 11909-11914.
S. S. Boddupalli, R. W. Estabrook, J. A. Peterson, J. Biol. Chem., 1990, 265,
4233-4239.

Q.-S. Li, U. Schwaneberg, M. Fischer, J. Schmitt, J. Pleiss, S. Lutz-Wahl, R.
D. Schmid, Biochim. Biophys. Acta 2001, 1545, 114-121.

J. H. Capdevila, S. Wei, C. Helvig, J. R. Falck, Y. Belosludtsev, G. Truan, S.
E. Graham-Lorence, J. A. Peterson, J. Biol. Chem. 1996, 271, 22663-
22671.

S. Graham-Lorence, G. Truan, J. A. Peterson, J. R. Falck, S. Wei, C. Helvig,
J. H. Capdevila, J Biol Chem 1997, 272, 1127-1135.

K. G. Ravichandran, S. S. Boddupalli, C. A. Haseman, J. A. Peterson, J.
Deisenhofer, Science 1993, 261, 731-736.

H. Li, T. L. Poulos, Nat Struct Biol. 1997, 4, 140-146.

A. Seifert, S. Vomund, K. Grohmann, S. Kriening, V. B. Urlacher, S.
Laschat, ChemBioChem 2009, 10, 853-861.

A. Persson, M. Ingelman-Sundberg, JPP 2014, 5, 127.

K. Petzoldt, K. Annen, H. Laurent, R. Wiechert, US patent 4353985 1982.
J. B. van Beilen, W. A. Duetz, A. Schmid, B. Witholt, Trends Biotechnol.
2003, 21, 170-177.

J. A. Hogg, Steroids 1992, 57, 593-616.

D. H. Peterson, H. C. Murray, S. H. Eppstein, L. M. Reineke, A. Weintraub,
P. D. Meister, H. M. Leigh, J. Am. Chem. Soc. 1952, 74, 5933-5936.

A. Berg, K. Carlstrom, J. A. Gustafsson, M. Ingelman-Sundberg, Biochem.
Biophys. Res. Commun. 1975, 66, 1414-1423.

A. Berg, J. A. Gustafsson, M. Ingelman-Sundberg, J. Biol. Chem. 1976,
251,2831-2838.

C. Virus, M. Lisurek, B. Simgen, F. Hannemann, R. Bernhardt, Biochem.
Soc. Trans. 2006, 34, 1215-1218.

C. Virus, R. Bernhardt, Lipids 2008, 43, 1133-1141.

F. Hannemann, C. Virus, R. Bernhardt, J. Biotechnol. 2006, 124, 172-181.
S. Al-Awadi, M. Afzal, S. Oommen, Appl. Microb. Biotechnol. 2003, 62,
48-52.

K. Drauz, H. Groger, O. May, Enzyme Catalysis in Organic Synthesis, 3"
edition, Wiley-VCH Verlag & Co. KGaA, Weinheim 2012.

D. Rowe, Chemistry and Technology of Flavours and Fragrances, 1*
edition, Blackwell Publishing Ltd, Oxford 2005. p.82

H. Surburg, J. Panten, Common Fragrance and Flavor Materials.
Preparation, Properties and Uses, 5™ edition, WILEY-VCH Verlag GmbH &
Co. KGaA, Weinheim 2006. p.94ff, 166ff, 179ff.

Evelyne Weber, Dissertation, Universitat Stuttgart 2011.

E. Weber, A. Seifert, M. Antonovici, C. Geinitz, J. Pleiss, V. B. Urlacher,
Chem. Commun. 2011, 47, 944-946.

S. D. Black, M. H. Linger, L. C. Freck, S. Kazemi, J. A. Galbraith, Arch.
Biochem. Biophys. 1994, 310, 126-136.

W. Adam, Z. Lukacs, C. R. Saha-Moller, B. Weckerle, P. Schreier, Eur. J.
Org. Chem. 2000, 2923-2926.



150 | REFERENCES

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]
[128]

[129]

[130]
[131]

[132]

[133]

A. Glieder, E. T. Farinas, F. H. Arnold, Nat. Biotechnol. 2002, 20, 1135-
1139.

M. Kubota, M. Nodate, M. Yasumoto-Hirose, T. Uchiyama, O. Kagami, Y.
Shizuri, N. Misawa, Biosci. Biotechnol. Biochem. 2005, 69, 2421-2430.

M. Bordeaux, A. Galarneau, F. Fajula, J. Drone, Angew. Chem. 2011, 123,
2123-2127; Angew. Chem. Int. Ed. 2011, 50, 2075-2079.

M. Bordeaux, A. Galarneau, J. Drone, Angew. Chem. 2012, 124, 10870-
10881; Angew. Chem. Int. Ed. 2012, 51, 10712-10723.

S. Peter, M. Kinne, X. Wang, R. Ullrich, G. Kayser, J. T. Groves, M.
Hofrichter, FEBS Journal 2011, 278, 3667-3675.

E. Burda, W. Hummel, H. Groger, Angew. Chem. 2008, 120, 9693-9696;
Angew. Chem. Int. Ed. 2008, 47, 9551-9554.

U. Dettmer, M. Folkerts, E. Kachler, A. Sonnichsen, Intensivkurs
Biochemie, 1% edition, Urban & Fischer Verlag (Imprint of Elsevier
GmbH), Miinchen 2005. p.16ff.

G. Richter, Praktische Biochemie - Grundlagen und Techniken, 1* edition,
Georg Thieme Verlag, Stuttgart 2003. p. 231.

T. N. Waltham, H. M. Girvan, C. F. Butler, S. R. Rigby, A. J. Dunford, R. A.
Holt, A. W. Munro, Metallomics 2011, 3, 369-378.
http://corporate.evonik.de/de/presse/suche/pages/news-
details.aspx?newsid=32638, last accessed on 09/20/2014, at 08:58 pm.
H.-G. Luken, D. Fridag, U. Lenz, H.-). Schulte-Althoff, K.-D. Wiese, A.
Kaizik, P. Muhlack, W. Bischken, F. Hoper (Evonik Oxeno GmbH), Eur.
Patent EP 055133, 2009.

S. Kara, D. Spickermann, J. H. Schrittwieser, A. Weckbecker, C. Leggewie,
I. W. C. E. Arends, F. Hollmann, ACS Catal. 2013, 3, 2436-2439.

D. A. Nicoll-Griffith, J.-P. Falgueyret, J. M. Silva, P.-E. Morin, L. Trimble,
C.-C. Chan, S. Clas, S. Leger, Z. Wang, J. A. Yergey, D. Riendeau, Drug
Metab. Dispos. 1999, 27, 403-409.

M. G. Clerici and O. A. Kholdeeva, Liquid Phase Oxidation via
Heterogeneous Catalysis: Organic Synthesis and Industrial Applications,
1* edition, John Wiley & Sons, Hoboken 2013.

L. Brandsma, H. D. Verkruijsse, Synthesis 1978, 290.

W. Chen, D. Wang, C. Dai, D. Hamelberg, B. Wang, Chem. Commun.,
2012, 48, 1736-1738.

N. Shapiro, A. Vigalok, Angew. Chem. 2008, 120, 2891-2894.

C. Laane, S. Boeren, K. Vos, C. Veeger, Biotechnology and Bioengineering
1987, 81-87.

R. J. Sowden, S. Yasmin, N. H. Rees, S. G. Bell, L.-L. Wong, Org. Biomol.
Chem. 2005, 3, 57-64.

R. Berger, BCMB 8010 Enzyme Report, University of Georgia 2010.

G. Fuchs, H. G. Schlegel, Allgemeine Mikrobiologie, gt edition, Georg
Thieme Verlag, Stuttgart 2007.

A. Liese, K. Seelbach, C. Wandrey, Industrial Biotransformations, 2
edition, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 2006.

T. Matsuda, R. Yamanaka, K. Nakamura, Tetrahedron: Asymmetry 2009,



http://corporate.evonik.de/de/presse/suche/pages/news-details.aspx?newsid=32638
http://corporate.evonik.de/de/presse/suche/pages/news-details.aspx?newsid=32638

REFERENCES | 151

[134]
[135]
[136]
[137]
[138]
[139]
[140]
[141]
[142]
[143]
[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]
[153]

[154]

20, 513-557.

W. Hummel, Advances in Biochemical Engineering/Biotechnology Vol. 58,
Springer-Verlag, Berlin Heidelberg 1997, p.145-184.

Y. Tsuji, T. Fukui, T. Kawamoto, A. Tanaka, Appl. Microbiol. Biotechnol.
1994, 41, 219-224.

K. Edegger, H. Mang, K. Faber, J. Gross, W. Kroutil, J. Mol. Catal. A:
Chem., 2006, 251, 66-70.

R. A. Sheldon, S. van Pelt, Chem. Soc. Rev. 2013, 42, 6223-6235.

U. Hanefeld, L. Gardossi, E. Magner, Chem. Soc. Rev. 2009, 38, 453-468.
G. E. Jeromin, Biotechnol. Lett 2009, 31, 1717-1721.

G. Rulli, M. Heidlindemann, A. Berkessel, W. Hummel, H. Groger, J.
Biotechnol. 2013, 168, 271-276.

M. Heidlindemann, G. Rulli, A. Berkessel, W. Hummel, H. Groger, ACS
Catal. 2014, 4, 1099-1103.

S. Staudt, U. T. Bornscheuer, U. Menyes, W. Hummel, H. Gréger, Enzyme
and Microbial Technology 2013, 53, 288-292.

J. Sangster, Octanol-Water Partition Coefficients: Fundamentals and
Physical Chemistry, Vol. 2 of Wiley Series in Solution Chemistry, John
Wiley & Sons Ltd, Chichester 1997. p.1-2.

A. P. Minton, Journal of Pharmaceutical Sciences 2005, 94, 1668-1675.
http://www.carlroth.de/website/de-de/pdf/Albumine Preise.pdf,  last
accessed on 09/11/2014, at 02:08 pm.

Costs of NADPH:
http://www.carlroth.com/catalogue/catalogue.do;jsessionid=BCA4815D
011EB5BF1A4F18DA66B45982?fav0id=00000005000042f400010023&ac
t=showBookmark&lang=de-de&market=DE, last accessed on
09/11/2014, at 02:46 pm. (250 mg / 145 €)

Costs of NADP":
http://www.carlroth.com/catalogue/catalogue.do;jsessionid=BCA4815D
011EB5BF1A4F18DA66B45982?fav0id=000000050000428a00010023&ac
t=showBookmark&lang=de-de&market=DE, last accessed on
09/11/2014, at 02:46 pm. (250 mg / 29.20 €)

Bundesministerium fir Bildung und Forschung (BMBF), Weife

Biotechnologie - Chancen fiir neue Produkte und umweltschonende
Prozesse, Bonn, Berlin 2007.

Bundesministerium fir Bildung und Forschung (BMBF), Weife
Biotechnologie - Chancen fiir eine bio-basierte Wirtschaft, Bonn, Berlin
2012.

L. Pasteur, C. R. Hebd. Seances Acad. Sci. 1858, 46, 615-618.

G. Antranikian, Angewandte Mikrobiologie, 1* edition, Springer Verlag,
Berlin, Heidelberg 2006. p.161-172

C. Neuberg, J. Hirsch, Biochem. Z. 1921, 115, 282-310.

B. Osterath, N. Rao, S. Litz, A. Liese, Chem. Unserer Zeit 2007, 41, 324-
333.

B. Schéafer, Naturstoffe der chemischen Industrie, Elsevier, Minchen,
2007.


http://www.carlroth.de/website/de-de/pdf/Albumine_Preise.pdf
http://www.carlroth.com/catalogue/catalogue.do;jsessionid=BCA4815D011EB5BF1A4F18DA66B45982?favOid=00000005000042f400010023&act=showBookmark&lang=de-de&market=DE
http://www.carlroth.com/catalogue/catalogue.do;jsessionid=BCA4815D011EB5BF1A4F18DA66B45982?favOid=00000005000042f400010023&act=showBookmark&lang=de-de&market=DE
http://www.carlroth.com/catalogue/catalogue.do;jsessionid=BCA4815D011EB5BF1A4F18DA66B45982?favOid=00000005000042f400010023&act=showBookmark&lang=de-de&market=DE
http://www.carlroth.com/catalogue/catalogue.do;jsessionid=BCA4815D011EB5BF1A4F18DA66B45982?favOid=000000050000428a00010023&act=showBookmark&lang=de-de&market=DE
http://www.carlroth.com/catalogue/catalogue.do;jsessionid=BCA4815D011EB5BF1A4F18DA66B45982?favOid=000000050000428a00010023&act=showBookmark&lang=de-de&market=DE
http://www.carlroth.com/catalogue/catalogue.do;jsessionid=BCA4815D011EB5BF1A4F18DA66B45982?favOid=000000050000428a00010023&act=showBookmark&lang=de-de&market=DE

152 | REFERENCES

[155]

[156]

[157]
[158]

[159]
[160]

[161]

[162]

[163]

[164]
[165]
[166]

[167]
[168]

F. M. Kerton, R. Marriott, RSC Green Chemistry Series, No. 20:
Alternative Solvents for Green Chemistry, 2" edition, The Royal Society
of Chemistry, Cambridge 2013. p.289.

0. May, S. Verseck, A. Bommarius, K. Drauz, Organic Process Research &
Development 2002, 6, 452-457.

R. Bernhardt, V. B. Urlacher, Appl. Microbiol. Biotechnol. 2014.

J.-E. Bickvall, Modern Oxidation Methods, 2™ edition, Wiley-VCH Verlag
& Co. KGaA, Weinheim 2010.

V. B. Urlacher, S. Eiben, Trends Biotechnol. 2006, 24, 324-330.

R. Fasan, M. M. Chen, N. C. Crook, F. H. Arnold, Angew. Chem. 2007, 119,
8566-8570; Angew. Chem., Int. Ed. 2007, 46, 8414-8418.

S. Staudt, C. A. Miiller, J. Marienhagen, C. Boing, S. Buchholz, U.
Schwaneberg, H. Groger, Beilstein J. Org. Chem. 2012, 8, 186-191.

S. C. Maurer, H. Schulze, R. D. Schmid, V. Urlacher, Adv. Synth. Catal.
2003, 345, 802-810.

C. A. Mdiller, B. Akkapurathu, T. Winkler, S. Staudt, W. Hummel, H.
Groger, U. Schwaneberg, J. Adv. Synth. Catal. 2013, 355, 1787-1798.

M. Budde, Dissertation, Universitat Stuttgart 2007.

W. Hummel, M.-R. Kula (FZ Jiilich GmbH), EP 456107; 1991.

W. Hummel, New alcohol dehydrogenases for the synthesis of chiral
compounds. in New Enzymes for Organic Synthesis, Springer, Berlin
Heidelberg, 1997, 145-184.

A. Weckbecker, W. Hummel, Biocatal. Biotransform. 2006, 24, 380 - 389.
http://www.evocatal.com/download.php?di=adh200 last accessed on
03/20/2015, at 7:52 pm.



http://www.evocatal.com/download.php?dl=adh200

LIST OF ABBREVIATIONS | 153

10 List of Abbreviations

%

(v/v)

[S]

°C

pL

pm

%o
'"H-NMR-
spectroscopy
102

2p

302
A

A

AaeUPO

ADH

ADH evo-1.1.200

ADH-A

ALA
API
Argd?7
AS

BC
BSA

o
CD,Cl,
CDCl;
Cbw
cm®
Construct A

Construct B

content of CYP
[umol/g or
nmol/g]

CPR

CYPs

CYP BM-3

percent

volume/volume

substrate concentration

degree Celsius

mikroliter

micromole

per mille

Nuclear Magnetic Resonance spectroscopy; studied
nucleus: 'H

singlet oxygen

2p atomic orbital

2s atomic orbital

triplet oxygen

absorption

Angstrém (equals 0.1 nm)

Agrocybe aegerita

alcohol dehydrogenase

alcohol dehydrogenase available from evocatal GmbH
alcohol dehydrogenase from Rhodococcus ruber DSM
44541

aminolevulinic acid

active pharmaceutical ingredient

arginine residue at position 47

auxiliary substrate

before christ

bovine serum albumin

concentration

deutero dichloromethane; dichloromethane-d2
deutero chloroform

cell dry weight (in gcow L™)

chloramphenicol resistance

BL21 (DE3) Gold Lacl®! pALXtreme-1a P450 BM-3
19A12"*"""(Kan®) + pKA1 LB-ADH (Cm")

BL21 (DE3) Gold Lacl®* pALXtreme-1a P450 BM-3
19A12"P"::RE-ADH (Kan®) + pKA1 LB-ADH (Cm®)
content of the cytochrome P450 monooxygenase from
Bacillus megaterium in the lyophilized crude extract (in
micromole per gram or nanomole per gram)
NADPH-cytochrome P450 reductase

cytochrome P450 monooxygenases

cytochrome P450 monooxygenase from Bacillus
megaterium



154 | LIST OF ABBREVIATIONS

CYP BM-3 WT
CYP BM-3 19A12
CYP BM-3 F87P
CYP BM-3 F87V
CYP BM-3 F87A
A328V

CYP BM-3 R255P-
P329H

CYP BM-3 139-3
CYP BM-3 R47L
Y51F

CYP BM-3 A328V

CYP106A2

CYP153A13a

CYP1A2
CYP2C9
CYP2D6
CYP2E1
CYP3A4

CYP CAM
d

d

D,0

dS

DCM

dd

DMSO

DMSO-d6

dt

E

E. coli

E.coli BL21

E. coli BL21 (DE3)
Gold Lacl®

ee

eq.

f

FAD

Favor SXM 9155°

FDH
FdR
Fdx
FID

>

wild type (WT) enzyme and genetically engineered
mutants of the cytochrome P450 monooxygenase from
Bacillus megaterium, mutated at the specified positions
of the amino acid sequence

cytochrome P450 monooxygenase from B. megaterium
ATCC 13368

cytochrome P450 monooxygenase from Alcanivorax
borkumensis SK2

human cytochrome P450 enzymes

camphor hydroxylase from Pseudomonas putida
path length of the cuvette

doublet

deuteriumoxide

d’-configuration

dichloromethane

doublet of doublet

dimethyl sulfoxide
dimethylsulfoxide-d6

doublet of triplet

energy

Escherichia coli

E. coli cells containing an empty vector
chemically competent E. coli cells

enantiomeric excess

equivalents

dilution factor

flavin adenine dinucleotide

superabsorbent polymer commercially available from
Evonik Industries

formate dehydrogenase

ferredoxin reductase

ferredoxin

flame ionization detector



LIST OF ABBREVIATIONS | 155

FMN
GC
GDH
Glua7

HLADH
hPa
HPLC
hs

Hz

IPA
IPTG

J

K
Kan
kDa
kJ mol™
KOtBu
KPi-buffer
LB medium
LB-ADH
LDA
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hour
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s

S

SOP
SPAAC
SPP

t
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U
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nicotinamide-adenine-dinucleotide
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N-acetyl-p-benzoquinone imine
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nuclear magnetic resonance
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over-the-counter drug
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Standard Operation Procedure
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vol. volumetric

Vs sample volume
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AE340nm/t initial slope of the absorption curve

g [6.3 mL-pumol™ molar extinction coefficient for NAD(P)H
cm™]

s bonding pi-molecular orbital

w anti-bonding pi-molecular orbital

Op bonding sigma(P)-molecular orbital

Op anti-bonding sigma(P)-molecular orbital
Os bonding sigma(S)-molecular orbital

s anti-bonding sigma(S)-molecular orbital

w w-positions
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