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ABSTRACT: Since recently, the anesthetic (S)-ketamine has been approved as a rapid-acting and long-lasting antidepressant. Its
metabolite (25,65)-hydroxynorketamine has been found to have a similar antidepressant effect but with less undesired side effects of
ketamine, which make this compound an interesting target for synthesis. Using first-sphere mutagenesis of the cytochrome P450
154E1 from Thermobifida fusca YX we constructed a triple mutant that enables the effective production of (2S,6S)-
hydroxynorketamine from (S)-ketamine. This engineered P450 monooxygenase catalyzes the consecutive oxidative N-demethylation
and highly regio- and stereoselective C6-hydroxylation reactions leading directly to the desired product with 85% product selectivity.
The integration of this selective monooxygenase into an E. coli whole cell biocatalyst allowed production of (2S,6S5)-
hydroxynorketamine at a semi-preparative scale. The metabolite was purified and its structure was confirmed by NMR spectroscopy.

KEYWORDS. Cytochrome P450, protein engineering, ketamine, N-demethylation, hydroxylation, regioselectivity,

Stereoselectivity

INTRODUCTION

Ketamine, a non-competitive N-methyl-D-aspartate (NMDA)
receptor antagonist, was synthesized more than 50 years ago,
and since then is widely used as anesthetic agent for the
management of acute and chronic pain, often in emergency
cases, because of its rapid effect.! In the early 2000s ketamine
was found to exert unexpected antidepressant effect in patients
with treatment-resistant major depression.? Major depressive
disorder is a common illness that affect more than 300 million
people worldwide (about 4% of world population according to
the report of World Health Organization, March 2018), and is a
major cause for suicidal behaviour.> Obviously, there is a
demand for efficient antidepressants for the treatment of this
disorder. Recent findings demonstrate that ketamine is a
promising candidate to meet this demand.* This drug has a rapid
onset effect often within one hour that is at the same time long-
lasting of up to one week.> For comparison, currently applied
therapeutics need weeks to months until a positive response in
patients occurs.>¢ This high potential of ketamine is underlined
by the count of patents secured during the last years.’

However, ketamine has a number of side effects like blurred
vision, dizziness, dissociation, elevated blood pressure and
headache.® Moreover, the mechanism of its rapid and long-
lasting antidepressant effect remains elusive. Whereas the
superior and longer-lasting effect of (R)-ketamine has been
demonstrated only in animal models, clinical studies are only
available for racemic and (S)-ketamine so far.>!! Interestingly,
the therapeutic effect of ketamine lasts up to one week, whereas
the half-life of this drug is only 2-3 hours. In humans, ketamine
is metabolized by several liver microsomal cytochromes P450.
Thereby, the major metabolic pathway follows the N-
demethylation to form norketamine, which is further oxidized
at various positions of the cyclohexanone ring, resulting in
hydroxylated norketamine metabolites (Scheme 1, Route A).
The reverse reaction order, ketamine hydroxylation followed by
N-demethylation, was also suggested and leads to the identical
metabolites (Scheme 1, Route B).'>!3 Among the identified
metabolites, (2R,6R)-hydroxynorketamine and (25,65)-
hydroxynorketamine have attracted particular interest, as they
exhibit a longer half-life than ketamine and were recently
supposed to be essentially involved in the antidepressant
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mechanism or at least support the ketamine activity.'% 415 Since
then, the mode of ketamine action has been intensively debated
in the literature, and the scientific community seems to be at the
very beginning of understanding how the antidepressant effect
of ketamine and its metabolites are correlated to each other.

In 2019 (S)-ketamine (esketamine) nasal spray
(SPRAVATO™) was approved in the U.S. for the therapy of
treatment-resistant patients with major depression.!® This
development and the potential of (25,6S5)-hydroxynorketamine
((28,65)-HNK) as a rapid-onset antidepressant that is devoid of
the negative side effects of ketamine,!’> makes this metabolite a
target of synthetic approaches. Han et al. reported a chemical
route  towards  (2S5,65)-HNK  starting  with  1-o0-
chlorophenylcyclohexene and resulting in an isolated yield of
around 30%.!7 In another chemical synthesis, reported by Zanos
et al. the overall yield of (25,65)-HNK synthesis reached 5%
when the process was started with racemic norketamine. If the
first step - chiral resolution of racemic norketamine with a 9%
yield - is not taken into account, the isolated yield reaches 54%.
It is important to mention, that in this route demethylation of
ketamine was avoided and norketamine was used as starting
material.'®

The shortcomings of the chemical routes to (25,65)-HNK
prompted us to seek for a selective enzymatic route starting
from (S)-ketamine via oxidative N-demethylation and Co6-
hydroxylation. Basically, both C-H bond hydroxylation and N-
demethylation reactions belong to the repertoire of cytochrome
P450 monooxygenases (P450s or CYPs).'® P450s are heme
containing enzymes that catalyze the reductive scission of
molecular oxygen. One atom of oxygen is introduced into the
substrate molecule, whereas the second oxygen atom is reduced
to water. The activation of molecular oxygen occurs via a
number of steps that lead to the formation of a reactive heme
iron-oxygen complex Fe(IV)=0 generally referred to as
Compound 1.12! Generally, P450 enzymes enable regio-,
chemo- and stereospecific oxidations of chemically diverse
organic molecules in the presence of NAD(P)H. Among several
hepatic P450s involved in ketamine metabolism, the formation
of (25,68)-HNK is primarily attributed to CYP2A6 and
CYP2B6."2 The use of those eukaryotic enzymes for the
synthesis of (25,65)-HNK is however limited by their low
regioselectivity. Along with (25,65)- and (2R,6R)-HNKs, these
human P450s also produce (25,4S)-, (2S5.4R)-, (2S,55)-,
(2S,5R)-HNK and their respective enantiomers as well as non-
demethylated hydroxyketamine products.!>13.22

We focused our attempts on bacterial P450s because they are
generally easier to express in recombinant hosts and possess
higher activity than their eukaryotic counterparts. Our ultimate
goal was to identify and/or engineer a P450 enzyme that enables
both N-demethylation and C6-hydroxylation of (S)-ketamine to
directly form the target product (25,65)-HNK. Compound I was
suggested to mediate the C-H-bond hydroxylation and N-
demethylation,?*?* which suggests that both reactions can be
catalyzed by one P450 enzyme at one substrate. However,
whereas hydroxylation and N-demethylation have been
extensively studied, reports describing both reactions catalyzed
by one P450 enzyme at the same substrate molecule are rare.

Herein we report the construction, characterization and
application of a triple mutant of CYP154E1 from Thermobifida
fusca YX that enables both the N-demethylation and C6-
hydroxylation of (S)-ketamine with high chemo-, regio- and
stereoselectivity, to furnish the desired product (25,65)-HNK.
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(S)-Ketamine

(2S,6S)-Hydroxyketamine

Scheme 1. Oxidation of (S)-ketamine to (2S,65)-hydroxynorketamine via
N-demethylation and hydroxylation at position C6 of the cyclohexanone
ring.

RESULTS and DISCUSSION
CYP154E1 mutagenesis

In preliminary experiments, an in-house collection of bacterial
cytochrome P450 enzymes and their mutated variants available
in our laboratory were tested with (S)-ketamine as substrate.
CYPI154E1 from Thermobifida fusca YX, which demonstrated
activity towards (S)-ketamine, even though resulting in only 2%
conversion, was selected for further experiments. This bacterial
P450 enzyme is an interesting candidate because it accepts a
broad diversity of substrates, possesses high stability, has been
used for preparative scale transformations, and its enzymatic
properties could be effectively improved by mutagenesis.?>-3
Most P450s rely on NAD(P)H and redox partner proteins for
their activity. Since physiological redox partners for CYP154E1
remain unknown, the flavodoxin YkuN from Bacillus subtilis
and the flavodoxin reductase FdR from Escherichia coli were
used for electron delivery.??: 30

P450 enzymes have been extensively studied and engineered
for selective oxidation of diverse substrates for synthetic
applications.’'* Along with wild type P450s that are capable
of regio- and stereoselective oxidations with high activity33-3
these enzymes were successfully optimized by means of protein
engineering. Engineered P450 variants were constructed using
directed evolution,?”*® site-directed mutagenesis, ! site-
saturation mutagenesis,**** and combinatorial active-site
saturation tests (CAST).* In our attempt to increase
CYPI54E1 activity towards (S)-ketamine and simultaneously
construct a highly selective variant, we applied first-sphere
mutagenesis focusing on amino acid substitutions at positions
located in a distance of less than 15 A to the heme iron. First-
sphere mutagenesis has been successfully used in our and other
research groups to increase activity and selectivity of different
P450 enzymes.?” 472 This strategy is based on the hypothesis
that positions in the first sphere of the heme iron are likely to
interact with any substrate and hence influence its orientation
and thereby the regio- and stercoselectivity of the enzyme.
Based on a homology model constructed using CYP154A1
from Streptomyces coelicolor (PDB 10DO) as template, and
molecular docking of (S)-ketamine and (S)-norketamine in all
possible conformations in the active site of CYP154E1 wild
type, we identified 9 first-sphere amino acid residues for
mutagenesis (Figures S1).
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Several single CYP154E1 mutants with substitutions at the
identified positions were already available in our in-house
collection (Table S2). Due to the relatively polar nature of
ketamine and, common for most P450s rather unpolar
CYP154ELl active site, fifteen additional single mutants were
constructed with polar amino acids at most identified positions.
Especially the positions L235 and 1238, located in the I-helix,
directly above the heme, seemed appropriate to stabilize the
keto- and amino groups of ketamine via hydrogen bonding to
the newly introduced polar amino acid residues (Figure S1).
Hydrogen bonding between substrate and enzyme can be
crucial for determining the selectivity of the P450 as was
demonstrated for P450cam (CYP101A1) and P450cin
(CYP108).3 Presence or absence of H-bonds can influence the
orientation and stabilization of the substrate in the active site
which then alters product formation.>

Twenty two out of 25 tested CYP154E1 variants showed
similar or lower activity towards (S)-ketamine as compared to
the wild type enzyme (Figure 1). Only three variants catalyzed
oxidation of this substrate with higher activity. Replacement of
1238 located in the I-helix above the heme by glutamine resulted
in a 12-fold improved substrate conversion. Interestingly, such
positive effect was achieved only by introducing a glutamine at
position 238. Substitution of 1238 with glutamate and
asparagine led to complete loss of enzyme activity, which
indicates that charged amino acids at this position is strongly
disfavored and the length of the side chain does matter as well.
Glutamine at position 238 might serve as a hydrogen bond
donor for stabilizing (S)-ketamine in the orientation, where the
amino group is located close to the heme iron, which is not the
case in the wild type and might explain the initial low activity
(Figure S1).

Another substitution with a pronounced effect on (S)-
ketamine conversion is G239A. By introducing alanine at
position 239, the AGxxT motif conserved among many P450s
was reconstituted,>® which resulted in a 7-fold increased
conversion. In our previous study, the G239A substitution in
CYP154E1 had a positive effect on stilbene hydroxylation.?” In
the same study again position 238 was in focus of mutagenesis,
but because of relatively unpolar stilbene nature, isoleucine at
position 238 was replaced by valine.

Substrate conversion was enhanced by a factor of three also
by the M388A mutation. The relatively long side chain of
methionine lies in a potential substrate binding channel and
might hinder the access of (S)-ketamine to the heme group.®
Thus, its removal can be advantageous for heme accessibility
for the substrate.

Remarkably, the three best CYP154E1 single mutants 1238Q),
G239A and M388A did not only demonstrated higher activity,
but produced, in contrast to all other variants,
hydroxynorketamine in detectable amounts (Figure 2, Table 1
and Table S2). That means that those CYP154E1 variants
catalyze both N-demethylation and C6-hydroxylation at the
same molecule.

In the next step, the mutations 1238Q, G239A and M388A
were combined to the respective double and triple mutants.
Each combination led to higher conversion and regioselectivity
for C6-hydroxylation compared to the best single mutant 1238Q
(Figure 2).
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Figure 1. Screening of CYP154E1 mutants with (S)-ketamine. Numbers
above the bars represent substrate conversion in %. Conversion was
calculated by the ratio of the product peaks to the sum of all peak areas.
Product analysis was carried out by GC/MS.

Although the M388A single mutant showed only minor
improvements compared to the wild type, the integration of this
mutation into the double and triple mutants was crucial for high
conversion and selectivity. The combination 1238Q and M388A
drastically increased conversion to 97% (vs. ~ 49% conversion
with the single mutant 1238Q). In addition, although none of the
depicted single mutants exhibited high regioselectivity, the
1238Q M388A double mutant produced up to 70% Co6-
hydroxylated product. Introduction of the G239A mutation in
the 1238Q M388A double mutant reduced the ratio of undesired
products and thus boosted the product selectivity further to
above 85%, demonstrated by the triple mutant QAA.
Simultaneously, the triple mutant demonstrated the highest
activity and caused quantitative conversion of (S)-ketamine and
of the intermediate (S)-norketamine (Figure 2G). Generally, it
seems that all three mutations are responsible for the increased
selectivity towards (2S,65)-HNK.

In attempt to further enhance product selectivity of the QAA
variant, T243 was replaced by asparagine, glutamine and serine.
Substitutions of this highly conserved threonine located at the
distal part of the I-helix in other P450s have influenced various
enzyme properties, including regio- and stereoselectivity.3
Another position selected for mutagenesis was 1234, because
its substitution was found advantageous for the oxidation of
other substrates.?” None of the constructed quadruple mutants
demonstrated higher activity or product selectivity (Figure S2).
Thus, the triple CYP154E1 mutant QAA remained the enzyme
of choice that demonstrated the highest activity and the highest
product selectivity among all constructed CYP154E1 variants.

ANl CYP154E1 variants listed in Table 1 have in common that
they are able to perform both reactions, N-demethylation and
hydroxylation at the same (S)-ketamine molecule to furnish
hydroxynorketamine. This capability of performing these two
reactions by one P450 enzyme is rather uncommon. In vitro
studies with a set of hepatic P450s have revealed that N-
demethylation of ketamine to norketamine was catalyzed with
the highest efficiency by CYP2B6, and hydroxylation of
norketamine to hydroxynorketamines — by CYP2A6. Although
both enzymes were shown to catalyze both reactions, direct
conversion of ketamine to hydroxynorketamine(s) with only
one of those P450s has not been reported.!>!* Most studies on
drug metabolism including those regarding ketamine
metabolism in humans revealed that several P450 enzymes are
responsible for hydroxylation and demethylation reactions on
the same molecule.’” Alternatively, one P450 is capable of both
reactions but not on the same substrate molecule.*®
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Figure 2. LC/MS chromatograms of (S)-ketamine oxidation catalyzed by CYP154E1 1238Q (A), G239A (B), M388A (C), 1238Q G239A (D), G239A M388A
(E), 1238Q M388A (F) and QAA (G). IS: xylazine as internal standard, 1: ketamine, 2: norketamine, 3: dehydronorketamine, 4: (2S,6S)-hydroxynorketamine
(identified by comparing with authentic standards, MS fragmentation pattern and NMR analysis), *: unknown hydroxyketamine (assigned by MS
fragmentation pattern); #: unknown hydroxynorketamine (assigned by MS fragmentation pattern).

Table 1. (S)-ketamine oxidation catalyzed by CYP154E1 variants

Product distribution [%]

Mutant Conv. [%] NK DHNK  Rt82minl  Rt9.1 minf (25,6)-HNK Others(®!
1238Q 49+2 52 2 2 11 13 20
G239A 28+3 81 2 2 1 8 6
M388A 6+0.5 85 - 1 1 10
1238Q G239A 8542 15 11 23 5 27 19
G239A M388A 49+4 60 3 3 2 27 5
1238Q M388A 9742 1 - - 1 70 28
RS ., . . 1 5 i
NK: norketamine; DHNK: dehydronorketamine; (2S5,6)-HNK: (2S,6)-hydroxynorketamine
fa] products with a retention time of 8.2 and 9.1 min had mass fragmentation equivalent to that of (25,6)-HNK, indicating either
configurational or constitutional isomers.
[b] products with mass fragmentation equivalent to that of HK (hydroxyketamine) - hydroxylation but no N-demethylation occurred.

Characterization and application of CYP154E1 QAA

Starting with (S)-ketamine as substrate, two stereoisomers,
namely (285,65)-hydroxynorketamine and its diastereomer
(2S,6R)-hydroxynorketamine can be formed. To better
distinguish between the two diastereomers and to analyze the
stereoselectivity of CYPI54El  variants during C6-
hydroxylation of (S)-ketamine, all reactions were analyzed via
HPLC on a chiral column (Figure S3). Identification of (2S,6S5)-
HNK product occurred via spiking with the authentic (25,6S5)-

HNK standard (Figure S4). Except for (25,65)-
hydroxynorketamine no further respective standards were
available and the side product formation was too low for the
NMR analysis. The chiral HPLC analysis of the QA A-catalyzed
(S)-ketamine conversion revealed the (2S,65)-HNK product
peak whose shape is absolutely identical to the peak shape of
the authentic standard (Figure S4). This observation indicates a
100% diastereoselectivity of this mutant. Even if one takes all
other peaks into consideration, diastereoselectivity would only
decrease to 92%.
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Figure 3. Best scored rigid docking poses of (S)-ketamine (green, 3A) and (S)-norketamine (green, 3B) in the active site of CYP154E1 QAA. Position C6
of the cyclohexanone ring is marked by red circle. Dashed yellow lines indicate distances between atoms. The numerical distance is given in A.

These results were supported by docking studies (Figure 3). The
best docking poses of (S)-ketamine and (S)-norketamine into
the active site of CYPI54E1 QAA demonstrated that the
cyclohexanone ring in both substrates is located above and
almost in parallel to the heme group. This position favors the
syn-attack leading to the highly diastereoselective formation of
(28,65)-hydroxynorketamine.

To complete the characterization of the best mutant QAA, the
enzyme was purified to homogeneity and characterized
regarding substrate binding and reaction kinetics. Upon (S)-
ketamine titration spectral changes of the Soret band occurred
(Figures S5 and S6). The observed Type I-binding spectrum is
typical for most P450 substrates. The binding constant Ky of
232 puM is however higher than K, values estimated for
CYPI154E1 wild type and other mutants with other reported
substrates, such as stilbene, geraniol, nerol and fatty acids.?’-?
Nevertheless, a direct comparison is somewhat questionable,
because small changes in the active site of a P450 and in
substrate structure might lead to substantial perturbation during
binding.

When comparing the kinetic parameters for the CYP154E1
QAA variant (Figure S7) with those found in the literature for
human P450s, one recognizes that the Ky of 452+67 uM is in
the same order of magnitude as for ketamine oxidizing hepatic
P450s.% On the other hand, the k., value of 56.2+4.7 min’!
calculated for the QAA variant during (S)-ketamine conversion
was in all cases higher. For example, the k., values for the three
most active human P450s, CYP2B6, CYP2C9 and CYP3A4 are

at least 2-times and up to 6-times lower compared to QAA.'3->%
60

Time course studies have revealed that the first detected
product of (S)-ketamine oxidation was (S)-norketamine,
whereas (25,65)-HNK appeared later. This finding allowed us
to suggest that demethylation and C6-hydroxylation occur in a
consecutive manner according to the Route A (Scheme 1), and
the overall process is the two-step four electrons oxidation of
(S)-ketamine. According to substrate docking (Figure 3) the (S)-
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norketamine molecule is rotated about 90° clockwise around
the vertical axis as compared to (S)-ketamine. This change in
orientation brings position C6 1 A closer to the heme iron (3.0
vs. 4.0 A for norketamine compared to ketamine) which makes
this position more favorable for hydroxylation after
demethylation. However, the MS analysis of the side products
(Table 1) revealed the presence of low amounts of non-
demethylated hydroxyketamine. Even after prolonged reaction
times, N-demethylation of this hydroxyketamine occurred to a
very low extent. Docking of (25,6S)-hydroxyketamine (Figure
S8) revealed that in this case the amine group of the substrate is
located quite far away from the heme iron (7.09 A), which could
explain the observed low demethylation activity of the enzyme
towards this metabolite. Thus, the presence of hydroxylated but
non-demethylated co-product may be due to a more complex
kinetics, which requires further detailed investigations.

For product isolation and testing the applicability of the
CYPIS4El QAA variant for (25,6S)-HNK production, we
increased the reaction volume from 125 pl to 10 ml and the
substrate concentrations from 500 uM to 5 mM. This reaction
was performed using an E. coli based whole-cell biocatalyst
harboring the cypl54E1 QAA gene and the genes encoding for
the heterologous redox partners as described in the
experimental section. Within six hours, (S)-ketamine HCI at a
concentration of up to 1.16 g/L was converted (Figure S9) and
(28,65)-hydroxynorketamine at a concentration of 935 mg/L
was produced. In comparison to the CYP154El QAA, a
maximum concentration of 201.6 pg/L (2,6)-HNK produced
from the direct precursor (2,6)-hydroxyketamine was achieved
in the reaction catalyzed by human CYP2B6. The formation of
(2,6)-HNK with other human CYPs was even lower.!?

The main product was isolated and purified via silica column
with an yield of 44% (19.55 mg with 99% purity after
conversion of 44.29 mg (S)-ketamine) and was confirmed as
(25,65)-HNK via spiking experiment with respective standard
and NMR analysis (Figure S10-13).
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CONCLUSIONS

Ketamine has been recognized as a promising antidepressant
for the treatment of major depressive disorder and some other
mental diseases. Since 2016, when the antidepressant effect of
(28,65)- and (2R,6R)-hydroxynorketamines was first reported,'”
their mode of action have been steadily discussed in the
literature. Very recently, ketamine was suggested to be a
prodrug, that is metabolized to hydroxynorketamines with the
desired antidepressant effect.* In this context, the development
of new effective synthetic routes to hydroxynorketamines is of
high importance.

Herein, we report a new direct enzymatic route towards
(28,68)-hydroxynorketamine. First-sphere mutagenesis at
several positions located in close proximity to the heme group
of CYP154El, followed by combining the best mutations, led
to the QAA triple mutant that possess high product selectivity.
In numbers, conversion was increased from 2% achieved with
the wild type, to >99%. The engineered P450 enzyme is able to
catalyze both the N-demethylation and the C6-hydroxylation
reactions in a consecutive manner with high regio- and
stereoselectivity leading to the desired product (28S,6S5)-
hydroxynorketamine at a ratio of 85%. In combination with the
heterologous redox partners YkuN and FdR, this P450 turned
out to be very efficient for selective synthesis of (2S,65)-
hydroxynorketamine not only in vitro but also in form of whole-
cell biocatalyst. The developed direct enzymatic route provides
an efficient alternative to the chemical synthesis developed by
Han et al. 2017.!7 In the chemical four steps approach an overall
yield of around 30% was reached. In our CYPI54E1 QAA
mediated process starting with (S)-ketamine, (2S,6S5)-
hydroxynorketamine of 99% purity was formed with an isolated
yield of 44%. This P450-catalyzed reaction can further be
combined with a simple chemical kinetic resolution of rac-
ketamine with tartaric acid,®! which would reduce the overall
production costs.

EXPERIMENTAL SECTION

Cloning. Mutagenesis, expression and purification of
enzymes are described in the Supporting Information and Table
S1.

Docking study: The homology model of CYP154E1 was
created using the SWISS-MODEL®>% server and the crystal
structure of CYP154A1 (PDB: 10DO) as template. The
coordinates of the heme were manually integrated into the
homology model. The analysis of the homology model was
done as described by Petrovi¢ and Zlatovi¢ in 2015.% The 3D
structures of (S)-ketamine and (S)-norketamine in all
stereoisomeric forms were obtained from the Cambridge
Structural Database. Rigid docking was performed using
Autodock 4.0.-70 Parameters files were created using
AutoDockTools. Visualization of the results was carried out
with PyMOL software.

Oxidation reaction on an analytical scale. All reactions
were performed in 100 mM potassium phosphate buffer pH 7.5.
Enzyme screening reactions were performed in 125 pl volume
using E. coli cell lysate at 25°C and 600 rpm. The reaction
mixture consisted of 500 uM (S)-ketamine (dissolved in water),
2.5 uM P450 (crude cell lysate), 2.5 uM purified FdR, 25 uM
purified YkuN and 200 pM NADPH. NADPH recycling was
supported by 5 U/ml GDH in the presence of 20 mM glucose.
Decomposition of potentially formed hydrogen peroxide, due
to P450 uncoupling reactions, was achieved by addition of 600
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U/ml catalase. Reactions were stopped after 17 hours by adding
125 pl of 1 M Na,COs. Extraction of the reaction mixtures was
done twice with 200 pl ethyl acetate each. The combined
organic phases were evaporated to dryness and resolved in
100 pl acetonitrile (for LC/MS analysis) or 100 pl ethanol (for
HPLC analysis). Substrate conversion in the screening
experiments were based on the ratio between the sum of product
peak areas compared to the sum of all peak areas. For all
reactions other than the screening, 222 uM xylazine
hydrochloride served as an internal standard for quantification
and was added directly before the reaction was stopped by
addition of 1 M Na,CO;.

Oxidation reaction for product isolation. For reaction at
higher scale an in vivo two-plasmid whole-cell
biotransformation system was created. Therefore, the genes of
the redox proteins YkuN and FdR were cloned into the first and
respectively second multiple cloning site of the pCOLA Duet
vector system. The P450 gene was cloned into pET22b as
second vector system. Expression was done in autoinduction
medium using lactose as inducer once glucose is consumed as
preferred carbon source. Overall expression was carried out in
500 ml flasks containing 100 ml medium, initially at 37°C and
180 rpm until ODgy of 1.0 was reached. Afterwards cultures
were stirred for another 20 hours at 25°C and 120 rpm before
cells were harvested. E. coli cells were washed once with
reaction buffer (containing) and subsequent cell density was
adjusted to 50 mg/ml cell density (cell wet weight) in reaction
buffer before the suspension was frozen at -80°C for at least 24
hours. (S)-ketamine (2 mM of 5 mM final concentration,
dissolved in water) was added to 10 ml of thawed E. coli cell
suspensions (50 mg/ml) and the reaction mixture was incubated
in round-bottom flasks at 25°C and 230 rpm. Extraction was
done similar to the extraction at analytical scale except that
volumes of 1 M Na,COj and ethyl acetate were adjusted to 1 ml
and twice 7.5 ml respectively. Organic layers were combined,
dried over NaSO, and removed under reduced pressure. The
main product (25,65)-HNK was isolated with flash
chromatography on a silica column using a mobile phase
consistent of 60% chloroform, 35% ethyl acetate, 5% methanol
and 0.1% ammonium hydroxide. Fractions were first analyzed
via TLC using the same mobile phase and those with products
were further analyzed via LC/MS and NMR (for details see
below).

Product analysis. Screening of CYP154E1 mutant minimal
library was carried out via GC/MS on a GC/MS QP-2010 Plus
(Shimadzu, Duisburg, Germany) with a FS-Supreme-5ms (30
m x 0.25 mm x 0.25 pm) column and helium as carrier gas.
Samples were injected at an injection temperature of 300°C.
Starting with a column oven temperature of 170°C held for two
minutes, the temperature then increased with the rate of 20°C
per minute till 300°C and held again for another four minutes.

LC/MS analysis was performed on LCMS-2020 (Shimadzu)
on a Chromolith® Performance RP-8¢ 100-4.6 mm (Merck
Millipore) column, equipped with a Chromolith® RP-8e 5-4.6
mm guard cartridge using xylazine (222 uM concentration) as
internal standard. Elution occurred on a gradient between water
(supplemented with 0.1% formic acid) and acetonitrile.

Stereoselectivity was analyzed using LC-2020 (Shimadzu)
equipped with the chiral column Chiralpak IB ( 0.46 cm @ x 25
cm, Chiral Technologies Europe) and an isocratic elution mode
consisting of 97% n-hexane and 3% ethanol.

Products and substrates were identified by their retention
times and mass fragmentation patterns (GC/MS and LC/MS)

6
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compared to the corresponding values of authentic reference
compounds and literature.”! Conversions were determined
either via substrate depletion compared to the negative control
or via internal standard quantification using xylazine as internal
standard.

Structure elucidation (25,65)-hydroxynorketamine (4): 'H
NMR (600 MHz, Chloroform-d) (Figure S10): 8 7.62 —7.57 (m,
2H), 7.41 — 7.26 (m, 2H), 4.20 (dd, J = 11.7, 6.9 Hz, 1H), 2.93
—2.86 (m, 1H), 2.39 — 2.31 (m, 1H), 2.03 (s, 2H), 1.74 — 1.64
(m, 2H), 1.67 — 1.54 (m, 1H), 1.51 — 1.40 (m, 1H). 3C NMR
(151 MHz, Chloroform-d) (Figure S11): 6 214.65, 138.17,
133.79, 131.58, 129.86, 128.78, 127.78, 73.75, 67.28, 42.19,
40.02, 19.40. Further structure elucidation was done by 2D-
NMR (Figures S12 and S13).

Kinetic studies The reaction conditions and mixture were
similar to those for the analytical conversions. Instead of cell
free lysate purified CYP154E1 QAA at a final concentration of
0.5 uM was used. The concentrations of purified FdR and
YkuN were adjusted to 0.5 and 20 uM, respectively. To
calculate the kinetic constants, the initial activity of CYP154E1
QAA was monitored at (S)-ketamine concentrations ranging
from 50 to 2000 uM. The reactions were stopped after 5 to 20
min by addition of 1 M sodium carbonate and xylazine (222
uM) as internal standard. Conversions were analyzed on a
LCMS-2020 (as described in product analysis). For calculation
of k., and Ky, the data were fitted according to the equation of
Michaelis-Menten by non-linear regression using RStudio
software (Figure S7) (RStudio Team (2015). RStudio:
Integrated Development for R. RStudio, Inc., Boston, MA URL
http://www.rstudio.com/).

Determination of substrate dissociation constant (Kp).
Upon substrate binding in the P450 active site spectral changes,
related to the changes in the heme iron spin state, were
determined using a Lambda 35 double beam UV/VIS
spectrometer (Perkin-Elmer, Germany) equipped with two
tandem quartz cuvettes (Hellma, Germany). Procedure was
done according to Rithlmann et al 2017.27 1 uM purified P450
enzyme buffered in 100 mM potassium phosphate buffer pH 7.5
was used. Volumes of 0.5-10 pl of (S)-ketamine stock solutions
were added successively. For calculation of Kp, the data were
fitted according to Michaelis-Menten like hyperbolic equation
by non-linear regression using RStudio software (RStudio
Team (2015). RStudio: Integrated Development for R. RStudio,
Inc., Boston, MA URL http://www.rstudio.com/).
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