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Abstract: NphB is an aromatic prenyltransferase with high
promiscuity for phenolics including flavonoids, isoflavonoids, and
plant polyketides. It has been demonstrated that cannabigerolic acid
is successfully formed by the catalytic reaction by NphB using geranyl
diphosphate and olivetolic acid as substrates. In this study, the
substrate specificity of NphB was further determined using olivetolic
acid derivatives as potential substrates for the formation of new
synthetic cannabinoids. The derivatives differ in the hydrocarbon
chain attached to the C6 of the core structure. We performed in silico
experiments, including docking of olivetolic acid derivatives, to identify
differences in their binding modes. Substrate acceptance were
predicted. Based on these results, a library of olivetolic acid
derivatives was constructed and synthesized using different organic
synthetic routes. Conversion was monitored using in vitro assay with
purified NphB versions. For the substrates leading to a high
conversion olivetolic  acid-C8, olivetolic ~ acid-C2 = and
2-benzyl-4,6-dihydroxybenzoic acid the products were further
elucidated and identified as cannbigerolic acid derivatives. Therefore,
these substrates show potential to be adapted in cannabinoid
biosynthesis.

Introduction

When discovered, cannabinoids were classified as a specific
group of secondary metabolites isolated from the plant Cannabis
sativa L. They consist of an alkylresorcinol and a monoterpene
moiety.! Today, this particular class of cannabinoids is referred
to as phytocannabinoids. The term cannabinoid is more broadly
defined to include natural compounds acting on the
endocannabinoid receptors CB1 and CB2 with biochemical
responses similar to phytocannabinoids.”! As a result of this
discovery, the molecular space of synthetic cannabinoids has
been explored in terms of receptor interactions.?!

Phytocannabinoids are used in various fields and have shown
promising results as therapeutic agents for diseases such as
epilepsy, neurodegenerative diseases, schizophrenia or multiple
sclerosis caused by affective disorders of the central nervous
system.! The synthesis of phytocannabinoid-like analogs or
unnatural synthetic cannabinoids could improve the medical

response in human applications. New, unexplored possibilities for
therapeutic use could be discovered. 59

Cannabigerolic acid (CBGA-C5) is the committed precursor in the
natural biosynthesis of phytocannabinoids. This molecule is
converted to A’-tetrahydrocannabinolic acid (THCA-C5) and
cannabichromenic acid (CBCA-C5) by enzymes such as
tetrahydrocannabinolic  acid  synthase (THCAS) and
cannabichromenic acid synthase (CBCAS). CBGA-C5, therefore,
plays a central role in the biosynthesis of cannabinoids, and its
formation is crucial.’-1 CBGA-C5 is formed by a Friedel-Crafts
alkylation of olivetolic acid and geranyl diphosphate (GPP). The
reaction is catalyzed by the enzyme geranyl diphosphate-
olivetolic acid geranyltransferase CsPT4.1% Transferring the
biosynthetic pathway to another organism, such as
Saccharomyces cerevisiae or Escherichia coli, requires
biotechnological adaptation. CsPT4 is a plant integral membrane
protein; substituting a soluble aromatic prenyltransferase is
preferable. Supplying a different substrate than olivetolic acid with
a structure similar to the natural one should not dramatically affect
cannabinoid biosynthesis. Regarding substrate promiscuity,
feeding analogues may open the door to mutasynthesis and new
strategies for obtaining a new pool of synthetic cannabinoids. 10

NphB, a protein isolated from Streptomyces sp. strain CL190,
belongs to the enzyme class of aromatic prenyltransferases and
the ABBA superfamily, including enzymes like CloQ or
NovQ.MIThis family is characterized by a PT-barrel fold,
composed of 10 antiparallel B-strands, which forms a B-barrel
surrounded by alternating a-helices, resulting in an affa pattern.
This specific folding creates a spacious binding site, resulting in a
relaxed prenyl-acceptor substrate specificity with substrates such
as flavonoids, isoflavonoids, plant polyketides, and other
naphthols.*?13 The natural prenyl donor substrate is GPP, but the
donor substrate specificity depends on the acceptor substrate.['4
The enzyme catalyzes a C-prenylation at the ortho- or para-
position of a hydroxy group, but O-prenylation has also been
observed on single hydroxy groups of flavonoids.*® As
mentioned, the reaction mechanism follows a Friedel-Crafts
alkylation according to a Sy1-like dissociative mechanism. Within
this reaction mechanism the first step is the formation of a
carbocation with cleavage of the C-O bond from GPP. The
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carbocation is stabilized within the binding pocket by the aromatic
substrate. After the prenylation step, the product is rearomatized
via a water-mediated proton transfer pathway.! The aromatic
substrate has fluctuations in its active site orientations resulting in
different prenylated products due to the structure of the binding
pocket. Three other products, including one major and two minor
products, were found for the substance
1,6-dihydroxynaphthalene. There is still an emerging interest in
the structures of the isoprenoids. Thus, the relaxed substrate
specificity of NphB may be advantageous for producing more
isoprenoid structures depending on the substrate.['8! In previous
experiments, olivetolic acid was identified as an aromatic
acceptor substrate for NphB. Since NphB, like CsPT4, can
catalyze the reaction to CBGA-C5, we extrapolated this fact to
cannabinoid production. With about ~ 85 % the identified main
product of this reaction is 2-O-geranyl-olivetolic acid (2-O-GOA).
NphB carries out O- and C-geranylation with olivetolic acid
(Scheme 1).517 Regarding CBGA production a low ke = 0.0021
+ 0.00008 min was observed. Still the conversion of olivetolic
acid towards CBGA-C5 implies a high potential for NphB to be
used in the biosynthesis of cannabinoids in a new host system,
as has already been demonstrated in other studies using
Komagataella phaffi or E. coli.®181% To exploit the full potential of
the enzyme for CBGA-C5 production, protein engineering
approaches were performed to shift the product selectivity
towards CBGA-C5 and to enhance the catalytic activity. Rational
design was performed using various in silico tools. It was possible
to identify highly selective NphB variants that almost exclusively
form CBGA-C5. The Q295F variant identified in our laboratory is
one example.”?l A highly product-selective and active NphB
variant consisting of two amino acid exchanges with G286S and
Y288A was found, with a 1,000-fold higher Kca = 1.58 + 0.05; min-
!t and almost exclusive CBGA-C5 formation.*® The substitution of
the indicated two amino acids has changed the space in the
binding pocket, which affects the aromatic substrate acceptance
or the resulting binding mode.

However, a clear understanding of mutagenesis is required to
control the promiscuity of the enzyme and exploit it for the
biosynthesis of semi-natural cannabinoids.

In this study, the substrate specificity of NphB is further evaluated
concerning the conversion of various olivetolic acid derivatives.
Novel substrates were synthesized by modifying the pentyl chain
with different hydrocarbon moieties. In silico experiments were
performed to generate a diversified substrate library. This
substrate library was evaluated with in vitro assays regarding their
conversion with NphB towards CBGA-derivatives.
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Scheme 1. Enzymatic reaction of NphB using geranyl diphosphate and
olivetolic acid as substrates.

Results and Discussion

Docking experiments were used to determine the most promising
olivetolic acid derivatives in terms of their acceptance as a
substrate and C-prenylation on the C3 position. These derivatives
were synthesized and analyzed for their conversion using NphB
wild type and the variant G286S/Y288A The enzymatic reaction
products obtained were resolved by HR-MS. The prenylation
pattern of the most promising candidates for implementation in
the biosynthesis of cannabinoids has then been elucidated by
NMR spectroscopy. Both analytical techniques have enabled the
explanation and prediction of the influence of specific amino acid
side chains in the designed NphB enzymes.

Docking studies to predict NphB substrate acceptance

Our proposal is that the regioselectivity of NphB depends on the
binding mode of the aromatic substrate.l® Recently, two X-ray
structures of NphB were published showing both substrates, the
prenyl donor and the acceptor. Thus, the catalytic and
substrate-binding amino acids have been successfully
identified.?] The aromatic substrates are stabilized mainly by
Metl62, Phe213, Ser214, Tyr288, and GIn295 interactions.
However, the prenyl donor is also responsible for further
stabilization of the aromatic substrate The carbocation
stabilization is ensured by forming a Tm-chamber, composed of the
phenolic side chains of the amino acid Tyr121, Tyr216, and the
aromatic substrate. The prenylated position is in close proximity
to this carbocation and the r-chamber. Therefore the orientation
of the aromatic substrate in the binding pocket shapes the
prenylation pattern.[®

With olivetolic acid as substrate, the orientation of the resorcylate
core towards the catalytic center is required for the prenylation at
C3 position leading to the formation of CBGA-C5. The novel
olivetolic acid derivatives differ in the side chain but not in the core
structure. Therefore, it is interesting to analyze the variation of the
binding modes of the potential substrates. In order to identify a set
of promising substrates that are likely to be converted by NphB
and cover a large area of chemical space, selected substrates
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(Table S1) were analyzed in terms of their proposed binding mode
in docking experiments.

Because of their different catalytic activity and prenylation pattern
for olivetolic acid, we used the wild type NphB (PDB-ID: 1zdw)
and the G286S/Y288A variant. The docking experiments have
been performed with Gold (Table S1, S2).?2 To establish a
threshold to reduce the number of olivetolic acid analogs to be
synthesized and tested in vitro for conversion, the docking of the
highly characterized substrate olivetolic acid was performed and
analyzed first.

The NphB wild type primarily catalyzes the formation of 2-O-GOA,
and the variant G286S/Y288A predominantly forms CBGA-C5
using olivetolic acid 4a and GPP as substrates. The resorcylate
core is shifted towards the 1m-chamber by exchanging tyrosine at
position 288 to a shorter amino acid with alanine and introducing
a polar amino acid side chain with serine at position 286. Two
different hydrogen bond networks stabilize 4a when comparing
the two proteins. For the NphB G286S/Y288A variant, a construct
consisting of two hydrogen bonds between Ser214 and OH4 and
between Ser286 and the carboxyl group was identified. For NphB
wild type, this network consists of Ser214 and the carboxyl group,
and Tyr288 and OH4 (Figure 1, see 4a in Table S2). Compared
to the wild type, the newly formed hydrogen bonds using the
variant promote a 180° rotation of the resorcylate core within the
binding pocket. A shift in the proximity between substrate and
reaction partner GPP explains the different prenylation pattern of
the variant compared to the wild type. Shorter distances were
observed between C3 of olivetolic acid and C1 of GPP.

Both orientations of the resorcylate core reflect the different
prenylation position. The loss of a bulky side chain of Tyr288 may
be another explanation for the change in orientation. The
additional space inside the binding pocket strengthens the
hydrophobic interaction between the pentyl chain and Met162 or
Phe213. These energetically favorable interactions further favor
the rotation of the resorcylate core by the G286S/Y288A variant.
This is also supported by a comparison with Lim et al, who
concluded that a hydrogen bond between OH4 and Tyr288 leads
to an unfavorable orientation for CBGA-C5 production.?3!
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Figure 1. 3D depiction created using UCSF chimera and 2D deciption created
using LigPlot of the docked pose of 4a (orange) inside the binding pocket of
NphB G286S/Y288A (a) and wild type (b) with highlighted interacting amino
acids (green).242d
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Once the binding mode of olivetolic acid has been analyzed, the
potential olivetolic acid derivatives for analysis were docked. The
objective is to create a library of molecules that are accepted as
substrates of NphB, resulting in the formation of novel products.
The most important feature of the proposed binding mode is that
the resorcylate core and therefore the prenylation position C3 is
located close to C1 of the GSPP and the side chain is oriented
towards the entrance of the binding pocket. In X-ray structures,
dockings, and MD simulations, a distance of 3 to 4.5 A between
the two atoms was identified.®323 To evaluate whether a
substrate is likely to be converted by NphB, the distance between
the C3 of the resorcylate core and C1 of GSPP was calculated for
each pose. In total 50 poses were created for each molecule and
these poses were analyzed regarding this distance. A distribution
of whether the distance of these atoms within the calculated
poses matches the distance range is shown in table S1.

The distributions of poses with  matching distances are
comparable for all substrates containing alkyl chains of different
lengths using the NphB variant G286S/Y288A. In each pose, the
distance of the reaction positions is lesser then 4.5 A. The binding
pocket of NphB covers an area of approximately 500 A3 for both
substrates. Due to its size, an extended or branched alkyl chain
attached to the resorcylate core will is likely to fit into the pocket.
This has been demonstrated in converting an analog containing a
tridecane side chain to CBGA-C13, but the ratio of possible
products formed is unknown.8! Previous studies have reported
that olivetolic acid derivatives with shorter alkyl chains, such as
the methyl or propyl chain, are converted to CBGA-C1 and
CBGA-C3, respectively. Orsellinic acid is converted to various
products by the NphB wild type. With the G286S variant, the main
product was shifted to CBGA-C1.18 Regarding these information
we decided to include the extension and shortening of the n-pentyl
chain, resulting in non-natural building blocks such as the ethyl or
n-octyl chain in 4c and 4d. Since introducing a branched side
chain still allows a plausible binding mode, we also decided to
incorporate 4e into our library.

Using NphB wild type, all analogs carrying an aromatic side chain
mainly led to incorrectly oriented poses of the acceptor inside the
active site. Using the NphB variant G286S/Y288A, molecules
were excluded from further analysis if at least 50 % of the
calculated poses, and thus the most prominent poses have no
distance of < 4.5 A between the C3 from the aromatic acceptor
C1 from GSPP (Table S1). Most analogs carrying an aromatic
side chain do not meet this criterion. For example each structure
containing a naphthyl group led to a misorientation mainly due to
its size. We decided to focus on the structures containing a phenyl
group rather than a phenolic group since a similar linkage to the
core structure led to better results. Three structures 4f, 4h and 4i
were selected for further in silico and in vitro experiments, as they
mainly showed the correct orientation. They all consist of a
second phenyl group connected to the core by different bonds.
All molecules included are summarized in Scheme 2, including
the synthesis yield achieved.
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Scheme 2. List of chosen compounds 4a-4i that were synthesized and validated
in this study regarding their interaction with NphB.

For all molecules (Scheme 2) the binding mode was further
analyzed. For the most interesting substrates regarding
differences in the binding mode, the docking result will be
discussed in more detail.

The docking results of 4d (Figure 2) indicate that an extended side
chain towards n-octyl still fits into the binding pocket. The
calculated binding modes of the core structure of substrates 4d
were similar to those of olivetolic acids upon docking into the
NphB variant. The hydrogen bond network of the resorcylate core
is identical to the ones of 4a. This network ensures the correct
position of the core structure leading to prenylation at the C3
group. For the wild type hydrogen bonds were identified between
Ser214 and O4 and between Tyr288 and the carboxyl group.
Thus, the position of the resorcylate core is different from the one
that was previously reported for 4a and the wild type. The
benzene-1,3-diol group is turned away from the amino acid side
chains that are a part of the m chamber. This may cause
difficulties in generating the -chamber and therefore difficulties
in stabilization could be caused. This likely hampers the
enzymatic activity. One of the reasons for the alternative binding
mode is the tyrosine at position 288. To avoid a steric collision
between the spacious side chain and the alkyl chain, the
resorcylate core is oriented differently. With less space, the longer
alkyl chain only allows a different core position of the core.
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Figure 2. 3D depiction created using UCSF chimera and 2D deciption created
using LigPlot of the docked pose of 4d (orange) inside the binding pocket of
NphB G286S/Y288A (a) and wild type (b) with highlighted interacting amino acid
(green).24.25

Besides the variation of the alkyl chain, a complete shift towards
a cyclic structure is of great interest for discovering new potential
drugs. Different linkers between the resorcylate core and the
phenyl group were used to synthesize 4f, 4g, 4h and 4i. The
resulting binding mode changes were analyzed to identify the
most promising derivatives.

The highest ranked pose for molecules 4f, 4g and 4h differs from
the results obtained for the previously analyzed derivatives 4a -
4e, using either the variant or the wild type (Figure S5, S6). As a
representative example, the proposed binding mode of 4f is
further discussed (Figure 3). The newly introduced phenyl group
faces the T-chamber instead of the resorcylate core in the highest
ranked pose. Potential prenylation positions are distant from the
later formed carbocation. Nevertheless, the resorcylate core
forms hydrogen bonds with the same amino acids, for example
Ser286. Hydrogen bonding can be observed even when the core
structure is far from the active site. This is achieved by changing
the conformation of the amino acid side chain. Compared to an
alkyl moiety, the phenylic group is more similar in shape to the
resorcylate core. A short linkage between the core and the phenyl
moiety restricts flexibility. When the positions of the phenyl group
and the resorcylate core are swapped, the phenyl group is in a
more hydrophobic environment.

In contrast, the core structure is still able to form hydrogen bonds.
Consequently, the kinetic energy of the protein substrate system
is not maintained by a binding mode similar to that of olivetolic
acid. With this conclusion, the conversion of 4f, 4g and 4h to the
corresponding CBGA derivatives is also constrained. However, a
binding mode comparable to 4a was also calculated, but with a
lower scoring value (Table S1), suggesting that substrate
acceptance is still possible.
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Figure 3 3D depiction created using UCSF chimera and 2D deciption created
using LigPlot of the docked pose of 4f (orange) inside the binding pocket of
NphB G286S/Y288A (a) and wild type (b) with highlighted interacting amino acid
(green).l2429
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A variation of the proposed binding mode was found using a
benzyl group in 4i and the variant G286S/Y288A (Figure S7). The
highest ranked pose (Table S2) resembles the olivetolic acid
binding mode in terms of the hydrogen bond network, but not the
other derivatives containing a phenylic moiety. The bond between
the core structure and the aromatic group can explain this
discrepancy. The benzyl group provides additional flexibility and
rotational freedom. As a consequence, an orientation of this
molecule inside the binding pocket is possible in which the
resorcylate core is stabilized in the vicinity of the carbocation. This
result cannot be transferred to the wild type because the bulky
side chain of Tyr288 blocks the above orientation. A better
substrate acceptance is anticipated for 4i compared to 4e - 4g
with the variant.

The docking study describes the differences between prenylation
catalytic activity and the different patterns of the two protein
versions. In the binding mode calculation, the exchange of two
amino acids within the binding pocket can lead to different results.
The binding mode of 4a — 4e is similar with respect to the
hydrogen bonds formed and therefore the position of the
resorcylate core. Only the number of unbound contacts varies
with the length of the alkyl chain. A substrate acceptance of all
molecules (Scheme 2) is likely using NphB G286S/Y288A. With
the absence of the hydrogen bond to Y288, the formation of
CBGA derivatives with the protein and alkyl chains of different
sizes can be expected. By introducing a more similar structural
element compared to the resorcylate core in 4f - 4h, the substrate
can be stabilized in an unfavorable position. For these molecules,
the conversion is likely to be lower than when using 4a. This does
not apply to 4i, which is expected to show high conversion and
correct prenylation.

The in silico selected substrates (Scheme 2) were studied for
conversion by NphB wild type and variant.

10.1002/cbic.202300441
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Substrate conversion of novel substrates with NphB

The olivetolic acid derivatives selected by docking were
synthesized and characterized (Supporting Information). For a
first evaluation of the potential of these structures as alternative
substrates, conversion with NphB has to be determined. A high
conversion of the substrate is requiered for implementation into
the cannabinoid biosynthesis. The identification of the high-
converting substrate is followed by the identification of the
prenylation position of these molecules. All synthesized
derivatives 4 (Scheme 2) were tested as prenyl acceptors using
in vitro assays. The reaction mixtures contained 100 pug mL?
purified protein and were started with the addition of substrates
(1 mM olivetolic acid derivatives, 2 mM GPP). The assay samples
were incubated for 18 h at 1100 rpm. The enzymes were then
denatured and precipitated, and the supernatant was analyzed by
HPLC-UV. Substrate concentration was calculated using
standards and their absorbance at 225 nm to determine the
conversion (Figure 5). To ensure the dependency of the substrate
conversion on the presence of the active protein, samples were
measured without enzyme (data not shown). In this experiment,
the total substrate conversion is monitored regardless of the
number of products or the prenylation position to get a overview
about the most promising substrates regarding usage in the
cannabinoid biosynthesis.

G286S/Y288A
OH

HO R

Conversion [%]

4c  4d de 4f 4g 4h 4
Substrates

4a 4b

Figure 4. Conversion of all tested substrates 4a-4i using GPP as prenyl donor
and NphB wild type (pattern) and NphB G286S/Y288A (grey) for conversion,
respectively. All experiments were performed in triplicate.

The conversion of olivetolic acid has been described previously
and was therefore used as a control reaction for the isolated
protein and its function. After 18 h, 40 % of the olivetolic acid
was converted by the G286S/Y288A variant and 20 % by the wild
type. Identified by HPLC-UV and standard solutions, the major
product of the variant was CBGA-C5, and of the wild type 2-O-
GOA. This result demonstrated that the assay system can be
applied to alternative substrates. In the following, the conversion
is compared to that of 4a, marking the 40 % yield obtained with
NphB G286S/Y288A as a reference point.

For all substrates 4a - 4i product formation was visible in the
HPLC chromatogram using the variant G286S/Y288A
(Figure S90 — S92). Overall, a higher conversion was determined
for each substrate using the variant compared to the wild type.
For orsellinic acid 4b the results were already confirmed before,
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with the identification of geranylated products.®19 |n general,
for molecules with various alkyl chains, regardless of length, the
variant resulted in a higher conversion of up to 40 %. A trend was
observed that shortening the alkyl chain correlated with lower
conversion. This result corresponds to the docking experiments:
for a shorter alkyl chain, less interactions were identified, and the
overall ranking was lower (Table S2), implying a lower binding
affinity.

The highest conversion for wild type was observed with olivetolic
acid with up to 20 %. Using the wild type, conversion was also
detected for the derivatives with different alkyl chain lengths. A
considerable difference between the two variants was observed
using 4d. While a high conversion of 40 % was determined for the
G286S/Y288A variant, only a low conversion of 10 % was
observed for the wild type. The exchange of the tyrosine to an
alanine at position 288 generates more space inside the binding
pocket, which is beneficial for a more spacious side chain such as
the octyl group of 4d, like predicted in docking experiments
(Figure 2).

Comparing the substrate acceptance of compounds 4e, 4f, 4q,
and 4h, almost no conversion was detected with the wild type.
These derivatives have the same structural element, the aromatic
group attached to C6 of the core structure instead of an alkyl
chain. The linkage between the phenyl group and the core
structure has no effect on the conversion. This result was
expected when combined with the docking results. The proposed
binding mode was composed of the resorcylate core not oriented
towards the active site (Figure 3). The linkage between the core
structure and the phenyl moiety influences the conversion for the
variant. The only substrate molecule with an aromatic side chain
that led to a high conversion is 4i. A conversion rate of 33% was
determined. In parallel with the in vitro results (Figure 4), molecule
4i had the most promising docking outcome (Figure S7)
compared to the other derivatives containing a second phenolic
structural element. The hypothesis that structures 4f - 4h would
not be converted as well as olivetolic acid 4a confirms the
proposed docking studies.

As only a low conversion has been identified for the molecules
4e - 4h, the implementation in the cannabinoid biosynthesis by
the feeding of these substrates does not seem to be likely at the
moment. If there is interest in one of the resulting unnatural
cannabinoids, protein engineering of NphB towards a higher
conversion of these substrates is required.

Structure elucidation of enzymatic products

All assay samples were analyzed by HR-MS. Mass analysis
allows confirmation of prenylated products and determination of
the number of products formed by catalytic reaction with NphB
(Figure S71, S79-83). For all substrates, only one mass was
identified that correlated with the mass of a prenylated product. In
the catalytic reaction, almost exclusively one main product was
formed. The retention time and the measured spectra for all
geranylated products seemed to be similar for the wild type and
the G286S/Y288A variant. This leads to the conclusion that both
protein variants exclusively form the same main products, except
for olivetolic acid. For derivatives 4a, 4b, 4c, 4d and 4i, the
reaction producs were further analyzed by UPLC-ESI-MS/MS
(Figure S72 - S75 and S84). The fragmentation pattern was
similar to that of CBGA-C5, suggesting the formation of a
C-prenylation. The two pattern distinguish in the formation of
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fragments smaller than m/z = 219.10. While the fragmentation of
2-O-GOA leads to smaller fragnents in a high distribution,
CBGA-C5 does only have these fragments in traces. This was
also observed for the beforementioned substrates. [©27]
Prenylation at position C5 can be almost excluded for all products
with a side chain comparable to the n-pentyl moiety due to the
steric hindrance at this position. Prenylation at this position using
4a was not observed as a product in in vitro assays with NphB
wild type or G286S/Y288A.[B1923 As the space of the group
attached to C6 increases, the C5 position becomes even more
blocked.

In order to gain more insight into the structure of the newly
identified products, a scale-up was carried out with the molecules
that led to the highest conversions 4d and 4i. It was decided to
perform the scale-up reaction only with the G286S/Y288A variant,
since the products for the variant and the wild-type have the same
retention time and the fragmentation pattern of the MS-MS
measurements exhibited similar results. The structures of these
products were further analyzed after isolation by preparative
RP-HPLC. 'H and 3C NMR, COSY, HSQC and HMBC were
measured for 11i (Table S7, Figure S85-89). Due to the HMBC
correlation between H8 and C5, the isolated product has to be
prenylated at C3 position. For 4i the conversion towards a CBGA
derivative 11i was demonstrated. *H NMR, HMBC and HSQC
were measured for 11d (Figure S76, 77). With this we were able
to confirm a C-prenylation due to the interaction in the HMBC
spectrum between H5 and C8 (Figure S78). This signal is only
possible if the prenylation is on C3 position and the H5 is still
existent. A prenylation on C5 position can be excluded.

For further identification of the prenylation site using 4c, 4d and
4i assays employing the protein THCAS were conducted. As
described before the THCAS is the last protein in the cannabinoid
biosynthesis. It catalyzes the intramolecular cyclization of the
monoterpene moiety in CBGA-C5 to THCA-C5 (Scheme S5). It
has already been demonstrated, that this enzymatic reaction also
occurs with CBGA derivatives that differ only in their side chain.[*%
With the formation of THCA analogs, we can proof the presence
of CBGA analogs as products of the enzymatic reaction of NphB
G286S/Y288A. Crude cell extract assay were performed
combining cell lysate with overexpressed NphB G286S/Y288A
and THCAS. As substrates GPP and the most promising analogs
4a, 4c, 4d and 4i were added to the cell lysate. The assay
samples were analyzed through UPLC-ESI-MS/MS after 24 hours
of incubation. First the assays were analyzed using 4a as
substrate. With comparsion of the fragmentation pattern and
retention time of an analytic standard of THCA-C5 and CBCA-C5
the formation of these products using 4a and GPP as substrates
was confirmed (Figure S93). As described in former reports
THCAS catalyzes the formation of THCAS-C5 and CBCA-C5 as
main products using higher pH values.? Using the substrates 4c,
4d and 4i we also identified two masses for the corresponding
THCA and CBCA derivatives, with similar fragmentation patterns
to THCA-C5 and CBCA-C5 and masses of the fragments
matching different side chains (Figure S93, S94). With this further
proof, we can confirm the prenylation on C3 position for 4c, 4d
and 4i in the in vitro assays described above because only then
the production of THCA and CBCA derivatives catalyzed by
THCAS is possible.
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Conclusion

Novel compounds containing the olivetolic acid resorcylate core
and structural elements beyond the natural pentyl group were
synthesized and evaluated as potential substrates for NphB. For
all compounds, prenylated product masses were successfully
identified after performing an in vitro assay. Alkyl chain
modifications up to an octyl group attached to the core are
accepted as substrates and show similar conversion to olivetolic
acid. Similar conversion was also observed when a benzyl group
completely replaced the alkyl group. A further analysis of the
prenylation pattern was carried out for the most promising
molecules. In an organism, like S. cerevisiae, NphB expression
and olivetolic acid derivatives feeding could lead to CBGA
derivatives formation.

First experiments using the following protein of the cannabinoid
biosynthesis, the THCAS, were performed showing the potential
for the production of further unnatural cannabinoids. The
presented results show the possibility of predicting substrate
acceptance and prenylation patterns of NphB and olivetolic acid
derivatives in silico by docking. The docking experiment results
provide a better understanding of the prenylation pattern and
substrate binding.

In conclusion, due to its promiscuous substrate acceptance,
designed NphB variants are attractive catalysts for the creation of
a library of non-natural cannabinoids.

Experimental Section

Molecular docking. Docking experiments were performed using
GOLD.?2 The protein structure (PDB-ID: 1ZDW) were prepared using
UCSF Chimera.l?!l For the variant G286S/Y288A the amino acids on
position 286 and 288 were exchanged. The ligands were prepared using
KNIME." There the 2D structure was implemented, 3D coordinates were
created, the energy was minimized, protons were added, and the
molecules were saved as mol2-file. The binding pocket was defined using
the aromatic structure bound in the PDB structure and a 5 A radius around
this molecule. As scoring function ASP-score was used. For each ligand
50 GA runs were performed. The search efficiency for the GA runs were
set to 200 %.

Protein expression and purification. The amino acid sequences of
NphB fused with a N-terminal His-Tag are shown in the SI. For the
recombinant expression, the gene construct was integrated into the
expression vector pDionysos, which uses the pYES2 yeast expression
vector (Fisher Scientific GmbH, Schwerte, Germany) with an additional
Leu2d gene, under control of a Gall promotor.2% The plasmids containing
a construct for the synthesis of the recombinant NphB were transformed
into S. cerevisiae CEN.PK2-1C Apep4 Agall Agal80 through
LiAc/SS-DNA/PEG method.[Y A single colony was picked to inoculate
10 mL synthetic mineral salt medium (6.7 g/L YNB without amino acids,
1.62 g/L drop out supplements without leucine, 20 g/L glucose) and
incubated for 24 h at 30 °C and 200 rpm. The second pre culture was
inoculated with the first one to an ODsoo value of 0.1~0.2 and was
incubated for 12 h at 30 °C and 200 rpm. For the main culture 100 mL
complex medium (10 g/L yeast extract, 20 g/L-peptone, 20 g/L glucose) in
1 L baffled flasks were inoculated ODgoo = 0.5 and cultivated for 48 h by
20 °C and 200 rpm.

After cultivation the cells were harvested by centrifugation (3000 g, 5 min,
4 °C) and the supernatant was discarded. The cells were re-suspended in
5 mL lysis buffer (50 mM Tris-HCI, 500 mM NaCl, 30 mM Imidazole,
pH 7,5) for each gram of cell dry pellet. The cells were lysated using glass
beads (0.75 — 1.00 mm) and vortexing (20 min, 4 °C, 2.000 g). Afterwards
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cell debris were removed by centrifugation (15.000 rpm, 30 min, 4 °C). The
proteins were purified using the AktaPure System (Ge Healthcare,
Solingen, Germany) and a HisTrap™ HP column (Cytiva Europa, Freiburg
im Breisgau, Germany). The preequilibration was performed using 10 mL
of binding buffer (50 mM Tris-HCI, 500 mM NaCl, 30 mM Imidazole, pH
7.5). Afterwards the filtered cell solution was loaded onto the column
(1 mL/min flow rate). To remove other proteins from the column, a washing
step with 10 mL binding buffer was performed afterwards. The protein was
eluted using a linear gradient of imidazole between 30 mM and 500 mM
using binding buffer and elution buffer (50 mM Tris-HCI, 500 mM NacCl,
500 mM Imidazole, pH 7.5). The protein was collected in 1 mL fractions
and the fractions with the highest UV absorbance were pooled. As last step
the desalting was performed using a PD10 column (Cytiva Europa,
Freiburg im Breisgau, Germany) to replace the buffer to protein storage
buffer (50 mM Tris-HCI, 200 mM NacCl, 50% (v/v) glycerol, pH 7.5). Protein
concentration was determined using NanoDrop™ One (Thermo
Scientific™). The proteins were frozen in liquid nitrogen before being
stored at -80 °C until usage.

Synthesis of substrates 4. For a detailed description of strategies and
experimental results see Supporting Information.

In vitro substrate conversion assay. The enzyme assays were
performed using a storage buffer. The potential prenyl acceptor substrates
were dissolved in DMSO and added in a final concentration of 1 mM to a
total volume of 120 pL containing 5 mM MgClz, 2 mM GPP and 100 pg
purified protein. The reaction mixture was incubated for 18 h at 37 °C and
1100 rpm in the dark. The reaction was terminated through the addition of
2.9 assay volumes of acetonitrile and 0.1 assay volumes of formic acid.
After incubation on ice for 15 minutes the samples were centrifuged
(13,000 g, 4 °C, 30 min) and the supernatant was stored by -20 °C until
usage. All assays were performed in triplicates

Crude cell extract assay. The amino acid sequences of THCAS fused
with a N-terminal vacuole tag are shown in the SI. The cultivation of cells
containing NphB is similar to the protocol described in Protein expression
and purification. For each assay cells with an ODsoo = 125 were harvested.
For the expression of THCAS, a pDionysus expression vector containing
the gene for THCAS expression was used, the cultivation protocol was
the same as described before. The harvested cells were each
resuspended in 400 L assay buffer (50 mM Tris-HCI, 100 mM NaCl pH =
7.5) and lysated using glass beads (0.75 — 1.00 mm) and vortexing (20
min, 4 °C, 2.000 g). Afterwards cell debris were removed by centrifugation
(8.000 rpm, 30 min, 4 °C). The potential prenyl acceptor substrates were
dissolved in DMSO and added in a final concentration of 1 mM to a total
volume of 200 pL containing 5 mM MgClz, 2 mM GPP and 95 L of each
crude cell extract for the two different enzymes. The reaction mixture was
incubated for 24 h at 37 °C and 1100 rpm in the dark. The reaction was
terminated through the addition of 2.9 assay volumes of acetonitrile and
0.1 assay volumes of formic acid. After incubation on ice for 15 minutes
the samples were centrifuged (13,000 g, 4 °C, 30 min) and the supernatant
was stored by -20 °C until usage. All assays were performed in triplicates.

HPLC-UV analysis. The samples were analyzed by HPLC-DAD (Agilent
Infinity 11 1260, Waldbronn, Germany). The separation was carried out
using a Poroshell 120 EC-C18 (2.1 x 100 mm, 2.7 ym; Agilent, Waldbronn,
Germany) column. The mobile phases A and B were ddH20 + 0.1 % formic
acid and Acetonitrile respectively. The following method was used with a
flow rate of 0.6 mL min* and an oven temperature of 40 °C: 10% B for 3
min, gradient from 10% to 100% B in 8 min, gradient from 100 % to 10 %
B in 2.5 min, 10% B for 2.5 min. The aromatic substrates and products
were detected in the DAD at 225 nm.

UPLC-ESI-MS and UPLC-ESI-MS/MS. The samples were analyzed by
chromatography (Agilent 1290 Infinity Il UPLC, Waldbronn, Germany) with
coupled electrospray ionization source (ESI) and Bruker Compact
MS/gTOF. The separation was carried out using a Poroshell 120 EC-C18
(2.1 x 100 mm, 2.7 um; Agilent, Waldbronn, Germany) column. The mobile
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phase A and B were ddH20 + 0.1 % formic acid and Acetonitrile. The
following method for the analyzation of the in vitro assay samples was
used with a flow rate of 0.6 mL min-t and an oven temperature of 40 °C:
30 % B for 1 min, gradient from 30 % to 100 % B in 6 min, and gradient
from 100 % to 30 % B in 0.5 min, 30 % B for 2.5 min. For the seperation
of the crude cell extract assay samples the following method was used: 30
% B for 1 min, gradient from 30 % to 85,5 % B in 22,5 min, gradient from
85,5 % to 100 % in 1 min, 100 % B for 0.5 min, from 100 % to 70 % B in 1
min and 70 % B for 3 min. All MS acquisitions were performed in positive
and negative mode. All MS/MS acquisition was performed with a collision
energy of 36.0 V in the multireaction monitoring (MRM) mode.

Scale-up reaction. The enzymatic assays were performed using storage
buffer. The potential prenyl acceptor substrates were dissolved in DMSO
and added in a final concentration of 1 mM to a total volume of 1.5 mL
containing 5 mM MgClz, 2mM GPP and 1.5 mg purified protein. The
reaction mixture was incubated for 24 h at 37 °C and 1100 rpm in the dark.
The reaction was terminated through the addition of 2.9 assay volumes of
acetonitrile and 0.1 assay volumes of formic acid. After incubation on ice
for 15 minutes the samples were centrifuged (13,000 g, 4 °C, 30 min) and
supernatant was stored by -20 °C until usage.

The products were purified by preparative HPLC (Shimadzu, Duisburg,
Germany). The separation was carried out using Nucleodur EC-C18
(125 x 21 mm, 5 ym; Macherey-Nagel, Diiren). The mobile phases A and
B were ddH20 and Acetonitrile respectively. The following method was
used with a flow rate of 6 mL min-* and an oven temperature of 40 °C: 30%
B for 2 min, gradient from 30% to 100% B in 15 min, gradient from 100 %
to 30% B in 2 min, 30% B for 6 min. The separated product peaks were
detected in the DAD at 225 nm and collected. The solvent was removed,
and the products were dried using SpeedVac. The compounds were
submitted for *H- and 3C-NMR measurements.
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The conversion of novel olivetolic acid derivatives with the highly promiscuous prenyltransferase NphB. is analyzed as a tool for the
creation of synthetic cannabinoid libraries. With in silico and in vitro experiments CBGA derivatives were synthesized and characterized
as products of enzyme catalysis.
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