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Abstract

Abstract

Cannabinoids are a compound class that originally arose as secondary metabolites from the
plant Cannabis sativ. Mo | e c u | etsand sQetcahydracannalpiriol) cannabidiol, and
cannabichromene are highly demanded on the market due to their dileasappécations.

Given the extraction procdssm plant the isolation of rare cannabinoids will not be sufficient

to meet global demaritherefore, an alternative production method is required. Additionally,

the interest in nenatural cannabinoids, which act on cannabis receptors, continues to rise.
Ensuring the sustainable and Hitgr production of these novel cannabinoid structtoes f

theinitial stages ucial A recent approach that has emerged is the heterologous production

of cannabinoids iBaccharomyces cetp\asidiéionto the naturally produced products from
cannabinoid biosynthesis, the proteins can be used fdorth&tion of nomatural

cannabinoidiroughthe exchange of the precursor molecules.

A bottleneck of the production of cannabinoids is the reaction from heSaAoygwards
olivetolic acid (OA)This reaction results in the formation of olivetol,padalyct that leads
to the wastage of precursoiscluding malonylCoA, acetyCoA, and glucose.
Computerbased methadwere applietb identifyolivetolic acid cyclas€AC) variants
with the result that these variants enhanced the product@A wofhile decreasindhé

production of olivetol is.cerevisiae.

Due to the exchange of hexanoic acid, fed through the media, with other fatty acids and the
use of already integrated enzymes $1 eerevisaain, it is possible to easily form novel OA
analgs with only minor changes in the workflBle following step involves the prenylation

of OA using NphB. It has been demonstrated that the high promiscuity of NphB enables the
formation of cannabigerol acid derivatives when OA derivatives are applixiraies

Docking results helped predict structures that are converted to CBGA derivatives.

Vii



Zusammenfassung

Zusammenfassung

Cannabinoide sind eine Molekilklasse, die urspringlich als Sekundarmetaboliten aus der
Pflanze Cannabis satigatstanden sind. Moleklle wigtrdnd 9-Tetrahydrocannabinol,
Cannabidiol und Cannabichromen sind aufgrund ihrer vielfaltigen medizinischen
Anwendungen auf dem Markt sehr gefragt. Angesichts des Extraktionsverfahrens aus der
Pflanze wird die Isolierung seltener Cannabinoide nichtclaaisreum die weltweite
Nachfrage zu decken. Daher ist eine alternative Produktionsmethode erforderlich. Dartber
hinaus nimmt das Interesse an nicht natirlichen Cannabinoiden, die auf Cannabisrezeptoren
wirken, weiter zu. Die Sicherstellung einer nackhaltigl hochtitrigen Produktion dieser
neuartigen Cannabinoidstrukturen von Anfang an ist von entscheidender Bedeutung. Ein
neuer Ansatz ist die heterologe Produktion von Cannabinoi@acdharomyces cerevisiae.
Zusétzlich zu den natirlich hergestelltexddkten der CannabineBlosynthese kdnnen die
Proteine durch den Austausch derdkursamolekile zur Bildung nicht naturlicher

Cannabinoide verwendet werden.

Ein Flaschenhals bei der Herstellung von Cannabinoiden ist die Reaktion von-Eefanoyl

zu Olivetolsaure (OA). Diese Reaktion fuhrt zur Bildung von Olivetol, einem Nebenprodukt,
das zur Verschwendung von Vorlaufern wie Matwdy] AcetylCoA und Glukoséihrt. Es

wurden computergestitzte Methoden zur Identifiziemm@livetolsaur&yclaseGOAC)
Varianten angewandt, mit dem Ergebnis, dass diese Varianten die Produktion von OA
verstarken, wahrend die Produktion von Olivetd! cerevisraeringeriwvird.

Durch den Austausch von Hexansaure, die Uber das Medium zugefuhrt wird, mit anderen
Fettsauren und die Verwendung bereits integrierter Enzyme ilsecegsvisitamm ist es
mdglich, mit nur geringfiigigen Anderungen des Arbeitsablaufs néunsl@ya zu bilden.

Der folgende Schritt umfasst die Prenylierung von OA mit NphB. Es wurde gezeigt, dass die
hohe Promiskuitat von NphB die Bildung von Cannabigerolsdurederivaten ermdglicht, wenn
OA-Derivate als Substrate eingesetzt werden. Ddeilgrgnisséalfen bei der Vorhersage

von Strukturen, die in CBGEPerivate umgewandelt werden.

viii
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Introduction

1.1 Phytocannabinoids

Cannabis saties been cultivated and utilized for over 12,000 years for the production of hemp
or its positive and psychoactive propefijesliowever, it was not until the 20th century that

the first cannabinoid, cannabidiol (C8B), was identified and isola@}l Only a year after

the structure elucidation of CEIb, the molecule with psgectivity was identified as

( T-thand Setrahydrocannabinol (THC5)(3). The phytocannabinoid class was introduced
based on thstructural similarities of these and other secondary metabolites isolated from the
plant. These structures are composed of a resorcinyl core equippeargatdseioned alkyl,

aralkyl, or isoprenyl moiety. The structure is highly dependent on Kegideolstarter
molecule. Alkyl chains are constituted of an odd number of carbor{dt@igsirel). To

this date, more than 113 distinct phytocannabinoids have been isolated from the plant
C.sativgb). The phytocannabinoids derived from the majority of the other cannabinoid
structures extracted frath sativare cannabigerolic acid (CBGB), tetrahydrocannabinolic

acid (THCACS5), cannabidiolic acid (CBE) and cannabichromenic acid (CEEA

From these teuctures, the four major cannabinoids, hamelC-C5, cannabichromene
(CBCC5), CBDC5 and cannabigerol (CHI®), are deved through a process of
heatinduced decarboxylati¢®, 7. Phytocannabinoids present in low concentrations in the
plant are designated as minor or rare cannab@oiesamples of minor cannabinoids with

a different ring structure are cannabinol (CBIN@O, 10 or cannabicyclol (CBC5) (11).
Furthermore, the alkyl moiety may vary, with the pentyl alkyl chain potentially being replaced
with a methyl or a propyl chain, resulting in compounds scahrebigerovarin (CBG3),
tetrahydrocannabivaranic acid (THC3) or cannabidiresorcin (CEI1)(12).

In addition to the identification of phytocannabinoid3. isativdhese compounds have also

been found in other organisms. Examples of known organisms that produce
phytocannabinoids include the pHalichrysum umbraculiggmu®outh Africa, the liverwort

Radula margintan New Zealand, and the fur@ylindrogeorolidun{13315). Next to the

same cannabinoids that are also produdgdsativaannabinoids fromd. umbraculigearm
R.marginatalso include arakyl phytocannabinoids. Arakylcannabinoids exhibit a cyclic
structure, which can be a bibenzyl or a stilbenyl group attached to the resorcinyl core instead
of an alkyl group. FoH. umbraculigeruisolated and identified examples include
cannalbenphenylgerolic acid (CB®&B), and for R.marginata are

tetrahydrocannabibiphenylic acid (THEBB or cannabistyrengerolic acid (CB&B.

2
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Additionally,abnormal arakylcannabinoids, were identifieeliein the isoprenyl moiety is

attached at differentposition within the resorcinyl cdies, 14, 4, 16, L7

Acidic form of the four main phytocannabinoids

CBGA-C5 THCA-C5
= T “QI‘;:\ /,-f .\.‘OH 1 Jit
~ gy o NF /‘ HO A __”__,’-;,L/\/\
CBCA-C5 CBDA-C5

Cannabis sativa

X OH O J
| PN -"'/L"OH f | @

“\.

/A\H-.Oz
CBN CBGA-C3 THCA c1
Radula marginata Helichrysum umbraculigerum
l OH
( N OH Cj /Q/\,'
. i OH | HO N\
o™ ~
THCA-BB CBGA-BB
OH

L H
AN |'~ H OV\O
PN /]\V/\

CBGA-ST abnormal CBGA-C5 /H\

Figure 1 Phytocannabinogklection including origin organisii structure derived fraime isoprenoid
precursor geranyl diphosphate marked in blue, the resorcinyl core structure derived froofyttetide
startermoleculas marked in red, tladtering side chain is mathe black and the carboxylic acid group is

marked in green.
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1.2 Cannabinoid Biosynthesis

The mostweltknown andutilizedsource of cannabinoidsmainghe isolation othe plant
C.sativaThe biosynthesis of cannabinoids occurs in the glandular tecbiréhe female

plans (18). For biosynthesis, enzymatic reactions are mainly involved, except for the last step,
in which a chemical reaction occurs (Figure 2). The initial formation of the first
phytocannahbiid structure is comprised of two precursor molecules, olivetolic acid (OA) and
geranyl diphosphate (GPP). These two structures are generated through two different
biosynthetic pathways. One pathway starts with the molecule hexanoic acid derived from the
fatty acid biosynthesis pathwayCirsativg19). The acyhctivating enzyme THAEL)
catalyzes the following reaction from hexanoic acid towards h€@hogbnsuming one
acetyCoA (20). For the biosynthesis of OA, the cooperation of the two proteins, olivetol
synthase©LS) and olivetolic acid cycla8=)AC), is necessary. The enzy@®LS
catalyzes the successive condensation of heZadowlith three molecules of majéCoA,

yielding 3,5;%ioxododecanec¥loA (21). This structure undergoes intramolecular aldol
condensation to OA with tressistancef COAC (22). In C. sativehe supply ofGPP is

ensured by thplastidial Znethyid-erythritot4-phosphate (MEP) pathwaythe mevalonic

acid (MVA) pathwa@23).

The prenylatio of OA with GPP is catalyzeoy a geranylpyrophosphate:olivetolate
geranyltransferase (GOM) CBGA-C5 (24. Two GOTs have been identified@n sativa

which are able to catalyze the reacti@h sativavith Cannab{SOT1 (CsPT) and Cannabis

GOT4 (CPTH (25.

Thefinal enzymatic step of cannabinoid biosynthesis is the oxidative cyclization G3CBGA
towards the tricyclic structure of THCA or bicyclic structures like CBIGA or CBCACS5

(26. Three enzymes were identifie€irsativall of which are capable of cataly#wegfinal
enzymatic reactiotdowever, the enzymes result in thentdion of different products
through their different regioselectiviftd. The first identified protein is the
tetrahydrocannabinolic acid synth&&HCAS), which mainly produces THCA (27).
Subsequently, the cannabidiolic acid syntG&SBAS) and the cannabichromenic acid
synthase QCBCAS) were identified, which mainly produce CB8bAor CBCACS5
respectively(28, 29. Due to the thermally unstable nature of cannabinoid acids, the
decarboxylation reaction towards the neutral cannabinoids occurs in the plant due to heat or
light exposurér).
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Fatty acid 0 CsAAE1 0]
biosynthesis )J\/\/\ - )J\/\/\
HO CoA-S
Hexanoic acid n-Hexanoyl-CoA
O O
MVA pathway
MEP pathway CsOLS 3x | H o)J\/U\s- CoA
CsOAC
OH O

_ +
S \ O/Z}O/ (IID)}O /@ii?/\
HO
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OH O

CsTHCAS l
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o)
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Cannabichromenic acid

Tetrahydrocannabinolic acid

Figure 2 Cannabinoid biosynthesigdnsativaddexanoic acid is provided through fatty acid biosynthesis.
An enzymatic reaction catalyzed by Acyl activating enzy@sRAEY) nHexanoyCoA is formed.
Following a miti-step reaction consuming three mal@oA and using Olivetol syntha€sJLS) and
olivetolic acid cyclase®AC), the polyketide olivetolic acid is generated. For the next catalytic step, the
reaction partner of olivetolic acid is geranyl diphospleaieed from the mevalonate (MVA) and
methylerythritol phosphate (MEP) pathways. The prenylation reaction towarbigeratioaacid
(CBGACH) is catalyzed by geranylpyrophosphate:olivetolate geranyltransigedgh. Z8GACS is
converted by the theeenzymes cannabichromenic acid syn@g38GAS), tetrahydocannabinolic acid
synthaseGQI HCAS) or cannabidiolic acid synth&€BDAS) to yield, respectively, cannabichromenic
acid, tetrahydrocannabinolic acid, and cannabidiolic acid.

In addition to the decarboxylation reaction, a small percentage of other chemical reactions may
occur, forming minor cannabinoids. For instance, the formation of CBL involv€&5CBC
undergoing an intramolecular stereoselective [2+2] cycloaddition, whiolaleadislitional

Co0 bond formation during light expos#¢ Furthermore, THE&5 and THCACS can

undergo further degradation under the condition of air oxidation, resulting in aromatization at
the level of the menthyl moiety, leading to the formation of@Bd CBM-C5, respectively

(30, 10.
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1.2.10livetol SynthaseCOLS

In the biosynthesis of plant secondary metabolites, the class of pphe&kétide synthases

(PKSs) plays an important r{84). A type Ill PKS has also been identified in cannabinoid
biosynthesis with th€OLS (21). Type Il PKSs catalyze the condensation of a variable
number of molecules onto a starter unit through iterative decarboxylative Claisen condensation
reations(32). Interestingly, th€<LS itself is nadble to catalyze the cyclization towards OA
without the presence of tResDAC (22).

S |

Figure 3 3D protein structure o€OLS (PDB-ID: 6GW3) (33. Each unit of the protein is colored
separately in orange or turqudive. binding site of Coflight blue) is depicted highlighting the interaction
with S157.

In 2019, the Xay structure of th€©LS was first solved. The protein is a homodimer
containing two asymmetric units. Hexa@mA is loaded into th€EOLS and stepwise
elongated with theemalonylCoA units (Figure 333. After the elongation with two entities

of malonyCoA inthe first stage, another molecule is added in the second step. This results in
forming two intermediate structures, a linear triketide and a linear tetraketide. Next to the
release of the linear tetraketide for further reaction towards OA, a hydroligsisceraoccur

on both intermediates. After the first condensation step, the reaction towards pentyl diacetic
acid lactone (PDAL) and after the second condensation step, a reaction towards
hexanoyltriacetic acid lactone (HTAL) is monitoredrd21). In C. sativahe production of

thesederailment byroducts is not observézil). Since the cyclization step occurs after the
6
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CLOLS reaction, the linear tetraketide has to be released as a produc&uf3hen the

absence dEOAC, the linear tetrakeé undergoes a nemzymatic G® C7 decarboxylative
aldolcondensation reaction, resulting in olivetol (Bigure 4)This leads to the assumption

that the cleavage of the tetraketide intermediate from the CoA moiety must occur first since
this cyclization reaction is impossible with the group still attadhedmolecul€33). The

catalytic triad of th€©LS is composed of CysiHi5297Asn330 locad in the bloped

cavity responsible for initiation and elongation. The cavitynigosed of the starter
moleculebinding site, formed by one of the lobes, and a second binding site for the growing
polyketide chain. The hexarG@A's sulfur moiety isode to the Cys157 for reaction, a typical
structure element in plant type 11l P{3).

0]

HO)J\/\/\

/ Hexanoic acid
O O o CsAAE1
2x + )J\/\/\

CoA-S)J\/U\OH CoA-S

Malonyl-CoA n-Hexanoyl-CoA
CsOLS
CoA- S)]\/U\/U\/\/\ _—
Linear triketide intermediate Triketide Pyrone (PDAL)

MalonyI-CoAj CsOLS

(0] 0] 0] (0]
COA_S)J\/U\/U\/U\/\/\ >

~_ 7

Linear tetraketide intermediate Tetraketide Pyrone (HTAL)

CsOAC o
/ OH

HO )
Olivetol

Olivetolic acid

Figure 4 Catalytic reaction @LS andC€AC including all possible-bsactions. For the formation of

the substrate @<OLS hlexanoylCoA, the enzym@RAE1 needs to catalyze the reaction of hexanoic acid

to hexanoyCoA. After successive loading of the malGoy onto the starter molecuilexaoylCoA,

the first intermediate, a linear triketide, is formed. With the loading of the third Gwomyit, a linear
tetraketide intermediate is formed. The two intermediates can undergo lactonization forming each a
derailment bproduct with PDAL antHTAL. WhenC®OAC is present, the linear tetraketide is cyclized,
forming olivetolic acid. Next to this reaction, the spontaneowhngmatic reaction to Olivetol can occur.
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In this enzyme family of type Il polyketide synthases, two classes emedlgadthastype

of cyclization reaction: the Chalcone symnt@id8) type or the Stilbene syntH&JES) type

(31). The CHStype catalyzes a&£ €1 intramolecular Claisen cyclization. Therefore, thioester
cleavage occurs after cyclizaf@®h In STStype, the C1 thioester linkage feaqgobefore the
cyclization step. Therefotke cyclization occurs in aAC27 aldol condensation. An Aldol
switch was identified for the thioesterase functionality of thé3BKE©LS shows high
similarity to botlproteins. For CHS the sequestailarityis 66 %andfor STS it is 6%

(33. As above mentioned the fornoatiof olivetol, leads to@2A C7 aldol condensation, a
STSlike mechanism was expected. Surprisingly the aldol switch was not ideDgdies in
and alsahe hydrogen bond network G®LS resembles more CHil&e proteins. Since
CPOLS is not fitting intdhe known criteria, the role of the adol switch and hydrogen bond

network is not as conservative as exp&ied3J.

1.2.20livetolic acid cyclaseCEOAC

In comparison with other plants, the PKS fforsativia not capable @roducinghe needed
precursor OA for cannabinoid biosynthesis. Insi@askecond protein involved in the
formation was identified, t@=OAC (22). Despite their close linka@)AC andCOLS do

not have any pisical interaction with each oth€€AC is a small protein with a molecular
weight of 12 kDa, comprising two asymmetric units that assemble into a dimer{@prote
The protein's fal, comprisingafotst r anded -sashéépaant| ewoAor
per monomeric unit, places it within the family of DABB profEigsre 5)Plant DABB
proteins are typically induced by stressC&MAC is the sole plant DABB protein with a
biochemical functio(88). The binding pocket contains a hydrophobic tunnel knotive as
pentylbinding pocketThis tunnel allows the pentyl moiety of the linear tetraketide to bind
and interact with the hydrophobic amino acids. In addition to this pocket, another distinctive
feature of the protein is the arrangement of the amino acid side chains of
His5/Tyr27/Tyr72/His78/Asp96. The crystal structure with OA as a ligand reveals hydrogen

bonds between the carboxylic acid group from OA and the side chains of His5 and Tyr72,

which enables the hydrogen bond network of the aforementioned amino acid arrangement

(Figure % This arrangement is of significant importance not only for substrate binding but
also for the stability of this prot€&y).
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Figure 5:3D proteinstructureof COAC (PDBID:5B09) including the product of the enzymatic reaction
OA, colored in green. A clesg of the binding site highlights the hydrogen bond network between the
amino aids of the protein and the ligai3d).

The Xray structure enabled the identificatiothefcatalytic mechanism and the involved
amino acids (Figure 6). In the first step, after loading the pentidketicle, Tyr72 activates

His78 through a proton abstraction, resulting in a nucleophilic attack of the His78 at the C2 of
the linear tetrakide. The intermediate is present as an enolate. The intermediate then proceeds
to a nucleophilic attack on C7 through keto/enol tautomerization. To completeGlie C2
aldol cyclization, the C7 abstracts a proton from HiSi¥&e no catalytic domain for
rearomatization and CoA cleavage was identified in the protein, one possibility is that the
enzyme releases the cyclized product. The two reactions occur tenaynatic and
spontaneous reacti@). As proposed by other sources, it is possible that the CoA cleavage
occurred before the enzymatic reaction oC®AC and, thus, is not a cponent of this
reaction33).
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Y72 H78 Y72
0
/@/N’H
HN—/

Figure 6: Catalytic mechanism G#AC for the formation oblivetolic acid37). First, H78 is activated

due to a proton abstraction from Y72 foltayva nucleophilic attack at the C2 of the substrate. Through
keto/enol tautomerization, a nucleophilic attack on C7 leads to a cyclization. In the last step, a proton
abstraction from H78 results in rearomatization.
1.2.3Cannabisgeranylpyrophosphate:olivetolate geranyltransferagesPT

Over 25 years ago, the first GOT activity was detected usin@Cycatigkeaveg24). Ten

years later, the sequenc€#fT1 was published following the latest identificati@$ai4

(39, 2%. The two proteins share only a 62 % homology with each other, and both proteins are
expressed in th@. sativeichomes with a close prmity in gene locConsequently, the two
proteins may be considered functionally redundant in the(plakthile C$T4 has
demonstrated activity in other organisms, sighcabaromyee=vis@eNicotianaenthamiana
C4$T1lhas not been observed to catalyze the re@@owhileC$T1 has a high promiscuity
regarding the aromatic substr@®,T4 is highly specific for OAhis isalso reflected in the

kinetic parameters, wil$°T4 exhibiting a MichaeNMenten constanK(s) of 6.72 uM, while

C9T1 has &wv of 60 mM(40.
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C49T4 is a transmembrane protein with garsinal plastitiargeting sequence catalyzing the
CAC FriedelCraft alkylation dDA, primarily on the C3 positighl, 42 The protein belongs

to the UbIA sperfamily of prenyltransfera$€3. Family members are predicted to have two
characteristics: their thvaenensional structure is predicted to consist of eight to nine
transmembrane helices and they have two domains with congeaviaderash motifs,
NDxxDxxxD and NQxxDxxxD for the first amand DXXXD for the second ori¢4, 45.

The two aspartatech motifs coordinate the divalent metal gssential for the catalytic
reaction. The negatively charged diphosphate interacts with the metal ion, ensuring the
substrate can orientate corre@l, 46. Prediction tools were used to assumeGHat4
consist®f eight transmembrane helis 47. C$T4 requires Mgfor the reaction, and the
conserved aspartateh motifs were successfully identified with a consensus sequence of
NQxxDxxxD and DXXXD.C$T4 has been shown to accept CBGpAas a substrate, as

well as other CBGA derivatives that differ in their atlg/lchiainThe absence of available
X-ray structures has hindered efforts to elucidate criticabagpdras substrate selectivity

(4D.

1.2.4Cannabinoid OxidocyclaseCsTHCAS, CLCBDAS, CSCBCAS

CBGAC5 can be accepted from three proteins as a substrate consiSEigGAS,
CLBDAS, andC<BCAS. All three enzymes are similar size, with an approximate molecular
weight of 62 kDa. They also exhibit a high degree of similarity in their amirquanicese

with 92% identity betwed@sSHCAS andC<BDAS and 84% identity betweed HCAS
andC<BCAS48. These enzymes belong to the family of belsidge ike oxidoreductases

(49, 50. All three proteins require a cofactor: flavin adenine dinucleotide(dPAB). The

X-ray $ructure of CIHCAS enabled the determination of the FAD and GBGAinding

pocket, and 3D structure elucidation was possible. The FAD binding pocket separates two
protein domai ns. Dloanaii oe-strandsoamipthetcovadestiymi g ht 2
FAD. Domain || i -Ielices,onmmiphoame eswtroundid by eight aatiparallel
Astrandg52). The FAD is coalently bound to the enzyme via a cysteine's sulfur atom and a
histidine's nitrogen (Figure(32, 49.
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Figure 7: 3D protein structure o€HCAS (PDRBID:3VTE) colored in grey, including the covalently
bound cofactor FAD colored in green. The interaction betweeoftoisor and the catalytic amino acid
is highlighted irhie closaip of the binding site.

The carboxylic acid group of CB&A must be present for the catalytic reaction to proceed,

as CBGC5 is not converted from any of the three enzymes. The reacti@misracwas
proposed using the 3D protein structure, the structural relation€SIpIGIAS with related
enzymes, and the mutant functional ana(&edn the first step, CBGLS5 undegoes
deprotonation, initiated by the phenolate anion of Y484, followed by the oxidation of the
substrate through a hydride transfer from C3 to FAD. This loss results in an intramolecular
cyclization within the substrate, resulting in THIGAFigure 863, 50, 52 The key amino

acids were successfully identified for the two other proteins, including tyrosine for the start of
the catalytic reaon and cysteine and histidine for binding of the (B3D54.
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( FAD(red)
H

CBGA-C5

FAD(ox)
OH O

THCA-C5

Figure 8: Catalytic mechanism of the THCAS for the reaction of GB&tdwards THCACS including
the transition states.

The catalytic reaction of tBaFHCAS does not only result in the formation of THCTHAbut

also the formation of CBGB5 and CBDACS5. The producratio of these three product is
strongly depended of the pH valnereasing the pH values to pH 7 results in an increase of
CBCACS5 production(55, 53

1.3 Synthetic/unnatural cannabinoids

Cannabinoids produced by plants are natural cannabiSgitbetic or unnatural
cannabinoids contrasare specially designed molecules that target tabicamhreceptors

in the human body and can have a higher affinity than natural cannabinoids. This class includes
not only artificially created compounds but also modified phytocannabinoids produced
through organic chemistry or heterologous productionganisms liké&. cerevisid@eir

diversity and efficacy offer great potential for developing new therapeutic applications and

medications.

1.3.1 Endocannabinoid system

The initial hypothesis regarding the biological effects of cannabinoids was Hasied on t
lipophilic structure and the potential for disruption of cell meml{Ehesubsequently, the
psychoactive effect of cannabinoids was elucidated through their interaction with the
cannabinoid receptors (CB) in humans, which were discovered in thEhE3@0®ceptors
comprise two subtypes: CB1, which is predominantly locditedcentral nervous system

(CNS)(57, 58, and CB2, which is predominantly locatethe peripheral nervous system
13
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(PNS)(59, 60, 58 The two receptors belong to the class of G protaipledreceptor

(GPCR) and have a 44 % amino acid similarity with each(Gi#d&3). To date, the
threedimensional structure of both receptors has been elucidated, allowing for a more detailed
understanding of their mode of acti@#, 63 This receptor, along with endogenous
cannabinoids and the enzymes responsible for their degrguatie a crucial rale the
endocannabinoid systdf6). In addition to phytocannabinoids, other chemical structures
were identified as interacting witlede receptors. This expanded the term cannabinoids to
include secondary metabolites derived from the plant and endocannabinoids, which naturally
interact with the endocannabinoid sys@m The majority of these structures are derivatives

of amides, esters, and even ethers ofcloaig polyunsaturated fatty ad@®. The first

identified and most extensively biologically analyzed derivatives awmefiedefom
arachidonic acid, anandan{&®, and2-arachidonoyl glycerotfZ5) (Figure 9)70).

Anadamide 2-arachidonoylglycerol

Figure 9: Structure ofthe first discovedendocannabinoids.

Cannabinoids have a high potential for their application as a drug for several different diseases
(72). They have shown analgesic and antiemetic properties, causing them to be applied in the
palliative caref cancer or Human immunodeficiency virus (HIV) patients foedetron

of nausea and vomitinf2. Cannabinoids are also therapeutically administered for
neurological disorders such as multiple sclerosis or spinal cord (iFfuriésr many
applications, cannabinoids are still in the clinical phase. The potential for treating different
ailments such as inflammatory diseases, cancer, and microbial infections whdueetatifie

the involvement of cannabinoids in the immunity and regulation of apoptotic and angiogenetic
signaling pathwaya?). In the future, applications agaithe SARSCovid virus are possible

since the inhibitory effects of cannabinoids against the protease were (@éniifjes &so

effects of the viral cell entry due to the affinity of cannabinoids for the spikg(8ptein
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1.3.2 $nthetic cannabinoids

With the identification of the cannabinoid receptors and thdddge about their structural
featurethe wayhas been pavddr the exploration of a novel class of synthetic cannabinoids,
which are specially designed to interact with the two redq@gtorserefore, the affinity to

the CB receptors can be higher than that of THL In 2022, up to 237 synthetic
cannabinoids were reported. Even though this class of cannabinoids is more diverse compared
to phytocanndhoids, structures are constructed of four building blocks. This comprises a core
structure to which a tail and a linker within a linked group bran@®oftxamples of
synthetic cannabinoids are CP4738(B0) , representing the group of nonclassical structures,
JWHO018 (81) representing the group of aminoalkylindoles;4880 (82 representing a
hybrid structuréFigure 10§78).

Synthetic cannabinoids can also be derivatives of phytocannabinoids.fbieertbet@mned
structures, they can be formed using organic che(@8t84. The first known structure is
HU-210, which is a derivative of TH5 (85. With organic synthesis, a large number of
different cannabinoids, consisting of CO, C1, and C3, were synt{&8izBdie to
heterologous cannabinoid production, another possibititghéo formation of novel
cannabinoids emerges, where the proteins from cannabinoid biosynthesis are used, but
derivatives of the natural structures are applied as suli@Batks one interesting target

point for variation, the-pentyl chain was identified as even phytocannabinoids with alteration

on this position, such as CB&AR, are already kno\#1).

OH
OH
CP47497-C8 OH AM-4030
OH O
X OH
] " D
HU-210 CBGA-5-pentin

Figure 10 Structures of examples for synthetic cannabinoids.
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1.4 Heterologouscannabinoid production

Extracting cannabinoids from the pl@nsativia fraught with challenges due to the regulatory

and legislative framework established as a result of the classificatiorCaf d4H&h illicit

drug. The plant's metabolites exhibit pronounced dependence on the geographical and climatic
environmeni{86). The chemical synthesis of cannabin@dsinsa complex processith

many reaction stepgsulting in low yields at a high ¢8%t 84.

Biotechnological production represents a potential alternatvadamtage of this approach

is the production of cannabinoids that are only produced in low amounts in the plant, such as
CBCAC5(88, 5%. In the preceding year, a dseerange of hosts was examined, identifying
several challenges. The first host to undergo a complete synthesis of cannabinoids, including
THCA-C5, THCACS3, and CBDAC5, wasSaccharomgessvisiaigth a THCACS production

of 8mgL-1(25. This organism benefits from the natural presence of the mevalonate pathway,
which provides GPP for cannabinoid biosyrdh88). Moreover, the engineering of the
production of other precursors, such as the & e#ylpool, can be readily accomplished
S.cerevisidaditionallyS. cerevisiiers the advantage of posttranslational modification and
plant protein expre®nandis a welkstablished host organism, which has resulted in the
development of numerous genetic tools, including strains, \auigosomoters, suitable for
cannabinoid biosynthe§®y). To this date, a CBGAS production of 510 mg1 has been

achieved through metabolic engineering.oérevisiashich only requires glucose and
hexanoate feedin§0. Using the biosynthesis $cerevisiggoducing novel cannabinoid
structures was also possible while using another precursor, such as kekabsiog
pentanoic acid, the chain was shortened towards C4, using heptanoic acid, the chain was
elongated towards C6, and usirggftynoic acid, a new feature with the triple bond was
added, resulting ingentin(25).

Another yeast that has shown promising resuitsngataella phaffiwhichthe protein
CaHCAS for the final reaction from CB&%5 to THCAC5has beerxpressed he use of

a crude cell extract (CCE) enabled the identification of -T3@#4 product, with the addition
of CBGA as substra(@l).

The polyketide starter OAawalso synthesized in the yéasbwia lipolyfitan glucose with

a titer of 9.18ng L2, following the engineering of the organi@éh In addition to fungal
models, the implementation of cannabinoid bibsgigt was also explored in the most

commonly utilized model plaNticotiana bentham@8aln this instance, the transformation
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of infiltrated hexanoic acid towards OA and the transformation of administered OA towards
CBGA-C5 wereaccomplished using the plant as.hdsetvever, a transformation towards
THCA-C5 has not beeachievedo this dateHowever, this outcome may be attributed to

N. benthamian&sufficient production of OA and CB@&26. Additionally, it has been
observed that the plant's glycosyltransferases accept both molecules as substrates, producing
glycosylated OA and CB&2%. Thetwo molecules are removed from the cannabinoid
biosynthesis pathwéA) leading to a low substratencentration for the following reaction
Additionally,Escherichia edis employed as a biosynthetic host for the production of the
starter polyketide OA. This was achieved using hexanoate and a single carbon source, glycerol,
with a resulting titer of 80g L1 (95. However, further steps in cannabinoid biosynthesis were

not implementable iB. coliBased on these findings, it can be posite® tltarevisa¢he

most promising host organism for cannabinoid syn(@ésis

1.4.1 The aromatic prenyltransferas¢phB

The natural prenyéinsferase involved in cannabinoid biosynthesis is a transmembrane protein.

It presents a significant challenge in transforming it into a heterologous host organism, such as
S. cerevismeE. col(55). The utilization of a soluble aromatic prenyltransferase would be a
preferable approach. Two prengtatenzymes that have been previously employed in
cannabinoid biosynthesis include the enzymes AtaPT, isolate¥spergillus ter(@ds 98)

and NphBisolatedrom Streptomysesstrain CL19®9, 100

NphB is a promiscuous aromatic prenyltransferase first identified in 2005 and is part of the
ABBA family of aromatic prenyltransfergd€d, 10 The protein's fol d |
barrel, also referred to as alP&r r e | cCcompr i ssirandy encasad indent i p a
a helices. The fold forms a spacious, sehergssible binding pocket, wherein both the
prenyl aceptor and donor can bind (Figure 119J). In vitroassays demonstrated
Mgz+-dependency despite the absencetwfiiclear magnesium cluster, a common feature
among Mg'- dependenproteing(103.
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Figure 113D protein structure of NphB, including the twosttates GSPP colored in blue aneDH6!

colored in grey (PDHED:1zb6). In a closep of the interaction of the two substrates with the amino acid
side chains of NphB, tiMg?+ ion and water molecules are presented. Hydrogen bonds are deposited as
black Ines

In its original organism, NphBrsolved in the biosynthesis of naphtenvieere the enzyme
catalyzes the transfer of a-ch@bon geranyl group to the aromatic substrate
1,3,6,8etrahydroxynaphthalersg the C4 position(104. A diverse range of aromatic
substrates were identifiedtluding naphthols, flavonoids, sulfonamides, and plant polyketides
such as OL or OA99, 10% The primary donor molecule is GPP; thus, other structures,
including farnesyl diphosphate, dimethylallyl diphosphate, -rmethylcycloheg-ene
diphosphate, were also identifiddcorrelation was discovered between the acceptor and
donor moleculesA changan the acceptor molecule results in a shift in the spectrum of
accepted donor&lsing 1,&lihydroxynaphthalene (D&IN) as an aromatic acceptor has led
to the identification of longehain diphosphates as potential donor structures. Using
sulfabenzamide as an aromatic acceptor indicates thatcstaonteiphosphates represent the
primary seond substrate for Nph@035.

It has been observed that NphB C prenylation occurs in arf@raposition to a hydroxyl
group as well as @renylation at hydroxyl groud®1, 99Recently, an {dlkylation has also

18



Introduction

been identified109. The pomiscuity of the prenylation positiaesults inregioselective
product formation for some aromatic acceptors.ekamplethreedistinctproducts were
identified for 1,6HN (101, 106 With regard to OA, NphB is able to catalyze the same
reaction towards CBG®B5 using the prenyl moiety from GPP for an attachment on the C3
position, similar t€$T4. But using the wild typthe main product of the reaction is not
CBGAC5 but 20-geranyblivetolic acid2-O-GOA), in which the prenylation occurred on

the O2 oxygen (Figure 12). The ratio between the two products is 85Q%30GA2 Prior

to the successfapplication of NphB in cannabinoid biosynthesis, further engineering toward

the product regioselectivity is neceg3a6.

O —
) OH O
X o/\P\ 9 -
O—IID—O + OH
&
| HO
Geranyldiphosphate (GPP) Olivetolic acid (OA)
NphB

OH O
. X (@] (@]
OH +
| /@ij\/oi/\
HO
| HO

Cannabigerolic acid (CBGA-C5) 2-O-geranyl olivetolic acid (2-O-GOA)
15 % 85 %

Figure 12 Schematic reagh equation of the NphB catadgzreactin of GPP and OA wardsCBGA-C5
and 20-GOA including the product rat{®00.

The reaction mechanism follows ah &issociative mechanism similar to the Fi@&aéis
Alkylation (107. In this reaction type, the ©i1 bond is cleaved first, resulting in the
formation of a carbocation and the separatidheopyrophosphatéteractions with Mg

can facilitate the stabilization of the pyrophosphdtansitional state is generated following
a nucleophilic attack from the geranyl cation on the aromatic acceptor rmbledrdasfer

of a proton to the yrophosphate results in the neutralization of the pr(figatre 13{106.
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Figure 13 Reaction mechanism of NphB using the example of the reaction with GPDé&tid (1,66.

The negative charge of the pyrophosphate is stabilized within the binding pocket through a
complex network oihteractions. These include the formation of hydrogen bonds with the
positively charged amino acid side chains Lys119, Asn173, Arg228, and Lys284, as well as the
involvement of apositively charged Mtgion and a hydrogen bridge with Tyr216.
Subsequently, during the catalytic reaction, the carbon cation is stabilized throh cation

i nter act i o-chamber fvith Tynl12h, Gyr246, ahd the aromatic accéptdate,

two X-ray structures havedmedetermined, each containing a different aromatic acceptor
substrate: 1;bHN and flaviolin.Notably, the two substrates occupy disparate positions
within the binding pockethe high product regioselectivity of-IHN is illustrated by its

high B facto (65.68 A), which indicates that no single, clearly defined conformation can be
identified. This evidence supports the hypothesis that the orientation of the substrate at the
beginning of the catalytic process influetteesproduct selectivity of Nph@06. The
stabilization of the aromatic strates was monitored through interactions with Met162,
Phe213, Ser214, Tyr288, and GIn295, as well as the interaction with the pre@ldonor
106, 108 The availability of a-Kay structure with the prenyl donor only allows the conclusion
that the prenyl donor binds fi&02).
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1.4.2Protein engineering in cannabinoid biosynthesis

To this date, many examples of successful protein enginediagadi@mpto proteins for
cannabinoid biosynthesis are known. The goal is to enhance activity for implementing the
biosynthesis in another organienproteins such &OAC or NphBor for producing novel

cannabinoids, which are analogs of products fiasyribhesis

1.42.1 COAC and CLOLS engineering

Thefirst variants of th€AC were not created to enhance the OA production but to identify
the catalytic amino acid in a time before the 3D structure of the protein was solved.
Nevertheless during this process, the variant Y27F was identified, whicinshtdé@ %
activitycompared to the wild ty&7). To this date, this variant is often used for cannabinoid
biosynthesis in other organisms.

Even though it was proven that usBg€pLS andCOAC, both enzymes are able to accept

ot her carboxylic acids as s uiexynyl mdietysand a | i
bulkier acids than hexanoic acid was v{ghléual engineering @©OLS andCOAC was

performed to accept longer chain or bulkier fatty acids. Ytsrkeo acids for the pentyl

binding side o€OLS is L190, limiting the size of the accepted substrat€sIAC, the

amino acids F24 and V59 were identified adediméng factors for the pentyl binding pocket.

With an exchange of amino dci®0 of CROLS towards glycine and an exchange of amino

acid F24 oCOAC towards isoleucine or leucine, the acceptadoe@fanoic actdwards

an OA analog containing a C11 chain instead of a C5 chain was(p09sible
1.4.3 NphB engineering

Before the protein NphB can be successfully applied in cannabinoid biosynthesis, two
bottlenecks of using this protein need to be solved. The first one is the product sgecificity
the protein, in which CBGE5 is not the main product of the catalytic reaction and the overall
low kinetic valugd.00. 2018, the first results were achieved using docking studies to identify
promising positions. Sindest date, no 3D structure containing OA as a substrate could be
elucidated. The effect of chosen amino acid exchanges wa# tegtecegarding the
CBGA-C5 and 20-GOA production. While the changes on positions 126, 161, 162, 175, or
213 led to no efte or enhanced-@-GOA, promising results were achieved with changes on
position 295. While an exchange to leucine only led to an enhancertraatd notin vivo
usingS. cerevisittee exchange Q295F led to a 20 times higher €BG#oduction in
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S.cerevisid@d0, 11} At the same time;@Q-GOA decreased, which resulted in a shift in the
ratio of 20:1 towards CBG®5. In 2019, Valliere et al. engineered NphB to achieve a better
outcome in their ceffee cannabinoid production. The redesigning dockings were performed
as a starting point, atite software Rosetta was used to predict mutations that would improve
stabilization of the binding mode of OA, leading to CBGAormation. Aftelin vitro
screening of different NphB variants, the two variants, G286S/Y288A and A232S/Y288V,
improved bothactivity and selectivity. CB&S is produced almost exclusively ankctkie

10006fold higher regarding CB@&25 production than using the wild type (1. Parallel

to this, Qian et al. also identified the potential for exchanging G286 with another amino acid
due to their docking results. The variant G2863olean improvement in activity and
selectivity. Nevertheless, the results were not as advantageous as the ones exceeded by Valliel
et al.(113, 112 The last known attempt in protein engineering of NphB was performed 2022
from Lim et al.In this studythe variants V49W/Y288P and V49W/Y288P/Q295F were
identified using docking and Minulations. The variants V49W/288P and
V49W/Y288P/Q295F were identified using docking and MD simulations. The two variants
producedCBGA-C5 exclusivein vitrand approximately 48ld more than the wt, and they

also produced more CB@&2Z5 than the previously mentioned vari@rit§.
1.4.4 CsSTHCAS engineering

Since the 3D structure G8HCAS is solved, protein engineering, including a rational design
approach, is easier than for the three other cyclooxidoreductaSssHE®#S, the correct
folding of the protein structure is challenging but crucial. Onenelevaved are the
glycosylation sites, consisting of seven amino acids(68ek&hen these glycosylation were
removed, the overall activity wasf@l@ higher(119. The lack of glycosylation sites was
analyzed in a mutational study. While dedcheo a decrease in THCA production, the best
combination of N89Q and N499Q led to af@xl increased activifp3d. For further
stabilization of the BBE domain of the protein and the correct positioning of the catalytic
amino acid Y484, a further disulfide bridge was introduced with the mutations H494C and
R532C. This additional disulfidedge led to a 1-fold increase in activity and a shift in the
temperaire optimum from 57 °C to 52 {&3.
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1.4.5 CLBDAS engineering

Simultaneouslyith the engineering of tikdArHCAS, protein engineering was performed on

the CELBDAS. The effect of the removal from gjigcosylation siteghich had beneficial

effect on the effectivity of tH@SHCAS, is not similar for tt@<CBDAS. Hergthe activity
decreased with an exchange of N4Ag&Qransform the product specificity of the enzyme,
amino acigdfrom the binding side were exchanged to mimicitigént site of CSTHCAS.

Two amino acid exchanges positively affected the protein activity with S116A and A414V,
resulting in a 2-Bld increase and a 3dd increase in catalytic activity, respec{Re/\b3J.

1.4.6 CLBCASengineering

TheC<LBCAS has, overall, from all three oxidoreductases from cannabinoids, the significantly
lowest catalytic capacity, whiesults in an unfavorable low conversion of CBGAt high

substrate concentrations. For further application in heterologous cannabinoid production, an
increase in turnover number is neddéd, 5% Using a homology model and an alpha fold
structure, a rational design was performed using the catalytic center next to computational
predictions using SSN consensus analysis. This study led to the discovery of the variant C224W,
which produces 2ld more CBCACS than the wild typ&4).
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1.5 Scope of thesis

To date, the production off aannabinoids, ranging from novel structures that are promising
for future medicinal applications to common cannabinoids lik€o6B®trending in various
application areaBven with the first success in transforming cannabinoid biosynthesis in a
microbial host with the most potentialSn cerevisieleallenges remg@b, 5%. The overall

titer of the produced cannabinoids must be increased to make the heterologous cannabinoid
synthesis@nomic and sustainalffeveral bottteecks ar@entified A problem arises with
proteins that lack efficiency or form byproducts, which unnecessarily waste the fed carbon
sources and reduce product concentralio@.potential for novel cannabinoid stinwes in
therapeutic applications is evidelnwever, it needs to be ensured that these molecules can
be produced sustainably without kight synthesisA solution for this can also be
heterologous cannabinoid production, where the exchange ofténersibecule allows for

the easy production of novel cannabinoid structures with the potential for sustainable
production.Nevertheless, a bottleneck appears here with the proteins, for which the novel
substrates are not naturally construdiexie, protei engineering can also be applied to
discover the substrate specificity of the proteins and the potential of producing novel
cannabinoids while using cannabinoid biosynti#sis

In the first part of the thesis, the potential in the pr@€AC regarding OA production is
explored further, with the primary goal of decreasing OL prodiibnthe reduction in

OL production, resources for cannahlingroduction can be saved, increasing the
sustainability of cannabinoid biosynthes$s aerevisidée effect of fusing the two proteins

Is further examined to decrease the physical distance between the two proteins. With computer
based methods, pratevariants of CsSOAC are identified, which can increase the protein's
activity. This effect also increases the OA concentration while the OL concentration decreases.
For the later application as protein in the cannabinoid biosynthesis in S. ceresisaes all

are screened in vivo regarding their OA and OL production.

Using a microbial host can benefit the formation of novel cannabinoids in a hibh titer.
produce the common cannabinoids, such as TEE;Ahexanoic acid is added to the
cultivation medi. This thesis analyses the change of the fed carboxylic acid and its potential
formed products. The substrate acceptance of allGgkéd&1, COLS, andCOAC is
analyzed with a focus on forming novel OA analog structures. With a previously developed
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OA-producing S. cerevisiteain, screenings are performed to identify the potential for

exploring novel cannabinoid structures.

The last part of this thesis analyzes the conversion of OA analogs using NphB. A library of
potential OA analogs is identifiedmdocking experiments, which are likely to be converted
towards CBGA analogs using NphB. After organic synthesis of the most promising and diverse
library of potential substrates, the molecules are itesiadusing two NphB variants. The
structure ofthe highesproduced CBGA analogs is determined in detail, and the possible
formation of THCA or CBCA analogs is analyzed using an in vitro reaction containing
CSdHCAS.
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Results and Discussion

Chapter 2 Results and Discussion

Parts of chapter 2.1 were published in

Spitzer, S; Aras, M.; Kayser, O. Improving CsOAC Activity in Saccharomyces cerevisiae for
Directed Production of Olivetolic Acid through Rational De€§igambiochem : a European
journal of chemical 26@4g202400651.

Parts of chapter.2 were published in

Spitzer, S; Wloka, J.; Pietruszka, J.; Kayser, O. Generation of Cannabigerolic Acid Derivatives
and Their Precursors by Using the Promiscuity of the Aromatic Prenyltransferase NphB.
Chembiochem : a Bangpurnal of chemical288®Rg%(22), e202300441.

This chapter is divided intoreesulbchapteraccording to the scope of this thesis
2.1 Increasing olivetolic acid production through protein engineering
2.2 Screening of different carboxylicsacégjiarding olivetolic acid derivatives production

2.3 Generation of cannabigerolic acid derivatives using NphB
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2.1 Increasing olivetolic acid production through protein
engineering

For the production of cannabinoids, OA isaduralprecursorserving a the polyketide
backbone for alhajorcannabinoidd/Vhen the cannabinoid biosynthesis is transferred to a
microbiological host, such@scerevisihe presence of high amounts of OL as a product is
observed in addition to OAL is synthesized throbga chemical reacin of the linear
tetraketide which isreleaseds the catalytic produtbom COLS and is not able to be
converted further from the downstream proteins of the cannabinoid symtiissikemical
reaction isavoidedwhen the linear tetketide binds aa substrate ofCOAC and is
subsequentigonverted to OAHence, a bottleneck of cannabinoid biosynthesis occurs when
the linear tetraketide has a high residence time in the dytedokmation of OL resulia

the wastage of significant precursors, including@oétymalonyCoA, hexanoyCoA, and
glucose, which are subsequently unavailable for further cannabinoid bio$jotbeses.,

OL accumulation has the potential to impactStheerevisiad tself, thereby reducing the
achievable cannabinoid tit€he elevated residence time may be attributable to inadequate
C®OAC concentrations, resulting from insufficient protein expression or deficient protein
activity. To overcome this problem, the capynber of COAC was increasg85. The
increase in the number of protdesenhancement in the OA to OL ratitthaugh residual

OL was still detected.

2.1.1 LinkingCsLS and CLOAC to increase OA concentration

One potential strategy fizducinghe chemical reaction of the linear tetraketide towards OL

IS to create a fusion protein by connecting the two pr@€dsC andC<LS. The distance
between the two proteins is diminished, with one unit of each protein situated adjacently,
facilitatingsubstrate transfer from one protein to the otbensequently, the time the linear
tetraketide is present within the cytosol can be red@UtgdTo establish a connection
between two protein domains, amino acid sequences that differ in sequence and length are
inserted bwveen the two protein sequen@ds8, 119 In the sudies conducted by Luo et al.

the two proteins are linked usiRgTSGSTGSTGSTGSGRSTGSTGSTGSGRSHhe
sequence, with thet€rmini of COLS and the Mermini of COAC connected120. The
aforementionefiision protein is then employed for cannabinoid productiircarevig2s.

In contrast to the aforemémned findings, Ma et al. reported that the fusion of the two
proteinsin the same directiodid not result in any improvement in OA production in
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Y. lipolytio®2). Accordingly, the present study was condugtbdhe objective of identifying

the optimal connection and sequence length of the linker. Two distinct linker sequences were
selected for evaluation. For a flexible linkgtain sequence consisting of glycine and serine
GGGGS was employedhe inclsion of glycine, the most flexible amino acid, results in
enhanced flexibility of the linker, which facilithiestovement of the two prote{id 8, 121

The amino acid sequence EAAAKas selected as a rigid linker for testing purpdses. T
structur e -helxsue tolbhe salsbridge betiveen the amino acids, which results in

a distinct distance and a rigid element between the two proteins. The use of a rigid linker serves

to minimize the potential for alteration in the intena¢tetween the protei(kl8, 122, 133

In the initial phase of the procedure, the arrangement of the two proteins was conducted
followingthe protocol established by Lu@kewherely the Gterminus ofCOLS was linked

to the Niterminus ofCOAC (25. The efficacy of the GGGGS and EAAAK linker sequences
was evaluated through the testing of various repetfioesincluding n = 1, n = 3, and

n= 5. To facilitate the screening of the various fusion proteifs cérevisaainySP0lvas
developedln this strain, thgenefor CAAEL expressiowas integrated into theP R C DA
locus of the strainS.cerela®! pep4! gall! gal80 This was done to achieve sufficient
transformation of HA to hexane@bA and ensure the supply of the sabstorCOLS. The

strain ySPOWas transformed with each of the plaspiRis-OLS(GGGGS)-OAC and
pDio-OLS(EAAAK)H-OAC. The results were then compared to the results obtained using
plasmidpDio-pCCW120LSpTDH3-OAC, in which the two protein sequences have their

own promoter and terminat(figurel4).
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Figure 14 Screeningf different linker vaations and lengstbetweerCOLS andCOAC. Strain ySP01
wastransformed with the plasraDio-OLS X-OAC. For X, the different linker sequences were inserted.
After 48 h cultivation in YPD + 0.5 mM hexanoic acid, the OA ancb@®tentrationsvere determined
using HPLGUV detection at 215 nnQultivations were performed in triplicafes. comparisonthe
plasmidoDio-pCCW120LSpTDH3-OAC were used, where both proteins have their own promotor and
terminator.

The first step was xamine the 8 concentration asresult of thdinker screening. A review

of the resultsevealedwo distincttrends. The initial observation wes using the rigid linker
sequence EAAAKonsistently resulted in a higher product concentratarthie flexible
linker sequence GGGGfhen an equivalentimber ofepetitions of the sequence were used.
Repeating the linker sequence three timesusing the fusion protein
COLS(GGGGS)-COAC, yielded an OA concentration of 0.004 £ 0.003 mM. In contrast,
using the fusion potein COLS(EAAAK)z-COAC exhibited an OAconcentration of
0.026t 0.012mM, representing a &d&d increase in OA producti@ompared to the other
linker. Integratng five repetitionf the linker sequences between the two protsoked in

a 3.5fold increase in OA concentration when the fusion pr@ém.S(EAAAK)s-COAC

was used in the experiments.

Secondly, it was observed that the shorter the linker sequence, the gebategathe in
product concentratiorThe linker sequence EAAAK was identified as the more suitable
option, demonstrating a notable increase in product concentration with an increase in the
number of repetitionshen compared with each oth8pecificallyg single repetition yiettle
an OA concentration of 0.0027.0022 mM, while five repetitions resulted in a concentration
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of 0.0495 £ 0.0009 mM, representing anfb8I3ncrease in concentratitmconclusion, the

fusion proein COLS(EAAAK)s-COAC yiddedthe highest OA concentratiohall tested

linker. However, this value remains significantly lower compared to the OA production, where
both proteins were expressed independevitly,a concentration of 0.0818 + 0.0065 mM.
Furthermore, theatiobetween OA and OL remains unaffected, indicatingithaducinga

fusion protein does not enhance cannabinoid productircerevisi@even the substantial
influence of linker size and sequence on OA and OL concentration, future studies could
invesigate a broader range of variations, particularly in the context of extended and more rigid

linkers.

The second step involved examining the appropriate arrangement of the proteins, specifically
whether the linker should be&minal toaCOLS and Ntermnal toCAC, orvice versa.,

whether the linker should bet&minal to COAC and Nterminal to COLS. Both
combinations were tested using the GGGGS and EAAAK linkers, with five repetitions each,
as it was hypothesized that a longer linker and ifgemctions between the components

would benefit OA productiohe ySPDstrain was trangimed with each of the plasmids
pDio-OAC-(GGGGSs-OLS, pDieOAC-(EAAAK )s-OLS, pDieOLS(GGGGSs-OAC and
pDio-OLS(EAAAK)s-OAC (Figure 15)

[ JoA oL
0.16 ] CsOAC-CsOLS CsOLS-CsOAC

OA/OL concentration (mM)

0.00 -

Figure 15 Screening dhe linker (EAAAKg and (GGGGS)betweerCOLS andCOAC with different
arrangements the two proteinsStrain ySPOwastransformed with the plasmid pBid.S-X-OAC. For

X, the different linker sequences were insefitel 48 h cultivatioin YPD + 0.5 mM hexanoic acid, the
OA and OL concentratierwere determined ngi HPLCGUV detection at 215 nm. Cultivations were
performed in triplicateBor comparisorihe plasmigDio-pCCW120LSpTDH3-OAC were used, where
both proteins have their oygnomotor and terminator.
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In the case of the fusion prot&OAC-CLOLS, the difference between the two linker types
was not as pronounced as in the other cases, with an OA production of approxinratdly 0.02
for both linker variant€onsequently, the fusion protein that demonstrated the most optimal
performance waBOLS(EAAAK)s-COAC. The arrangement of the fusion protein, with the
connection of the @rmini of COLS and the Nermin of COOAC and a rigid, longer linker

sequences the most promising one asttbuld be further investigated in future studies.

2.1.2 Binding mode analysis o€9AC to identify interesting positons for
rational design

Enhancing the enzyme activityC8DAC has been demonstrated to reduce the posédbility

the linear tetraketide to react towards OL. A strategy that has been shown to achieve this
objectivas to target residues in direct contact with the suestrat proximity to the active

site cavity. This approach has been shown to modify gtratsiiinding affinity124, 12p

In order to identif potential amino acids for modification, it is first necessary to solve the
binding mode of the linear tetraketide intermeditteCOAC. Binding mode identification

was performed using docking experimemtéchwas an obligatory stage in the procedure
given that the available crystal structures encompassed the product OA, bundigi@ot

the unstable substrg8¥, 109 The exact point at which the CoA moietyaawed has yet to

be determined. dgarthg COAC, the catalytic domain responsible for the thiolesterase
reation has remained unidentfi€onsequently, the cleavage of CoA might occur in two
distinct temporal frames: prior toajterthe CEOAC catalytic reactid33, 37. In order to

facilitate the calculation and results of the docking process, the intermediate was used in the
absence of the CoA moiety. A carboxylic acid wigmakes! as the cleavage prodLe$.

The protein's ovetatonformation remains unaltered when OA is bound within the binding
pocket; however, the positioning of the amino acid side chains within the binding pocket does
change. Accordingly, the holoprotein structure (PDB ID: 5SB@¥a&IC was selected for

usagen the docking experimer{gy).
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Figure 16 o(A) Depiction of the protel@$AC, including the XaystructuresB09 (grey) with OA bound

(green) and the proposed binding mode (blue) from the docking experiments. The catalytic amino acids are
highlighted in red, and the hotspot amino acids are highlighted in black. (B) Highestsefied {he

docking with CsOAC and the linear tetraketide highlighting interactions, which hinder the orientation
towards the catalytic amino acids. Including the interaction between R88R:(BB®9) and the

carboxylic acid group of the substrate apdhinteraction between W89A (RIMB 5B09) and the

carboxylic acid group of the substrate, if the arginine dnmp8sitis exchanged to alarnBig.0 (127

In order to elucidate the required reaction mechanism, it is necessary to ensure that the
carboxylic acid group is oriented towards Y72 and H78, as these amino acids are known to
initiate the catdig reactionHowever, the initial proteligand docking results did not yield

the dorementioned position due tdgdrogen bond interaction between the ligand and the
side chains of R86 (Figure 16B).generate a plausible binding mode, alanine stas fir
introducedat position 86. This, in turn, gave rise to annaltee unfavorable binding mode
characterized by the interaction of the carboxylic acid group with \M88sible binding

mode was discovered when both amino acid side chains were éxahi@ngdanine
(FigurelBA). oThe interaction between the substrate and amino acids R86 and W89 may hinder
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the start of the catalytic reaction and lower enzyme activity. These interactions could also occur
in vitrocausing issues with substrate positioning in the correct binding mode. However, the
examined interactions with amino acids R86 and W89 may adtaidokto the docking

settings. The binding pocket definition during the docking process could be too large, or the
cutoff of the CoA moiety results in possible interactions that are not typically feadible d

later cleavage of the C@B28. Nevertheless, these two positions are the first interesting
positions fother at i o n g1127. Id taesprogosed binding mode, the pentyl chain adopts

an orientation analogous to that of OA in theyXstructure, while the carboxylic acid moiety

exhibits an intaction and orientation directed towards the catalytic amino acids Y72 and H78.

The newly proposed binding mode has led to the identificagoldibbnal hotspot amino
acidsThese amino acids possess the potential to enhance protein activity tleractbnst

with the substrate or transition stadditionally, these amino acids may also influence
product releas®esidues G82, L92, and 194 were identified as promising candidates due to
their close proximity to the substrate and the absence @xamanation(Figurel6A).

OFor the second approach, we chose to use an eezgmeerindocused web servieéth

the objective of predicting target sites of int@restHotSpot Wizard 3.1 server was identified

as the optimal choice, as it is capdlaletomating the pdéction of functional hot spot29.

As an input file, we used the same PDB file {EDEB09) as for the docking. The server
automates the prediction process by calculating 'mutability’ scores for each position from a
multiple sequence alignment (MSA) and combining the gathered infdonkgiermine the
probability off i ndi ng ' f un E&ight foncteohal hbotspots werp oalcwaded for
COAC (Figure SB After visualizing and evaluating these positions, it was determined that the
two amino acids at positions 9 and 23 are laoatssl pentybinding pocket. Therefore, they

were excluded from further analysis. The befergioned amino acids at positions 82, 86,

89, and 92 were also identified as mutational hotspots. The amino acid at position 94 was
classified as having moderateability. In addition to these amino acids, the amino acid on
position 73 was additionally classified as a mutational hotspot. This amino acid is adjacent to
the catalytic ones, which could lead to problems when the amino acid is exchanged but could
alo have beneficial effects on the protein activity. Therefore, the position is included in our
analysig(127.
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2.1.3Generation and evaluation ofS. cerevisiaestrain for CEOAC variant
screening

In order to test different protein variants, driecial to establishsuitable system to address

the specific issues at hahd pursuing the objective of enhancing OA concentration in
S.cerevisiamin vivecreening system was selected as ttatioalinethod for the protein
variantsA primary benefit of directly testing variants in yeast is that it allows for the avoidance
of variants that appear to increase OA produationtrabut yield different results when
implemented in yeast due to insufficient expression and a lower enzyme concantbegion
avoided130. However, it should be noted titia exclusive useiofvivassays precludes the
possibility of distinguishing between the effects of each varianzymeeactivity and
concentration. Nevertheless, this does not conflict with the findings of our (S#)dies
Regardless of the underlying reason, the highest OA titer and lowest OL titer are desired for

implementing the biosynthesis of cannabinoidSirterevisiae

A rapid and reliable screening system is diarciaé preliminary charactetion of protein
variantsTo perform a preliminary screening, it was decided that the protein variants should
be integrated into a plasmid, with the-pedbrming variant subsequently selected for
genomic integratioflhe intermediate should be producethathighest possible titer to
ensure an adequate supp@SfAC substrate and address its instal@iBLS was integrated
multiple times int8&. cerevisi@sultingn the creation of strain ySRUable9). An integration

vector construct from the EasyCloneMulti vector set was employed, targeting Ty4 LTR sites
within the yeast genor(i1). Following a screening process, the clone with the highest OL
titer was selected for further experimentafibae.subsequent step involved the integration of
the enzym&€AAEL( Tabl e S1) at the YPRCD&B | ocus.
transformation of HA to Hexane@loA and increase the titer of the linear tetraketide. This
integration resulted in the creation of strain Sf#tich exhibited an increase in OL. The
enzymeCAAEL was identified as a key enzymbe natural biosynthesis of cannabinoids in

C. sativand was found to have the highest conversion rate compared to other @%ymes

20).
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Figure 17 0Olivetol (OL) and Olivetolic acid (OA) production over 48 h for the engir@sereldaromyces
cerevisisgreening strain ySP@®nitoring of the OL, OA and glucose production andOibeos (A)
Testing strain ySP03. (B) Testing strain y8R03ranformation with the plasmid pDOAC containing

the wild typé (127).

To furthervalidate straipSPO3it was cultivatefibr 48 h in YPD withhe addition of 0.5 mM
hexanoic acidn the absence a@AC, a titer of 54 mg/LOL can be achieved within a
48hour period (Figurg?). This titer allows us to conclude that a sufficient production of the
linear tetraketide has been achieved. Thisisesaisistent with other published studies where

the highest possible production of OL was achieved using the same integr@ignFtes

the plasmidba®d integration, the vector pB@AC wasused (Figure Siyhere theagene

is flanked by the pGAL1 promoter and the CYC1l termin&obsequent tdhe
transformation of the plasmid containing the n@$AC into ySP8 the production of OL

and OA was monitored fa8 h.The production of both molecules was observed to occur
from the onset of the cultivatioAfter 4 h, OL production exhibited a racsignificant
increase than OA productio@lucose is completely consumed after 12 hours in both
experiments. Upon entering the stationary phase, the production of both molecules also
stagnates. During the final hours, a slight decline in OA is obaiead;an be attributed

to a gradual cleavage of the carboxylic group, leading to a modest increase in OL concentration
over time. Overall, a sufficient supply of the unstable intermediate is enstivesbsitate

for OA as a limiting factor in thepeximentasetup can be excluded (Figlie

2.1.4 Alanine Scan

oThough not directly involved in the catalytic mechanism, after the current state of the
mechanism, it is first essential to ensure that mutating the chosen six positions does not lead
to a @mplete loss of activity. Therefore, an alanine scan was performed. In these, the amino
acids on positions 73, 82, 86, 89, 92, and 94 were exchanged towards alariife (Figure
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Figure 18 AlanineScreening o€9OAC variantn positions 73, 82, 86, 89, 92, andvadiants were
transformed into the siin ySP02 with the plasmid pl@éC carrying the mutated oac genes each. After

48 h cultivation in YPD + 0.5 mM hexanoic acid, the OA and OL concentration were determined using
HPLC-UV detection at 215 nm. For comparison, the production of the wild type was analyzed and the

cultivation was performed in triplicate$ @@ncentration of the produced OL and OA after 48 h. (B) Ratio
between OA and OLFor statistical analysis Gmay ANOVA tests including post hoc analyses
(Bonferroni) were performed. All mean values were compared to the 2dDAECokt. Asterisks denote
statistically
(***).Detaikd statistical reports are shown irSiygplementSrableS9 &S10)

significant

di fference

bet ween

To conduct the analysis, tBe cerevissgimin ySPO8vas used foCOLS andCAAEL
expression, and the plasmid pl@aC, which included the sequenced®AC expression,

was utilizedAfter transforming the cells with the corresponding plasmids, the resulting cells

t

were incubated for 48 h at 30 °C and 200 rpm. Following extraction, the concentration of OA

and OL in the cell suspension wamehned using HPL-O V

up to approximately 50% was observed for the variants 173A, W89A, L92A, and 194A.

( Fi gu(t28. The8 A) 6
production of OA by th€sOAC wild type was set to 100%. A decrease in OA production of

However, as this decrease in activity does not indicate a complete losy,ahactimino

acids in these positions can be exchanged without disrupting the catalytid reas@arch

for beneficial exchanges in these positions can be continued. In contrast, variants R86A and

G82A exhibited an increase in OA production of 1398@#td respectively. A comprehensive

investigation of all six positions is warranted.
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2.1.5 Single exchange screening GOAC variants
2.1.5.2n silico determination of first round of variants to test

The search for beneficial amino acid exchanges waschpp through two distinct
methodologies. The frequency of occurrence for all six pos&j@s 86, 89, 92, arbhas
analyzedising HotSpot Wizar@29. Based on these results, one aminoexcidange for
eachpositionwas selected fecreeningn vivaTablel).

Table 1 Singleamino acigxchanges of the prot&DAC tested regarding their OA and OL production
in S. cerevisaad their origin.

Origin Variant
Wild type reference Wild type
Alanine Scan I73A, R86A, W89A, LI92A, 194A

Alanine Scan /Hotspot Wizard G82A

HotSpot Wizard 173V, 173M, 173F, R861W89IL, LI92V, 194\
Docking I73L
G82E, G82H, G82I, G82Y

R86F, R86H, R86S

W89H, W89N, W89T
L92F, L92R, L92W

194C, 194L, 194Q
In vivo assay + Docking G82S, G82V
L92H, L92I, L92Q, L92Y

194D, 194S

For position 82, the exchange towaldsine was calculat&tiis exchange had previously
been included in the screening due to an alanine scan performed beforehand; therefore, no
amino acid was tested from the HotSpot Wizard experiments.

The second approach in the rational desigolved proteidigand docking, which was
performed withall possible singéxchangefor each of the six positiottsall 19 other natural

amino acidef COAC and the linear tetraketideing Gold and the ASP scoring function
Initially, the data seawreduced by excluding#DAC variants for which the correct binding

mode was not calculated within all crgatsds Following thisthe highest docking score of
37



Results and Discussion

a plausible binding mode was identified for E€8AC variantA heat map was created t
obtain an overview of the changes within the scoring (Fieg19).

(A)aa X
Arg X X X - X
Asp X X
Asn X * X
Cys X *
GIn X X *
Glu X *
Gly X X
HiS X * * * X

lle *
Leu * X *
Lys X X
Met X
Phe X * * X
Pro X
Ser X * X
Thr X X
Trp X X i- X
Tyr X : X
Val X X
73 82 86 89 92 94
-1.4 1N 6.8

ASP Fitness Score difference to WT

Figure 19 oHeatmap including the comparison of the docking result€WI&C (PDBID:5B09) and

3,5,7 trioxododecanayding the docking software Gold and ASP Fitness($82rd.3BFor the position

73, 82, 86, 89, 92 and 94 the amino acid were exchanged to all 19 natural amino acids and the scores wer:
compared according to the fithess score of the wild type. The X marks incorrect binding modes and the *
mark the variants with the bestking scores@ 27).

For positions 82, 86, 89, and 92, most of the variants led to a binding mode comparable to the
wild type forthe linear tetraketidgVithin these variants, the three-Bested variants with

the highest shift were chosen for furtihevivanalgis.oOFor proteins with aexchange on

position 73, mostockings resulted in a pose where the carboxylic acid group is not correctly
orientated due to interactions with the newly introduced side chain2@igiure amino acid

73 is located next to the catalytic amino acid, which explains the easy dirtheion
carboxylic group's orientation. Therefore, the only amino acid with a plausible binding mode

was tested, and two more suggestions from HotSpot Wizard were addeddoreening.
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Figure 20 oHighest ranked pose from the docking @EDAC |73F and the linear tetraketide highlighting
interactions, which hinder the orientation towards the catalytic amindidtids

The substitutions on position 94 also does not result in the desired binding modes, particularly
for amino acids with a high number of at@ns hydrophilic side chain. This could be
explained by the shortened distance to the substrate and potential interfering irderactions.
(127. Nevertheless, the thrédDAC variants leading to the highest scored docking results

were also tested for position(34blel).
2.1.5.2 Plasmiebased screening of first round of variants

oFollowing then silicanalysis, the amount of OA and OL produced fG@@AC variants

including the amino acid exchanges was analyzed. Experiments were conducted in a method
analogouw that employed in the alanine scan. Two factors were examined: the concentration
of the products and the OA content of the overall product formation (EiuFbe objective

is to identifyC®AC variants that result in a significant enhancement air significant

alteration in OA production in comparison to@$AC wild type. It is anticipated that these

amino acid exchanges will not have a negative effect on the protein; however, they may prove
beneficial if combined with other amino acid exchatgdater stage in the testing of multiple
amino acid exchanges. If a variant has a significant decrease in OA production, it will not be
included into further analysis. Also, a highly significant improvement on the ratio of the formed
products, withoutecreasing the OA concentratggnificant are from interest.

Some variants have a negative impact on OL production, as well as on OA production,
resulting in a significant increase in the ratio between the two products. Normally, the two
proteins do nointeract with each other. Nevertheles# aivaesting system can be highly
sensitive. A change in protein expression, for example, can lead to misfolded protein formation

and, consequently, disruption of the cytosol environment. Protein produntitde ca
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downregulated to match intracellular demands. Additionally, cell growth can be significantly

affected, which also impacts the overall product c§h8hé (127).
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Figure 21:0livetol (OL) and olivetolic acid (OA) production ofCH#DAC variants including a single
amino acid exchange. For screening the difte$@ALC variants were cloned to pBDAC andS.cerevisiae
strain ySP®was transformed with the plasmid for each varianCof#entration of the produced OL
and OA after 48. (B) Ratio between OA and (lor statistical analysis @may ANOVA tests including
post hoc analyses (Bonferroni) were performed. All mean values were compared to the $2e@s of

wt. Asterisks denote statistically significant difference betweeetwsn v al ues: p O 0.

p O 0. (Detdiled(statistica) reports are shown iStimplement§TableS11 & S12(127.

OExchanges at positions 73 and 89 did not positively affect OA production ZBigure

05

Therefore, further investigations on these positions were postponed, and the focus of this

research shifted to the other four positions. Linked to the docking reshlisigeg on
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position 73 often led to a reaction hindering binding mode. The proximity to the catalytic center
and, therefore, the influence on the catalytic process could be too great, limiting changes in the
protein environment. Exchanges on position 8hlynto shorter amino acids such as alanine,
result in an increase in distance towards the substrate to approximately 6 A, which is too far
for a considerable interacti¢iB5.6 (127. Although the docking process resulted in an
unfavorable inding mode for position 89, this position is nevertheless critical for shaping the
binding pocket. A decrease in size at this position leads twiddqmoocket. However, a

number of beneficial exchanges concerning OA production have been ideruifiethir

positions, including 82, 86, 92, andRidure 2).
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Figure 22: Screening a€9OAC variants with one amino acid exchange. Variantsavesferimed into

the strain ySP03 with the plasmid pDAC carrying the mutated cgenes each. After 48 h cultivation

in YPD + 0.5 mM hexanoic acid, the OA and OL concentration were determined using\VHPLC
detection at 215 nm. For comparison, the production of the wild type was analyzed and the cultivation was
performed in triplicate@) OA and OL concentration of the wild t{f®AC and the best single exchange
variants G82A, R86A, R86H, L92F, 194L, and 194V and tested after the analysis of the first results variants
G82S, L92I, and L92Y. (B) Ratio between the OA and the OL commeritiathe before mentioned

variants. For statistical analysis-®@ag ANOVA tests including post hoc analyses (Bonferroni) were
performed. All mean values were compared to the valG=AEC wt. Asterisks denote statistically
significant difference e en t wo mean val ues: p O 0 .Det&led( * ) , p
statistical reports are shown inSiupplementSrableS9 & S1J(127.

oThe substitutions of alanine and histidine for position 86 yielded outcomes comparable to
those of the wild type, witho statistically significant change in concentration. For the
exchange to alanine, a significant increase in OA amount in the product composition was also
observed, with a concentration of 0.319 + 0.0016nM2.7). As anticipated with the
proteinligand docking, the ioporation of a smaller nonpolar amino acid into the system

appeared to improve the substrate's binding, thereby ensuring its correct pdsitiening.
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that the results obtained for OA concentration did not yield a substantial increase, further
analysis of Position 86 was not pursued through a second round of individual exchanges.

The COAC variant G82A significantly increased OA prodydtiom 0.104: 0.001 mM to

0.123 £ 0.003 mM. Furthermore, the ratio OA/(OA+H@khibited a significant gHriom

0.291 £+ 0.004 to 0.359 + 0.002. The introduction of a side chain to the protein for additional
interaction appears to be advantageous, although extensive alterations to the protein, such as
the replacement of glycine with a larger aminastydsineor an acidic or basic amino acid

as glutamic agidesulted in a reduction in OA production.

The twoC®AC variants, L92R and L92Wave been shown to result in a significant decrease
in OA production inS. cerevisitldwever, a notable observatisrthat the alteration of
position 92, while maaihing a hydrophobic amino awiith and introducing an aromatic
group with phenylalaninkas yielded promising outcomes, leading to an increase in OA
production to 0.112 + 0.014 mM and a concomitant isemtf shift in the product

composition towards OA.

oThe variant 194L negatively impacts both the OA and OL production, while the ratio
significantly changes towards OA. UsingCEIAC 194V, the OA production is increased
towards 0.123 + 0.002 mM and aftl@ increase, also reflecting in a significant shift of the
product ratio towards O&(127).

Based on these resulle decision was made to tastre amino acid exchanges on position
82, 92 & and 9Figure 22)For each position the results ofitheéivacreenigwerecompared

with thein siliceesults. For position 82 further short aminosae@te tested including valine
and seringfor position 92 other high scoring aminosaeé&te tested, but also tyrosine due to
its high similarity in shape wgthenylalanind-or position 94 aspartic acid was chosen to test,
based on the docking results and serine due tdeaa shrape in structure with leucine.

oln this new set of variantthe two variants G82S and L92| were identified, which shifted the
production ratio of the two products towards OA. However, the overall production of OA and
OL was significantly lower. Among all tested var@®@#C L92Y produced the highest
amount ofOA with 0.147 + 0.006 mM, a dald increase of OA production. Together with

this increase, the product composition also significantly changed towards OA compared to the
product composition of theOAC wild typed (127).
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The sedction was mad& continuethe reseech with nine variarisG82A, G82S, R86A,
R86H, L92F, L92I, L92Y, 194L, and I9¥Wherein amino acids were exchanged at four
distinct positionsAmong these variants, G82A, L92F, L92Y, and 194V exhibited a statistically
significant increase in OA production.

2.1.6Multiple exchange screening ofCEOAC variants

oFollowing the identification of the first benefiC®)AC protein variants, the amino acid
exchanges were combined to ascertain whether the increase in OA production was additive. A
proteinligand docking was performed for all possible combinations of the nine most
promising mutations of tli&DAC, comprisingwo, three, or four exchanges combined. First,
variants leading only to an implausible pose were excluded from further analysis. For each
number of exchanges, the variants were then sorted according to their docking score
(TableS13- S5).6(127.

A total of ten varrats were selected for each number of exchanges based on their scoring
values, following the summarization of the docking results. In additiomtsiliceesults,

the initialin viveingle exchange screening results were also considered whervseiaotmn

for further study. All combinations of the hastforming exchanges (G82A, R86A, L92F,
L92Y, and 194V) that had not been highked in the docking experiments were added to the
list of multiple exchange variants to scregivoConsequently3variants were selected for

in vivecreening is. cerevidia@analyze the effect of OA and OL productibimese included

16 variants with twamino acid exchangés, variants witthree amino acid exchanges, and

12 variantsvith four amino acid ekanges (Table 2).
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Table 2 Multiple amino acidexchanges of the proteC€OAC tested regarding their OA and OL
production irS. cerevisaa@ their origi127.

Origin Variant

Docking G82A/R86H, G82A/L92F, G82S/R86A, G82S/R86H, R86A/L92F,
R86A/L92Y, R86H/L92F, R86H/L92I, R86H/L92Y, R86H/I194V
G82A/R86H/L92F, G82A/R86H/L92YG82S/R86A/L92F,
G82S/R86A/L92Y, G82S/R86H/L92F, G82S/R86H/L92I,
G82S/R86H/L92Y,G82S/R86H/194L,G82S/R86H/194V,
G82S/L92F/194V
G82A/R86H/L92Y/194V, G82S/R86A/L92F/194L,
G82S/R86A/LI92F/194V,G82S/R86A/L92Y/I94L,
G82S/R86A/L92Y/194V,G82S/R86H/LI92F/I194L,
G82S/R86H/L92F/194V,G82S/R86H/L921/194L,
G82S/R86H/L921/194V, G82S/R86H/L92Y/194L

In vivo G82A/R86A, G82A/L92Y, G82A/194V, R86A/I94V, L92F/194V,

assay L92Y/194V
G82A/R86A/LI2F, G82A/RB6A/LI2Y, G82A/L92F/194V,
G82A/L92Y/194V, RB6A/LI2Y/194V
G82A/R86A/LI2F/194V, G82A/R86A/L92Y/194V

oThein vivecreening was similar performed compared to screenings with single exchanges.
All variants were evaluated with regard to their impact on OA and OL production and the ratio
between the two products (Fig@&26). Among the varianiscluding two amino acid
exchanges, six exhibited noteworthy outc@rngsre 239 (127).

(A) 0.40 - ' olivetolic acid  [/7ZZ olivetol (B)O 89
. 0.45-
0.35 -
s 7 0.40 Fegek ¥
£ 030~ - *k 8] kkk
5 9035 A 3 ** gk
£ 0.25 - T M + ¥
© g ] by
g 0 0304g e B Peea |
- Qe
0.20 - :
8 025 4
ac> g dedk |
& 0,45 ° T ek
S Fo2
Qo.10 - ey
2 -
o .
0.05 - 0.10
0.00 0.05 B A T T T .

G82A/R86H
G82A/L92F
G82S/R86A
G82S/R86H
R86A/L92F
R86A/L92Y
R86H/L92F
R86H/L92I
R86H/L92Y
R86H/194V
G82A/R86A
G82A/L92Y
G82A/194V
R86A/194V
L92F/194V
L92Y/194V

Figure 23:0Olivetol (OL) and olivetolic acid (OA) production oC&DAC variants including two amino

acid exchanges. For screening the diffe®@#C variants were clonedaDio-OAC andS. cegvisiagtrain

ySPO03vas transformed with the plasmid for each variant. (A) Concentration of the produced OL and OA
after 48 h. (B) Ratio between OA and Bidr. statistical analysis Gmay ANOVA tests including post

hoc analyses (Bonfeni) were performed. All mean values were compared to the v&d28Ofwit.

Asterisks denote statistically significant difference betweenme an v al ues: p O 0.05
p ©0.001 (***)Detailed statistical reports are shown iStigplement§TableS18 & S19(127.
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Out of thesix variants, the fo@OAC variant€&82A/R86H, G82A/L92FR86A/L92F, and
R86H/L92Y demonstrated comparable levels of OA and OL production compared to the
COAC wt. The variats G82A/L92Y and R86A/L92Yed to an increase in OA production
includinganOA concentration d?.115 + 0.010 mMyhich is a significant increase compared

to the OA concentratioyielded by th€<AC wt The results showed a significant decrease
in OL concentration upon implementatiorlCEDAC G82A/L92Y and R86A/L92Y, leading

to a substantial shift in the ratio toward Owiguingly, the variants that demonstrated the
greatest efficacgll incorporatedhe mosteffective single exchange L92Y exkibited a

positive effect from this mutation.
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Figure 24:0livetol (OL) and olivetolic acid (OA) production o€&DAC variants including three amino

acid exchanges. For screening the differestCs@riars were cloned to pDIOAC andS. cerevissiin
ySPO03vas transformed withe plasmid for each varia#t) Concentration of the produced OL and OA
after 48 h. (B) Ratio between OA and Bidr. statistical analysis Gmay ANOVA tests including post

hoc analyses (Bonferroni) were performed. All mean values were compared to theCIAEsvaf
Asterisks denote statistically significant difference between two meap valDes:0 . 05 ( * ) , p
p ©0.001 (***)Detailed statistical reports arevgh in theSupplements (Tablé&& S19(127.

O

oThree variants, each comprising three amino acid exchanges, were identified, and a significant

increase in OA production was observed. These included G82A/R86A/L92Y,
G82A/R86H/L92Y and G82S/R86H/L92YThe highest increase in OA production was
observed usin@QOAC G82A/R86H/L92Y with a concentration of 0.122 + 0.003 mM. Also,
the variant R86A/L92Y/194V is promising of further investigations due to the significant

increase of OA proportion in the prodaompositiord (127). Similara the screening with
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two amino acid exchamgall variants include the mutation L92Y, highlighting again the
importance of this amino acid exchange.
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Figure 25:0Olivetol (OL) and olivetolic acid (OA) production o€C&DAC variants including four amino

acid exchanges. For screening the diffe®@#C variants were cloned to pEDAC andS. cerevissiin
ySP03vas transformed withe plasmid for each varigi#) Concentration of the produced OL and OA
after 48 h.K) Ratio between OA and OFor statistical analysis Gmay ANOVA tests including post

hoc analyses (Bonferroni) were performed. All mean values were compared to the&CfaA@snaf
Asterisks denote statistically significant difference between twoalneap O 0. 05 ( * ) , p
p ©00.001 (***)Detailed statistical reports are shown iStimplements (TabB20 & S21(127.

oWhen four amino acids of CsOAC were exchanged, only adverse effects on the OA
production were identified. The influence on pra@gmession or within the binding pocket
appeared to be tatemading, resulig in a lower OA production and shift in the product

composition towards Oh.(127.
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Figure 26:Screening ad€OAC variants with more than one amino acid exchange. The str8iwgSP0
transformed with each plasmid pEd&\C carrying the mutated oac genes. After 48 h cultivation in YPD
+ 0.5 mM hexanoic acid, the OA and OL concentrations were determined usiAgWH&&tEction at

215 nm. For comparison, the production of the wild typanedyzednd cultivation was performed in
triplicates. (A) Production of OA and OL using the best producing variants G82A/R86H, G82A/L92F,
G82A/L92Y, RB86A/L92F, R86A/LI92Y, R86H/L92Y, G82A/R86A/L92Y, G82A/R86H/L92Y,
G82S/R86H/L92Y and R86A/L92Y/I94V. (BRatio between the OA and the OL concentration for the
before mentioned variants. Gmay ANOVA tests including post hoc analyses (Bonferroni) were
performed. All mean values were compared to the valGsAEC wt. Asterisks denote statistically

significanh di f ference between two mean

statistical reports are shown in the supplementary nf&tdlal36 & S17)127.

val ubesited p O 0

When all variants that demonstrated comparable or elevated OA productienhanaad

ratio toward OA involving multiple amino acid exchanges were evaluated, it was observed that

certain exchanges were present in various veBjgedgically, R86A and R86H waesent
in four out of ten variants, G82A was present in five eehofariants, and L92Y wassent

in seven out of ten variants. In accordance with the single exchange SCO&TNGI2Y

is identified as the most promising amino acid exchange for OA and cannabinoid production

in S. cerevisiae

2.1.7 Genomic integation

OAll COAC variants that demonstrated comparable or improved performance relative to the

wild type in the initial screening were genetically integrated with one €¥PLfin

S.cerevisi@eassess the impact of this integration on OA and @4. tikeor this screening,

first one copy o€AAE1 was integrated inf cerevisshe t h e

Y PRCDZA

)J,ocus

In the last step, one copy@OLS and one copy @AC were integrated for each variant

into S. cerevismedhe trpl locus, resualgi in ySP04. This test further characterized the best

variants with respect to a similar copy numbeiG&thS, a comparable number of genes to
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be expressed for each variant, and a limited substrate concentration. With the decrease of
substrate concentiat, enzyme kinetics are shifted. We assume that protein expression is less
determining than with an overflow of substrate. The results are more reliable, with a genomic
integration, than using a plastmded approach due to variation in number of itedgra
plasmids. With the incorporation of the aforementioned results, 19 variants were tested
(Figure27).6 (1279.
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Figure 27 Olivetol (OL) and olivetolic acid (OA) production o€C4DAC variants that were integrated in

S. cerevisiBiee resulting strain ySP04 was then incubated for 48 h by 37 °C and 200 rpm and the OA and
OL production was measured by HRUXZ. (A) Concentration of the produced OL and OA after 48 h.

(B) Ratio between OA and OQneway ANOVA tests including post hatalyses (Bonferroni) were
performed. All mean values were compared to the val@esATC wt. Asterisks denotatistically
significant di fference between two medetailedal ues:
statistical reports are shoin thesupplementary material (TaBB6 & S21127.

In the first step of the analysis, the known va@gdAC Y27F was examined to determine

its relative production of OA and @bmparedo the COAC wt. It should be noted that,

until this point, only the resultsioitr@assaylsavebeen published. In these assays, the variant
demonstrated a relative activity of approximateBpol@édile the wild type exhibited 200

relative activity(37). Consequently, it is of significant interest to ascertain whether the variant
exhibits a coparable effecin S. cerevisiagor the wild type, an OA concetima of

0.0066t 0.0004 mM was observed, whileGEDAC Y27F, a concentration of 0.0043 +
0.0001 mM was measured, resulting in a relative activity of 65% compared to the wild type.
Giventhat the purified enzyme exhibited higher activity, the observed decrease in yeast must
be attributed to a lower expression level, correlating to a decreased enzyme concentration. A
structural explanation could be the loss of a hydrogen bond in thexquoigi|® system

through which a lower protein concentration could be explained. This result underscores the
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importance of then vivoscreening system for the variants if our primary goal is the
transformation of the cannabinoid biosynthesiS. inereaig (127). Consequently, the
combination of the variants examined in this thesis with Y27F is not a subject of significant

interest and has not been pursued.
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Figure 28:0livetol (OL) and olivetolic acid (OA) productiorihaf best performinG€AC variants that

were integrated B. cerevisigge resulting strain ySP04 was then incubated for 48 h by 37 °C and 200 rpm

and the OA and OL production was measured by HIRLCultivation was performed in triplicates. (A)
Production of OA and OL using the best producing variants G82A, G82S, L92Y, G82A/L92Y and
G82A/R86A/L92Y. (B) Ratio between the OA and the OL concentration foabibnvementioned

variants. Ona&vay ANOVA testicluding post hoc analyses (Bonferroni) were performed. All mean values
were compared to the values of CSOAC wt. Asterisks denote statistically significant difference between two
mean values: p O 0.05 ( Dtgiled ptatiial r€por8 are shéwh )nthe p O
supplementary materf@hbleS24 & S26(127.

oUpon monitoring the values for the single exchanges, the most notable changes were observed
for the variants G82A, L92Y and 194V (Figure 6). For the three variants, the OA production
after 4 h is significantly increased. Resulting in an Q@kentrate increase to
0.007X 0.000ImM for 194V, 0.0074 + 0.0001 mM for G82A and 0.0076 + 0.0001 mM for
L92Y, what is an increase of 30 % in relative activity. Additionally, the OL production
decreasedhdicating the utilization of the linear tetraketide deriveddgC. This effect
is ale visible in product composition of OA and OL. Here, the ratio significantly increased for
the three beforementioned variants and for G82S. The most noteworthy change was shown
for variant L92Y where the composition significantly increased from 0.3 610tde wild
type to 0.417 + 0.008. In the case of the multiple exchange, the variant G8Z5AME Py
variant, that is prosing for furtler usage in the cannabinoid biosynth€kes variant was

49



Results and Discussion

found to result in a significant OA concentratimreiase towards 0.0085 = 0.0002 mM,
representing a a@ld increase overati OA production Additionally, the ratio of OA/OL
exhibited a shift towards OA, with a value of 0.480 * 6(0Q6)
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2.2 Screening of different carboxylic acidsegarding olivetolic acid

derivatives production

In natural cannabinoid biosynthesis, hexanoic acid is one of the starter molecules. The molecule
provides the structural elements forrdpentyl chain of all cannabinoids. In additictit

alkyl chainnatural cannabinoid structures containingpeopyl or a methyl chain are
characterize@2, 4. It has been demonstrated that the variatidgheoficid is possiblgy
implementingf the available natural building blocks, thereby facilitating the variation of the
respective cannabinoids. cannabinoid biosynthesisingS.cerevisiae a host organism
facilitates the external feeding approach, wherein hexanoic acid is intsodddatgnto

the cultivation media. Alternatively, the acid can be produced ®ycirevise@d itself
(Figure29) In S. cerevisihe synthesid tatty acids is catalyzed by a type | fatty acid synthase
(FAS), which is comprised of two subunits, each encoded by a distinct gene,KAB¥ N as
and FAS2 (136, 137)By using the mutatioRAS2 G1250S, mediwthain fatty acids are
produced(138, 13P Thesynthesisf nowel cannabinoid structures can be achieved through
the addition of different acids to the médix With thisapproachOA, CBGA and THCA
derivatives were formed containing an elongated SBortenedC,, a branched alkyd
5-pentem, ora 6heptyn chaii25).

Uptake from hexanoic
acid through diffusion
from media

FAS2 o v o

Fattyacid 61250 [ M
Y S o CSAAE1 .., ¢

biosynthesis Hexanoic acid n-Hexanoyl-CoA

CSOLS
CsOAC
3x HO S-CoA

Olivetolic acid

Figure 29 OA biosynthesis i8. cerevisihighlighting the two different routes for hexanoic acid supply
and the proteins used in thecerevisaainyAP01
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The effect of adding different carboxylic acids to the doltivaédia was screenesing the

S. cerevistrainyAPO1(Table9). This strain wasindly provided by Alex Prima. In this strain
C#AEL is integrated intihe genome with one copydditionally, multiple copies GEOLS

and COAC Y27F wereintegrated intdhe S. cerevissgin usingan integration vector
construct from the EasyCloneMulti vector set, targeting Ty4 LTR sites within the yeast genome
(13). The integration of the geRAS2G1250S enabled the cell to synthesize hexanoic acid
itself. For a first evaluation of hastrongly the OA production can be influenced through
additional feeding of hexanoic acid, the strain yAPO1 was incubated for 48 h at 30 °C with and
without adding 0.8\M hexanoic acid into the media. determine the concentratiohOA

and OL, yeast cellsiith an ODQoo= 125 were harvested aextracted. The satep were
analyzed using HPHQV (Table3).

Table 3: Intercellular concentration of OA and OL after cultivation of strain yAPO1 for 48 h with the
feeding 00.5 mMhexanoic acid and without.

Hexanoic acid feeding Without hexanoic acid feeding

OA oL OA oL

Concentration
[MmM]

0.068 0.005 0.152 0.016| 0.026> 0.2 0.035 0.001

The FAS2 mutationG1250S and the integration of the proteins fr@nsativéCAAEL,

COLS & COHAC Y27F)enable the strain to produce OA and OL without the additional
substitutionof hexanoic acid through the media, with a concentrat66i® 0.003mM

for both productsin the experiments involving the addition of hexanoic acid to the media, an
overall product concentration of 0.22 + 0.02 mM was measured. This value indidatds a 3.6
increase compared to the experiments conducted without the supplementation of hexanoic
acid.These results demonstrate the capacity of the strain yAPO1 te @éduad OL from

glucose in the mediurm parallel, it was demonstrated that the titer continued to rise in
response to the feeding of hexanoic &tidrefore, the proteins' capacity remains to convert

the fed acidThis means that ¢hstrain yAPO1 care lused fopreliminary screening of other

fatty acids besides hexanoic acid regarding their conversion to OA derivatives.
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To screen alternative carboxylic acid and identify OA or OL derivatives with the
S.cerevisgteainyAP01 0.5 mM of each imcwas added into the cultivation media. After 48 h

of cultivationthe cells were harvested, and extraction was perfaimeegorepared samples

were anafed in HPLCUV and HPLGMS to identify the OA and OL derivativ&dibrary
comprising a variety oirboxylic acidsag compiled for this screenimpe library contains

25 structures that have the potential to be converted in the first step of cannabinoid
biosynthesis due to their carboxylic decidaddition to this group, the molecules are all
constricted with differenstructuraklements. Initially, there are fatty acids that are analogous
to hexanoic acid, yet they possess an elongated or reduced alkylittemmore, molecules
containing a branched alkyl group or featuring double or tripke &rendlso evaluaté&the

library was expanded to encompass molecules incorporating an amino or hydroxy group into
the alkyl chairinally, the library comprises structures with a carboxylic group and an aromatic
structure element. For all moleculessdingples were analyzed for new peaks in the UV spectra
and the correlatingasses for the novel structuieasbled4, Figure 83S9.
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Table 4 List of screened fatty acid andittentifiedmasses.

ml z ml z
Name Structure [M+H] + Name Structure (M+H] +
o 253.14  3Butynoic Q
. “ ]
Octanoic acic . _~_J_, 209,15 acid \\)J\OH
Heptanoic 0 239.13  2-propiolic 9
acid \/MOH 195.14 acid HC///LOH )
| 22525  Iransz 223.09
Hexanoic i ' hexanoic Mi '
acid ~~Hon 18111 cid o 179.10
N 0
Pentanoic 0 a-amino
acid ~o~Hon ) butyric acid /\,ﬁjOH )
Butanoicacid i - &amino i -
/\)J\OH butyric acid H2NM0H
Propanoic 0 g&amine o
acid ~Aon ) caproic acic HaN o~y )
o 4-ox0- o)
Ethanoic acic )J\OH - penta_mom NCH -
acid o
Sremng:)(;c 0 225.10  4-Pentenoic \/\jf\
. HoC -
acid NOH 181.12  acid OH
Phenw 0
5-methyt 0 :
hexanoic acit )\/\)J\oH ) propanoic ©/\)LOH )
acid
2-methy} 2 ] Pheny OH ]
hexanoic aci NOH acetic acid m
6-He i 0 235.09 COOH
pt_yn0|c /\/\)J\OH Indo_le3— _ § ]
acid FZ 191.10 butyric acid N

5-Hexynoic o
acid

Biphenyl4- i
carboxylic o
acid O

4-Pentynoic Q
acid N OH
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The longer chained acids a&d G are converted from all three enzymesulting in the
identification of thexpectednasses for the respective OA and the OL deriveivesar

results were exhibited fonfethylpentanoic acid, showing that another C6 chain is accepted

as a substrater all three enzymesor the two other nofinear C7 alkyl chain acidsasses

of the productsvere notidentified indicating that only minor alterations in structure can
disrupt the formation of OA and OL derivativele addition of a double bondanthe

Cs chain with Tray2-hexanoic acid also led to the formation of novel OA ardk@\atives,

as evidenced by the identification of the correlating n#isdas.to the results from Luo et

al (25, the conversion of-Beptynoic acid to the corresponding OA and OL derivatives was
also observedhe shorting of the alkichain did not result in the identification of OA and

OL derivatives. In line with these findings, the shortening of the chain did not result in any
observable product, and no new masses were detected. This outcome is incongruent with the
results of othestudieg25). One potential explanation for this observation is the capacity of

the strain to synthesize hexaracid endogenously, a process that is in direct competition with
the substrate provided. In instances where a substrate exhibits a low binding affinity for one of
the enzymes involved in OA synthesis, the resulting product concentration may be below the
threshold capable of detectimtorporating a novel structural element comprising a hydroxy

or amino group or a phenolic group did not result in identifying any OA or OL derivatives

A majority of the structures from the carboxylic acid library wecemartedWith the

applied screening systeéhe reason for this can be divefs@otable challenge emerges in
hexanoic acid productiémom S. cerevidigelf as it consistently competes witliedlacids

for the enzymedn this strainCsAAE1 wa used atheenzymdor the activation of the acid.

This enzyme is best suitablelieractivation diexanoic acid and mediaimained fatty acids

(595. Most of the converted acids also consisted of a C6 body, a structural feature consistent
with the recognized substrate€#AE1.In the absence of activatithre following reactions

with COLS andC©OAC remain inaccessible the other case, the acids are activated by
C#AEL; however, they are not accepted as substra@@g3llyy. Consequently, the reaction
toward OL and OA cannot be catalyzed. It has beemdeated that structures analogous

to hexanoyCoA are predominantly accepted as substrates. This observation is consistent with
the notion that hexane@loA serves as the natural substra@soES The identification of

CBGVA and other cannabinoid stuwress with a shorter chain than C5 in the plant suggests
that the proteins accept shoitbain fatty acids asabstrée. This observation indicates that

these molecules do not undergo the reactionG8XAEL. For the other molecules, it is
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impossible telearly distinguish whetf@\AE1 did not accept the molecule as a substrate

or COLS due to the analytical method.

In summarythe strain, yAPO1, converted two carboxylic acids that were also converted into
OA and OL analogs in other stud@s were converted with our strain, yAPO1. Furthermore,
three structures with octanoic acihethylpentanoic acid, attrdns2-hexanoic acid were

first converted into their respective OL andd@fivativesTo form cannabinoids with these
molecules, it is important to ensure the following reaction toward-CB®phB is known

as promiscuous regarding its acceptance afdmatic acceptor, and it is also shown that with
protein engineering, product formation can strongly be influenced. Therefore, the substrate

acceptance of NphB needs to be investigated in a furth@lep
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2.3 Generation of cannabigerolic acid derivatives using NphB

In cannabinoidbiosynthesis, the pentyl chain is a common feature of the structures, and it is
introduced with hexanoic acik previouslydescribd in chapter 2.2f this thesisif the
cannabinoid biosynthesis is transferre8.tcereviswigh the feeding of otheacids, the
formation of analogs containialgeration of the-pently chaims possibleStudies by Luo et

al. demonstrated that THCA derivatives are formed through feeding acids and utilizing all
proteins derived fror@. sativddowever, in the context chnnabinoid biosynthesis within
S.cerevisidbe prenyltransferase is frequently substituted with alternative proteins, such as
NphB. This substitution introduces novel opportunities sforthesizingcannabinoid
derivatives, capitalizing on the highhsauity of the aromatic substratéth the screening

of different olivetolic acid analogs, the synthesis of CBGA analogs is, posdibig its
downstreameactiorto their respective THCA or CBCA anal(fggure30).

O —
“ _O
OH O “~ O/\P\ (I? )
(0]
HO R |
Olivetolic acid (OA) Geranyldiphosphate (GPP)
1 2
lehB
OH O
X O O

+ X OH
| J@\A
HO R
HO R |

2-O-geranyl olivetolic acid (2-O-GOA) Cannabigerolic acid (CBGA-C5)
3 4

l CsTHCAS

o~

Tetrahydrocannabinolic acid Cannabichromenic acid
5 6

Figure 30 Schematic figure of the variation of OA to gain new products using NphB and the downstream
reaction wittCIHCAS
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2.3.1Binding mode identification of OA with NphB

1,6DHN is a substrate of NphB, for which mdahan one produchas beendentified.
MD-Simulations have led to the proposal that the substrate position within the binding pocket
influences the regioselectivity of the proldir.proposition that this can be extende€dAo

as an aromatic substrageput forth (140. The availability othreedimensional protein
structures, which have both substrates bound, has enabled the identification and

characterization of the catalytid anbstratéinding amino acid$02).

Metl62, Phe213, Ser214, Tyr288, and GIn295 are the amino acids responsible for stabilizing
the aromatic substrabe.addition to the amino acids of NphB, the two substrates also interact
with each other; thereby, the prenyl donor provides further stabilization of the aromatic
substate within the binding pockdh e s ubsequent car b-ohamberi on i
comprising the aromatic substrate and the phenolic amino acid sidefchaih®1 and

Tyr2161t is imperative for the prenylation reaction to take place that the aromatic substrate's
reactive site be cl ose t o chamrincenclusionctldet i o n
prenylation pattern is significantly influenogdhe orientation of the aromatic substrate

within the NphB binding pockét08.

In the context of OA as an aromatic substrate and its prenylation pattern, the orientation and
position of the resorcylate core in relation to the catalytic certteghdyemportantThe

position of the carbon am at position3 (C3) which is tageted for the formation of
CBGAC5, and the positiazxygen at position 2 (Q2yhich is targeted for the formation of
2-O-GOA, are of particular significancenAs3D structure is available containing NphB and

OA as a gbstratefirst, the identification ofhe binding modeof the resorcylate core from

OA is necessar$ince NphB wand NphB G286S/Y288A have different main products, it
was expected to yield different binding modes for each protein 2a&1M0A is the main

product of the reaction using thigd type while the waant G286S/Y288A almoskclusively
produces CBGACS. With the informationregardingthe different binding modes, the
evaluation of the ® analogsegarding the reaction towards CBGA anao@O-GOA
analogsan bepossibleTo this objectiveproteinligand dockingvas conducteusing the

NphB wild typg PDB-ID: 1zdw)(10]) and the NphB variant G286S/Y 2884 2 with the

GOLD softwarg132. The advantage tife proteirstructurewith the PDBID 1zdw was that

GPP was already solved as a substrate of NphB, which could be used for calculations that also

included the interaction between OA and GPP.
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Figure 31 3D depiction created using UCSF chimera afatleed pose of iwktolic acida (orange color)

inside the binding pocket of NphB G286S/Y288A (a) and NphB wild type (b) with highlighting all
interacting amino acid side chains (green color) and 2D depiction created usiog thigiteraction

profile ofla with theamino acids of NphB G286S/Y288A (a) and NphB wild tyg&4b) 142, 108

A comparison of the two binding mode predictions of the docking process reveals a shift of
the resorclyatecore towards theéj-chamberand the carbocatiomsing the variant
G286S/Y288AThis is made possible by the two amino acid substitutiorssaibBtieutiorof

glycine with serine at position 286 introduces a polar aminsharcstyenabling the
formationof a distinct hydrogen bond netwoxdkmparedo the one observed between OA

and the wild typén the wild type, two hydrogen bonds wedesntifiedbetween Ser214 and

the carboxyl group, and Tyr288 and AH4ontrast, two hydrogen bonds were identified i

the variant between Ser214 and OH4 and between Ser286 and the carboxyl gr&ip (Figure
This novelhydrogen bond network promste 180 ° rotation of the resorcylate cuwit@in

the binding pockeThe distinct binding mode and the shift in the otientaf OA towards

GPP provide insight into the variation in the prenylation pattern observed in the variant
compared to the wild typ&.reduction in the distance between the C3 of OA and the C1 of
GPP results in an increased likelihaiogrenylation athis positionReplacingf the bulky
tyrosine side chain at position 288 with alanine facilitates not only the formation of a new
hydrogen bond network but also the rotation of the resorcylat€hmeglditional space thus
created allows thepentyl goup to orient towards Met162 and Phe213, facilitating favorable

59



Results and Discussion

hydrophobic interaction§he studyoy Lim et alsupports these findings, demonstrating that

the hydrogen bond between OH4 and Tyr288 directly affects the unfavorable orientation of
the resarylate coreconcerningCBGA-C5 production(114. In a manner analogous to
1,6DHN, two distinct binding modes for OA were identified, representing prenylation at a
different position and applicable to other OA derivatives.

2.3.2 In silico screening of olivetolic acid derivativesregarding their
acceptance as a substrate of NphB

The following step is to design a library@A derivativexomprising the most promigin
entries for conversion towaadCBGA derivative. These entries should be diverse and lead
towards the formationfonovel cannabinoid structuresccordingly, a libraryf cOA
derivatives that can be synthesized using organic chemistry is docked WithiNgh 6).

Since the structure and spad@ebinding pocket betwedme variant G286S/Y288A and wt
differ, it was chosen to perform aarthlyze the docking with boAs previously analyzed,

the binding mode of OA was utilized to identify the key points of the binding mode for the
OA derivativeslt was observed that the resorcylate core, including the prenylation position
C3, is in closerpximity to the C1 of the &P At the same time, the side chailocated in

the entrance area of the binding pocket. A comparative analysy str¥ctures, molecular
dynamics (MD) simulations, and docking methodologies reveals that the separation between
the two reaction p@®ns ranges from approximately 3.0 to 4. is due to the fact that

the prenyl acceptor molecugemoving towarthe carbocation after the reaction, resuiing
arelatively broadistance rangg106, 114, 101For all potential substrates of NphB, 50
possible binding poses and their distance from the C3 and C1 of the GSPP tazesl moni

The resulting data will be divided into two sections: alkyl OA analogs and aromatic OA analogs.

2.3.2.1n silico screening of olivetolic acid derivativesonsisting of an alkyl chain

The binding pocket of NphBvhichis approximately 500 A3 in sinas been observed to
accommodate an extended alkyl chain or even a branched alkgplais&udy conducted by

Lee et al., it was demonstrated that NphB accepts olivetolic acid denithtaepropyl,
nheptyln-nonyl,nrundecylandn-tridecyl chain as a substragaming their respective CBGA
analogAdditional conversion rates or product ratio details remain unkbd3viTo date,
studies have been conducted with shorter chain derivatives, including orsellimic acid a
divarinic acidThe reactions towards CB&X and CBGACS respectivelyare catalyzed

using NphB wtln the case of orsellinic agdyeraproductspesideBGA-C1, have been
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identified. The use of the NphB variant G286S resulted in a shift intpeglaselectivity
towards CBGAC1(113.

The docking was performeith olivetolic acidlerivatives consisting of atkyl chairand a
rangdrom a methyl groupp to anonyl groupIn additionan olivetolic acid analog containing
abranchealkyl groudewas also added for analy$ebleb).

Table 5: List of all molecuteconsisting of an alkyl chahmat were used in the docking experiments
including the distribution of docking poses where the distance betee€f ttore and the C1

GSPPO4.5A . Overall 50 poses were generated during the docking experiment andritegpesf the
poses, that fit inro the distance range are si®§n

Poses where distance between

IUPAC-N Struct
ame rhcture C3 core and C1GSPP <4.5 A
NphB
G286S/Y288A  \phB wt
; ) ) OH O
%L‘r—dﬂl}’droxybenzom acid /@)L on 100 % 98 %

J
2 4-dihydr 6 S

~-dihvdroxv-6-

> ) ) OH 0 0
methylbenzoic acid 1b o ,Iij\ LY LY
2-ethyl-4.6 &

_e 'l"’ — —

L ) ) OH 100 % 100 %
dihydroxybenzoic acid 1c o /©il/ ° °

OH O
2 4-dihydroxv-6-

TELYEIORYDT oH 100 % 94 %
propylbenzoic acid 1k
2-butyl-4.6 R

- 'th" — -

L7 ) ) OH 100 % 86 %
dihydroxybenzoic acid 11 ,@il/v ’ ’
2 4-dihydr 6 R

TTEAYCIORYET OH 100 % 64 %
pentylbenzoic acid 1a
2-hexvyl-4.6 Y

“hexvyl-4.6-

L ) ) OH 100 % 24 9%
dihydroxybenzoic acid Im o /@i\/v ° °
2 heptyl 4.6 T

-heptyl-4,6- 0 0
dihydroxybenzoic acid In ,@EE/\/\ Ll 2k
2 4-dihvd 6 o

-dihydroxy-6-
’ S OH 100 % 30 %
octylbenzoic acid 1d HO’©i\/W 0 30 %
OH O
2- tan-3-v1)-4.6-
(heptan-3-yD)-4, 90 % 100 %

I
=)

.
é I

dihydroxybenzoic acid 1e

For theNphB variantG286S/Y288Aall OA analogsvith an alkyl side chain were correctly
orientedin the binding pocket towards the catalytic aminoagtbich smaller distance than

4.5A between the two possible reacsiias In contrast, fothe wild typean elongation of
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then-pentyl chaithed in over 70 % of all created binding poses to amgqdsewith the C3

not orientated towards the C1 of the GSPP. This resulteghierdistances than 4.5 A
between the two reactive sitks summary, the analysis indicates that all alkyl chains,
irrespective of their length, exhibited the capacityndergo conversion towards their
respective CBGAnalogsvhen engaged with NphB G286S/Y28&iven the significant
variations in the results observed between the two variants, it is of considerable interest to
investigate the reduction of the alkyl chaickiding orsellinic acldband an ethyl chaiit

as well as the extension ohaottylldand a branched alkyl chaen

’
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Figure 32 3D depiction createdsing UCSF chimera and 2D ddamiccreated usingigPlot of the
docked pose dfd (orange) inside the binding pocket of NphB G286S/Y288A (a) and wild type (b) with
highlightednteracting amino acid (gre€i)2, 141, 108

The bindng mode ofboth noleculesld (Figure32) and le (Figure S10indicats that an
extension fits into the spacious binding poaketrethe chain is pointing towards the binding
pocket entranc&or the variant G286S/Y288#e calculated binding moae@th afocus on

theresorcylate core dioth substratesere similar to those of Qmith the variant.

However, a difference in the ranking of the docking was observed. Alithsugimong the
highestranked moleculeseis ranked below olivetolic acid despite the potential for a greater
number of atoms to interact within the binding po@estld le Table6). Then-octyl side
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exhibits a higher degree of freedom, resulting in a greater number of possible orientations fo
this side chain. Nebinding interactions with other amino acids can be developed, and
distances to amino acids can be reduced.

The resulting binding modes are compavaitireeach othewhenldandle are docked to

the NphB wt yet they are nobmparale to olivetolic acilla The formation of hydrogen

bonds was observed between Ser214 and O4, as well as between Tyr288 and the carboxyl grouj
for 1dandle The hydrogen bond network exhibited by these two molecules differs from that
previously observeddr 1a resulting in a distinct orientation of the benie®éiol group.

This altered orientation creates &hambergni f i c
and the reactive site, w h iclaimbernaadyconbeqtgrd e r  t |
impede the abilization of the carbocatidBuch impediments could potentially affect the
enzymatic activitifhis binding mode is also different from the one calculated for the variant
G286S/Y288A. A key structure element for this change éx¢hange of the tyrosine on

position 288. This side chain is budkyl the exchange towards alanine creates more space in

the binding pockesgllowinga different orientation of the alkyl chain of the d@Avatives

This altered alkyl chain configuraiahsequently influences the resorcylate core's disposition.
Given the constrained spatial requirements of NphB wt within the binding pocket, the
elongated and spacious alkyl chains favor a distinct positioning of the resorcylate core, which
might potentily compromise the catalytic performaibe. elongation of the alkyl chain to

an octyl chain is a promising approach in terms of conversion efficiency and C3rprenylatio
using the variant G286S/Y28&Aa conversion equivalentliocan beexpectedA branched

chain still leads to the desired binding mode in the dobkitig terms of ranking, the

substrate conversion is expected to be lower.
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Figure 33 3D depiction created using UCSF chimera antgidtiorcreated usinggPlot of the docked
pose 6 Ic (orange) inside the binding pocket of NphB G286S/Y288A (a) and wild type (b) with highlighted
interacting amino acid (gredh32, 141, 108

The effects of shortening the alkyl chain have been previously examined; however, to expand

=

the knowledge about NphB and orsellinic acid, it was dl¢gidest the exchange of the
npentyl group towardeethyl 1b as well athe exchange towards ethykince cannabinoids

with this group are not known to be synthesized béfageare33 S1).

As observed fatbandlc the shortening of the alkyl chain results in diminished hydrophobic
interactions that stabilize the molecule inside the proteirghjpediket, consequently leading

to the lowest ranking in both docking analys&sbly, thgosecalculated for the variast
analogous to the OA binding mode, suggesting that CBGA derivatives may eprexdjecas a

of theenzymatic reactions. The abseasfcadditional stabilization and the presenbgloér
fluctuations in the binding modaggestthat the conversiorate may be lower compared

to 1la
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Table 6: Results from the docking experiments using differedtk®Aubstrateéncluding an alkane
moiety and NphB G286S/Y288A and wild type highlighting all aminoseriastingvith the substrates.
The molecules are sorted after the ranking of the docking results. The isteseretioalculated using

LigPlot(108.

NphB G286S/Y288A NphB wild type
Hydrogen Non-bonded Hydrogen Non-bonded
Compounds bonds contacts Compounds bonds contacts
GPP, F123,
S214(Ser:0G- Q161, M162, S214(Ser:0G- GPP, S105, F123,
_ Y175, F213, ; Q161, M162, Y175,
1d Subs:02) 1d Subs:02)
o S214, Y2186, e F213, S214, Y216,
(n-octyl) Y216(Ser:OH- A232, V271 (n-octyl) Y288(Tyr.OH- A232, V271, Y288
Subs:01) S286, V294, Subs:01) V294, 1298
Q295
$214(Subs:02- GPP, M162, S214(Ser:0G- GPP, F123, M162,
1a _ Y175, F213, 1e ; Y175, F213, S214,
Ser:0G), S214, Y216 Subs:02), Y216, A232, 1234
N S286(Ser:0G- ' ! (hept-3-yl) Y288(Tyr:OH- ' ’ '
(n-pentyl) Sube:04) A232, V271, pt-3-y Subs:04) V271, Y288, V294,
: S286, L298 : Q295, L298
GPP, F123,
M162, Y175 GPP, M106, F123
' ' S214(Ser:0G- ' f '
e smmseos  PASL | aa o Sieono  Wieeiman
-3- Subs:02) ' ' (n-pentyl) Y288(Tyr:OH- ’ ' ’
(hept-3-yl) 1234, V271, penty Subs:03) V271, Y288, V294,
S286, Q295, : Q295
L298
S214(Ser:0G-
Subs:02), GPP, Y175, S214(Ser:0G-
1c Y216(Subs-O1- F213, S214, 1c Subs:02), o a0z YIS,
: . 3, S214, Y216,
(ethyl) Tyr:OH), Y216, A232, (ethyl) Y288(Subs:0O1- A232 V271, Y288
S286(Ser:0G- V271, S286 Tyr:OH) ' ’
Subs:04)
S214(Subs:02- S214(Ser:0G-
Ser:0G), GPP, M162, Subs:02),
1b Y216(Tyr:OH- Y175, S214, 1b Y288(Tyr:OH- Fglp P, M162, Y175,
: ; 3, Y216, A232,
(methyl) Subs:01), Y216, A232, (methyl) Subs:03), V271, Y288
S286(Ser:0G- V271, S286 Y288(Subs:01- '
Subs:04) Tyr:OH)

Overall, it was decided to synthesize four different olivetolic acid derivatives containing an
alternative alkyl chain, which were later testedrousing the NphB wt and the variant
NphB G286S/Y288A (Figurgd).
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Figure 34 List ofall olivetolic acid diematives containing an alkyl niitat were synthesized and
validated in this study regarding theiraotern with NphB108.

2.3.2.2In silico screening of olivetolic acid derivativesconsisting of an alkyl

aromatic side chains

In other organismsuch add. umbraculigeranalkylic cannabinoids have been idenéifed
secondary metabolifesesulting ina possibletransferation of these biosynthesis in
combination with the cannabinoid biosynthests aerevigihé4) The prenylation reaction

for arakylic CBGA of #nrespective OA analogsSncerevisiaeld be introduced with the

use of NphB or new arakylic cannabinoid structures could be fériretcbf OA analogs
containing an aromatic side chain was generated and docked to identify the most promising
ones irregard to theonversion to CBGA analogable7?).
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Table 7: List of all moleculesonsisting of an alkyl chaised in the docking experimeinsluding the

distribution of docking poses where the distance betwe&3 ttore and the C1 GSPR.5A Overall

50 poses were generated during the docking experiment and the percentage of the poses, that fit inro the
distance range are shaa®8.

Poses where distance between

IUPAC-N Struct
ame rueture C3 core and C1 GSPP < 4.5 A
NphB
G286S/Y288A  \PhBwt
3,5-dihydroxy-[1,1'- 9
biphenyl]-2-carboxylic O o 74 % 6 %
acid 1f Ho ®
OH 0
2-benzyl-4,6- O oH
dihydroxybenzoic acid HO 100 % 0 %
11 O
(E)-2,4-dihydroxy-6- ™9
styrylbenzoic acid ‘ /OH 38 % 0%
1g HO O
2,4-dihydroxy-6- M0
phenethylbenzoic acid O OH 56 % 0 %
HO
1h
24-dihydroxy-6-(4- T o
S a0) o/ o/
hydroxy- . . o O O 30 % 0 %
phenethyl)benzoic acid 1o o
2,4-dihydroxy-6-(4- "
hydroxybenzyl)benzoic e 86 % 16 %
acid 1p
OH 0

3,4',5-tethydroxy-[1,1'- on
biphenyl]-2-carboxylic o O 42 % 0%
acid 1q O on
2-((1H-indol-3-yl)methyl)- T,
4,6-dihydroxybenzoic acid ~ wo @ 42 % 0 %
1]’.‘ HN/ O
24-dihydroxy-6- ™ o
(naphthalen-2-yl)benzoic o O 0% 0%
acid 1s OO
2,4-dihydroxy-6- LA,
(naphthalen-2- He 32 % 0 %
ylmethyl)benzoic acid 1t
2,4-dihydroxy-6-(2- Q9

hthalen-2- CH
(naphthalen O 4 0, 0%

yl)ethyl)benzoic acid 1u HO Oe

67



Results and Discussion

The binding mode oflaralkylic OAanaloggexamined in this study resulted in a distance of
more than 4.5 A between the C3 of the resorcylate core and the C1 of theiGSRE wt.
This finding indicates thttte conversion towards CBGA derivatives is not promvsieg
NphB wt is used an enzyriiderefore, the binding mode of all molecules using Wphil

not be discussed in detalowever, the variant G286S/Y288A demonstrated different
outcomes, depending on the group attached to the resorcylaiéhednest results were
achieved usingkeenzylli or 4-ethyl phenygrouplp where over 85 % of the created poses
werewithin the distance criteriehe exchange towards a phenyl groupledisto gorimarily
favorable orientation of the resorcylate core, with 74% of the poses fallingewlisitatice
criteriaGiven the fact that the two groups without the hydroxyl group led to an overall better
result, it was decided to ad@ndliinto our substrate libra.naphthylgroup in different
attachments to the resorcylate ¢bgelt & 1u) mostly led to an unfavorable binding mode
andwasexcluded for further analysitie size and inflexibility of this group could explain
these results.

The catalytic reaction of NphB usitgand 1h as substrate could result in CB&R and
CBGA-BB formaton. Therefore, testing of these structures was included in this study. In the
following, the highesainked pose of the aralkylic molecif@slhincluded in the substrate
library is analyzed in detail regarding the interaction with NphB wt and G286S/Y288A

Gst501

Ser21
c

%;nsz
y %:213

rs

Tyr175 S
Met162 Ala232 E \
1 Tyr216
el S Phe213

Ser286 “ L .
w 2 o
\\»\% val271
Val4® E vai71E  ginzg Leu298

Leu298

Figure 35 3D depiction created using UCSF chipa@ch2Ddepictiorcreated usinggPlot of the docked
pose oflf (orange) inside the binding pocket of NphB G286S/Y288A (a) and wild type (b) with highlighted
interacting amino acid (gredh32, 141, 108
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The highestanked poses df, 1lgandlhare similar to each other using both proteins. They
highly differ from th@reviouslydescribed position of the resorcylate corelai€igure35

Figure S12 & SL3o provide a comprehensive illustration of the proposed binding modes

for all three molaules, the binding modeXdiwill be discussed in dethilthe highestanked

pose, the newly introduced-chamemnrgtier trgamtheu p i <
resorcylate cor€he potential prenylation positions are situated at a considstabézdrom

the carbocation that is formed at a subsequentisiag®table that hydrogen bonding can

be observed even when the core strudypkacedt a distancérom the active sitef the

binding pockeflThe resorcylate core, in turn, is capabforming hydrogen bonds with the

same amino acids, such as Ser286, through a change in the amino acid side chain conformation
The introduction of a second aromatic group results in the addition of a structure element that
resembles the resorcylat¢h® moleculeThe molecule exhibits limited flexibility due to the
shorter linkage between the two aromatic features in comparisonperind ohain. When

the phenylic side chain adopts a position analogous to that of the resorcylate core of the OA
binding mode, the side chain finds itself in a more hydrophobic environment, while the
resorcylate core maintains its stability through a hydrogen bond riétisdikding further

constrains the conversionldflg andilh to the corresponding CBGA derivati\éswever,

a binding mode analogousléovas also calculated, but vatlower scoring valuedicating

that substrate acceptance is still a possibility.

/i
; Ala232
er2s
Ser214 g A|a232 %V;:;\Q :}\. %Im\
e

) i%ﬂzn

F st501 i ] %:0/1
Tyﬂzl% =
%In 161

gﬁ,ugge Tyr1 75
Met162 Phe213

Tyr1‘t% 3
Met162 E

o A w4

Figure 36 3D depiction created using UCSF chimera anti#iftioncreated usinggPlot of the docked
pose ofli (orange) inside the binding pocket of NphB G286S/Y288A (a) and wild type (b) with highlighted
interacting amino acid (gre€i®2, 141, 108
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OA variation of the proposed binding mode feasd using a benzyl grouplinand tre

variant G286S/Y288A (Figusé). The highest ranked pose (T&8pkesembles the olivetolic

acid binding mode, but not the other derivatives containing a phenylic moiety. This discrepancy
can be explained by the bond between the core structure and the aromatic group. Additional
flexibility and rotational freedoane provided by the benzyl group. 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, while the phenyl group is in a similar position
with respecio the alkyl side chains. This result cannot be transferred to the wild type because
the bulky side chain of Tyr288 blocks the above orientation. For this compound, a better
conversion compared 1e - 1g with the variant is anticipat@({l09

Table 8: Results fronthe docking experiments using differentliR& substrates including an alkane
moiety and NphB G286S/Y288A and wild type highlighting all amino acids, which interact with the

substrates. The molecules are sorted after the ranking of the dockinghemtitsadtion were calculated
using LigPlo108.

NphB G286S/Y288A NphB wild type
Hydrogen Non-bonded Hydrogen Non-bonded
Compounds bonds contacts Compounds bonds contacts
. GPP, V49,
sszlzfgésg;.)oe- F123, 0161, GPP, S51,
1g S214(Ser:0G- '\él;fz Y;Zf 1h S214(Subs:02- I\éléLlGZ Y;.If
Subs:04) 3,214, (phenethyl) Ser:0G) 3, 5214,
(styryl) Y216(Ser'dH- Y216, A232, p Yy : Y216, V271,
Sub3'dl) V271, S286, K284, Y288, L298
’ V294, L.298
_ GPP, F123, GPP, M162,
y ¥216(Subs:01- M162. Y175, 1 . Y175, F213,
' Tyr:OH), S214, Y216 g S214(SerOG- 514 vo16
S286(Ser:0G- ' ' (styryl) Subs:02) ' ’
(benzyl) Subs:03) V271, S286, tyry V271, K284,
' Q295, L298 Y288, L298
GPP, V49,
.1 Q161, M162, GPP, Q161,
szsg('ser-ée. S214, Y216, X F213, S214,
(phenethyl) SubS'dZ) A232, V271, (benzyl) Y216, A232,
' S286, V294, V271, Y288,
Q295
. GPP, M162, GPP, M162,
1 5214(_SUbs'02_ Y175, F213, 1f . Y175, F213,
a Ser:0G), S214(Ser:0G-
- S286(Ser0G- oo Y220 (pheny) Subs:02) S214, Y216,
(n-pentyl) Sube:04) A232, V271, pheny : A232, V271,
' S286, L298 Y288, L298
GPP, V49, FlGZZPM,\gl.égG,
M162, Y175, S214(Ser:0G- Y175, F213,
if S286(Ser:0G- F213, S214, la Subs:01), $214 V216
(phenyl) Subs:02) Y216, V271, (n-pentyl) Y288(Tyr:OH- A232 \/271.
S286, A288, Subs:03) ' ’
0295, 1298 Y288, V294,
. Q295
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Overall, it was decided to synthesize four different olivetolic acid derivatives containing a
second aromatic feature, which were later testeticusing the NphB wt and the variant
NphB G286S/Y288A (Figuiz).

Figure 37 List of all olivetolic acid derivatives containing an alkigtythat were synthesized and
validated in this study regarding their interaction with [yiigB

2.3.3 /n vitro screening of olivetolic acid derivatives for the formation of
cannabigerolic id derivatives using NphB

The olivetolic acid derivatives selected by docking were synthesized and chavadterized
provided by Jasmin Wlog®9.

oFor a first evaluation of the potential of these structures as alternative substrates, conversion
with NphB has tobe determined. A high conversion of the substrateqisredfor
implementation into the cannabinoid biosynthesis. The identification of thenwvgting

substrate is followed by the identification of the prenylation position of these molecules. All
synthesized derivative@-igure 34 & 3J)/were tested as préagceptors using vitrassays.

The reaction mi xt utpmsfiedpotein and weredstaried® @Qith g mL
addition of substrates (1 mM olivetolic acid derivatives, 2 mM GPP). The assay samples were
incubated for 18 h at 1100 rpm. The enzwvere then denatured and precipitated, and the
supernatant was analyzed by HRMC Substrate concentration was calculated using
standards and their absorbance at 225 nm to determine the conversid@8(Figuensure

the dependency of the substratevession 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 positionnto get a

71



Results and Discussion

overview aboutthe most promising substrates regarding usage in the cannabinoid
biosynthesi& (108

G286S/Y288A
OH

HO R

Conversion [%]
N

1a 1b 1c 1d 1e 1f 1g 1h 1i

Substrates

Figure 38 Conversion of all tested substrdiedi using GPP as prenyl donor and NphB wild type

(pattern) and NphB G286S/Y288A (grey) for conversion, respectively. All experiments were performed in
triplicate(108.

oThe conversion dDA lahas been described previously and was therefore used as a control
reactiorfor the isolated protein and its funct{@8Q. 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 mpjoduct of the variant was CB&, and of the

wild type 20-GOA. This result demonstratédat the assay system can be applied to
alternative substrates. In the following, theersion is compared to thatlaf marking the

40 % yield obtained with NphB G286S/Y288A as a reference point.

For al substrate$a- 1i product formation was visiblethe HPLC chromatogram using the
variant G286S/Y288A (Figu&319 S33). For orsellinic acidb the results were already
confirmed before, with the identification of geranylated pro@3std13, 132 (108. A
comparisomf the cowersion between tiNphB wt and the variafdr derivatives containing

an alternative alkyl chal@ag1 reveals afld increasm conversiomusing the variarsiven

that the variant demonstrates a significantly higher €BG#oductiorthanthewt and the
derivatives share a common core structure and analogous building blocks with OA, this

outcome aligns with the anticipated reddtisvever, substratbd exhibted an exceptional

72



Results and Discussion

outcome, with the variant demonstrating-fald} higher conversiothan the wt. This
observation is further supported by the docking resthtdlphB wt which indicate that the
elongated alkyl chain adopted a binding mode that po4itereactive site of the aromatic
acceptor in a direction that is oriented away from the catalytic amiadbhecekchange of

the tyrosine to an alanine at position 288 generates more space inside the binding pocket, which
is beneficial for a more spaus side chain such as the octyl grotid éftrend was observed
that shortening the alkyl chain correlated with lower conv@&($@. While orsellinic acid

1b has a conversion @8.5 + 0.3 %]1chas a conversion 8fL.2 + 0.5 %and1d has a
conversion of 41.0 £ 1.3.%ompared to OA, shortening of the alkyl chain results in lower
conversion, while elongation onbdeto a comparable convers@dinis result corresponds

to the docking experiments: for a shorter alkyl chain, leastiotesr were identified, and the
overall ranking was lower (Tab)lemplying a lower binding affinity

Comparing the substrate acceptance of compafiigsandlh, almost no conversion was
detected with the wild type. These derivatives have thersatoeas 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 resulhe proposed binding mode was composed of the
resorcylate core not oriented towards the active site (3yor@08. The NphB variant
G286S/Y288A demonstrated a conversion rate of ~14% for compbgddsh In this

instance, the impact of the linkage between the phenyl moiety and the core structure is also

constrained.

oThe only substrate molecule with an aromatic side ddexdtiho a high conversioriiisA
conversion rate of 33% was determumgd) the variantin parallel with then vitraesults
(Figure38), moleculdi had the most promising docking outcome (F@f@reompared to the

other derivatives containing a second phenolic structural element. The hypothesis that
structuredf- 1h wouldnot be conveded as well as olivetolic atadconfirms the proposed
docking studies.

As only a low conversion hasrbetentified for the moleculés- 1h, the implementation in
the cannabinoid biosynthesis by the feeding of these substrates desas twobesdikely 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 i@@dred.
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2.3.4Structure elucidation of CBGACS5derivatives
With themonitoringof the conversion, only hints of the formation of the catalytic products
can be concluded. For further identification of the formed prodiuatsay samples were

analyzed bMigh resolutioomass spectrometry (INFS).

oMass analysis allows confirmation of prenylated products and determination of the number
of products formed by catalytic reaction with NphB (Fl4é&S22. For all substrates, only

one mass was identified that correlatddtive 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. Thieads to the conclusion that both protein variants exclusively form
the same main products, except foaretblic acid. For derivativés 1b, Ic, 1d and i, the

reaction produs were further analyzed by UPESFMS/MS (Figur&s150 S17& S23. The
fragmentation pattern was similar to that of CBI®Asuggesting the formation of a
C-prenylation. The twpatternglistinguish in the formation of fragments smaller then m/z =
219.10. While the fragmentation-@&OA leads to smallélagmentsn a high ditribution,
CBGAC5 does only have thesegfnants in traces. This was also observed for the
beforementionedubstrateés3, 84. Prenylation at position C5 can be almost excluded for all
products with gide chain comparable to thegentyl moiety due to the steric hindrance at this
position. Prenylation at this position udesg/as not observed as a produdhinmitrassays

with NphB wild type or G286S/Y288A00, 112, 1}4As the space of the group attached to

C6 increases, the C5 positiorobees even more block&{L08

oln order to gain more insight into the structure of the newly identified productsup scale
was carried out with the molecules l@tto the highest conversidisandli. These two
molecules are most promising for integratiantive cannabinoid biosynthesis and a CBGA
derivatives of the structurlssandli were never synthesized before.

It was decided to perform the sagbaeaction only with the G286S/Y288A variant, since the
products for the variant and the viijde have the same retention time and the fragmentation
pattern of the M3 S measurements exhibited similar results. Thtus#s of these products
were further analyzedteaf isolation by preparati®eversed PhasgRR)HPLC. !H and
IC NMR, COSY, HSQC and HMBC were measureti {éiigure 39Figure 36- 30). Due
to the HMBC correlation between H8 and C5, the isolatddgpiwas to be prenylated at C3

position. Forli the conversion towards a CB@Arivativewas demonstratetHd NMR,
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HMBC and HSQC were measureditb(FigureS23- 25). With thisthe conformation o&
C-prenylatiorwas possibléue to the interaction 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 excl1@&d.

No. 1
v, M@ inHz) | Uc - COSY
1 - 110.7
3 111.2
4 - 155.7
5 5.80s 106.6
6 - 143.7
7 - 172.3
8 447 s 39.1
9 - 141.4
10 7.16 m 128.9
11 7.16 m 127.7
12 7.06 m 124.8

13 | 3.09d (7.1 Hz) | 22.1
14 | 5.05t(7.1 Hz) | 124.2

15 - 132.1
16 2.00m 35.1
17 1.97 m 265
18 | 5.17t(7.1Hz) | 124.3
19 - 130.5
20 153s 255
21 1.60 s 175
22 1.68s 16.0

Figure 39 Summary of the NMR dataf (E)}6-benzy3-(3,%dimethyloct®,6dienl-yl}2,4
dihydroxybenzoic acid)in DMSO-d6.

2.3.5 NphB CsTHCAS crude cell extract assays

oFor further identification of the prenylation site usmdd and 1i assays employing the
proteinCSHCASwere conducted. As described betbeCSHCAS is thdinal protein in

the cannabinoid biosynthesis. It catalyzes the intramolecular cyclization of the n®noterpen
moiety in CBGAC5 to THCACS. It has already been demonstrated, that this enzymatic
reacton also occurs with CBGA derivatives that differ only in their sid€lct#ildvith 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/Y28&ahCAS. As substrates

GPP and the most promising analbg4c, 1d andli were added to the cell lysatee assay
samples were analyzbdough UPLCESFMS/MS after 24ours of incubation. Firshe

assays were analyzed ufarag substrate. Witdonparisornof the fragmentation pattern and

retention time of an analytic standard of THEEAand CBCACS the formation of these
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products usinda and GPP as substrates was confirmed (F§urAs described in former
reportsCIHCAS catalyzes the formatiohTHCASC5 and CBCACS as main products

using higher pH valuél). Using the substratég 1dandl we also identified two masses

for the corresponding THCA and CBCA derivatives, with similar fragmentation patterns to
THCA-C5 and CBCAC5 and masses of the fragments majcHifferent side chains
(Figure40 41) .(1698.

Subsequent to the identification of the mkiveam products, an additional piece of evidence,
in addition to the NMR data, for the prenylation on th@d3s8ion forlg 1d andliwas
obtained. The formation of THCA and CBCA derivatives of the substrat€3idiGé\S is

only possiblé the NphBvariant G286S/Y288A catalyzes the formation of CBGA derivatives.
Consequently, the identified mass and product for each substrate frowitritsesay must

be CBGA derivatives.

76



Results and Discussion

Intens. |
c x104 ]
313.2095 191.1026 OH O
5_
i = OH
| x
] O
4_
3: 313.2080
2 ]
] 2
1 245.1478 i 339.1873
] 357.1975 1 136.0488 243.1320
191.1026 * i
S IO I PN SNSRI 10 1 0 % DU
100 200 300 400 100 200 300 400
Intens. Im:ensli
x10 x10
313.2167 ]
d 191.1083 OH O
1.0 4
6l = OH
N
0
0.8
4]
0.6 -
313.2173
0.4
27 245.1541
’ 243.1389
191.1080 357.2063 0.2 l 339.1937
: 136.0534
0L ;‘le}ll L ‘l.‘ ‘ ll I 0.0 |lllnlll|lna‘ll "l‘.l‘. . \l i
100 200 300 400 100 200 300 400
Intens. T Intens.
7 271.1704 f 149.0607
4000 ?Hj
] l = l/‘\\L "OH
3000 ] R N
3000
2000
i 203.1072 2000
1112.9860
112.9855
4 201.0889
1000 1000 - 271.1704
] 315.1608
i 243.1375 l \ { 297.1514
I ‘ ” | | | | I i 1l | | l 4
0= 1 T T 0+ T T T
100 200 300 400 100 200 300 400

Figure 40 HR-MSMS spctra of (6aR,10aRhydroxy6,6,9trimethyt3-pentyi6a,7,8,108trahydre

6H-benzo[c]chromer2carboxylic acid THGES 5a as standard (a) and as assay product (c), of

(6aR,10aR3-ethyt1-hydroxy6,6,9trimethyt6a,7,8,108etrahydre6H-benzo[c]chromexr2-carboxylic

acid THCAC2 5c (e), of Bhydroxy2-methyi2-(4-methylpenB-enl-yl}7-pentyt2H-chromenes-
carboxylic acid CBGB856aas standard (b) and as assay product (d), aethgt>*hydroxy2-methyi
2-(4-methylpent3-en1-yl}-2H-chromenes-carloxylic acid CBCA26¢ (f).
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Figure 41 HR-MSMS spctra of (6aR,10aRhydroxy6,6,9trimethyl3-pentyi6a,7,8,108trahydre

6H-benzo[c]chromer2carboxylic acid THGE&S5 5a as standard (a), of (6aR,1akRydroxy6,6,9

trimethyt3-octyt6a,7,8,108trahydresH-benzo[c]jchromer2carboxylic acid THGE8 5d (c), of

5-hydroxy2-methyi2-(4-methylpenB-en1-yl}-7-octyl2H-chromenes-carboxylic  acid 5i (e), of
5-hydroxy2-methyi2-(4-methylpenB-en1-yl}-7-pentyl2H-chromenes-carboxylic acid CBCB5 6a as

standard (b), of -Bydroxy2-methyi2-(4methylpenB-en1-yl}-7-octyt2H-chromenes-carboxylic acid
CBCAC8 6d (e) and of -benzy5-hydroxy2-methyi2-(4-methylpent-enl-yl)}2H-chromenes-

carboxylic acii (f).
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2.3.6 Establishment of a new system for quantification of CBGA-C5
production

In all experiments, the CB&2#5 concentration and cargion were measured using
HPLC-UV measurements. This method is{omesuming; therefore, an alternative detection
method forquantifying CBGA-C5 was conducted and testedl.identify an NphB variant
demonstrating high activity, a kilgroughput system is required that can analyze NphB assays

in parallel without the use of a complex extraction method for the product.

In addition to CBGACS5, anotheequimolar formegdroduct of the catalytic reaction of NphB,
independent of the substrate used, is a diphosphate group, which is cleaved off from GPP
(102. A common enzymatic reaction for diphosphate quantification is the cptaontifiver

firefly luciferase¢145, 146 This enzyme catalyzes the adenosine triphosphate (ATP)
dependent oxidative decarboxylation ofuderin. The product of this reaction is
oxyluciferin, and the emitted photaf visible light can be detected and quantified (Bigure

(147, 148

D-luciferin HO MgZ+ ATP
N S
<1 . 2.8 o
HO s N "’,70 o/g_\o/ 0
D-luciferyl-AMP O. s diphosphate
_ +
o/ \Ade Mg

N S o o o)
\ O R BB naw
— 071707170 0710
HO S N o~ 0 o

dioxetanone ring O~

Mg?2* AMP
* l CO,
N) <S 2 9 ?
/ \1\ oMo oo Ade
HO S N oo o
excited oxyluciferin Mg?*

|

light

Figure 42 Reaction mechanism of fiyeluciferase catalyzed bioluminescence. Adenylation leads to a
luciferyladenylate intermediate via the release of diphosphate. Nucleophilic attack of molecular oxygen
follows, resulting in the formation of an unstable dioxetanone with AMP as thgreapirf§pontaneous
breakdown to excited oxyluciferin releases CO?2. It decays to the ground state and emi{d49photon
150.
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A variety of commercially available kits are available for quadighimgphate. These kits

are readyo-use, containing all the necessary materials for converting diphosphate to ATP and
the subsequent luciferase agsay. t hi s study, the PPiLightE i
provided by Lonza Group was evaluated tasore diphosphate produced equimolar to
CBGA-C5 based on the luminescence generated by luciferase.

2.3.6.1 Compatibility, Adaptionand Optimization of NphB assay substrates

Initially, the previously established conditions for NphB assays were emplined in
luminescence measurements to ascertain the applicability of the reaction templerature an
shaking frequency to the Kiuring this process, the first optimization sigse, namely the
different temperature optimums of the two enzymes, NphB andlticgfiérase. Utilizing a
temperature of 37 J@vhich isnormallyu s ed i n NphB assays due t
optimum, resulted in a decline in signal intensity after 15 minutes, attributable to the
aggregation of firefly luciferase above 3058. Conversely, other studies have identified a
maximum intensity fofirefly luciferase at 25 °Cherefore, it was determined that this
temperature would be employed for the screening method, as the tthaead kiensitivity

rarge of 0.02 to 10 uM diphosphét&2. In this setting, a stable luminescence signal was
monitored.

Next, the optimal substrate concentration fquaaallel NphB assay and luciferase assay,
without causing interferenwith each othewas determinedt was observed that several
substances interfere with the bioluminescence assay due to an inhibitgkyséfietire

activity relationship study absered that firefly luciferases are inhibited by small, linear, and
planar structurgd49, 158 OA has been found to be consistent with this inhibitor profile.
Consequently, all substrates were added to the bioluminescence assay at a concentration simila
to that previously used in NphB assays with the addition of apfipteostandard solution
usingNaH2P-O7 (Figure43).
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Figure 43 Luminometrically measured diphosphate standard solutions ugiaB.¥a(7.2uM)
supplemented with the substrates GPP, Mgletolic acid or the product CBGA applyngi Li ght E
continuous kinetic protocol. As a reference, a standardumMtdiphosphate is shown. Detection t@25

and 1000 rpm for 4@in using FLUOst&rOmega Microplate Readeéachmeasurementgere pexdrmed

in triplicates.

As anticipated, GPP does not appear to interfere with the luciferase assay; rather, it enhances
the signal due to its inherent instability in an agueous environment, resulting in its hydrolysis
into phosphates and subsequent utdizats a phosphate sou(t®4. To ensure the assay's
reliability, a negative control containing GPP is included in each measurement series, allowing

for the consistent comparison of signals.

It has been observed that both OA and CBTRAresult in the complete elimination of
luminescence. One potential exaleon for this phenomenon is the positioning of OA and
CBGA-C5 within the active site of the luciferase, which results in a reaction with ATP towards
the corresponding adenylate adduct, preventing the conversion of luciferin and the emission
of light (1559. To avoid inhibitionlower OA and CBGAS concentrations were screened
(Figured4).
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Figure 44 Luminometrically measured diphosphate standard solutions ubisfyNg(7.2- 7.6 UM)
supplemented with the substrate olivetolic(Adi@nd the product CBGB5 (B)applyingP Pi Li ght E
continuous kinetic protocol. Detection at 25 °C and 1000 rpm find@sing FLUOstarOmega
Microplate ReaddEachmeasurementgere performed in triplicates.

For OA, a stable luminescence signal btashed when the concentration was lowered to 0.2
mM, which is the highest concentration that should be used in NphB assays. Lower

concentrations should not inerferewith the luciferase assay kit.

In the case of CBGA&S5, a concentration of 0.125 mMIded a modest effect on the
luminescence signal; however, a more stable signal was observed at 0.063 mM. Given the
inherent detection limits of the assay kit, which preclude the detection of 10 uM diphosphate,

it can be deduced that CB&A production lesis are likely to be low€onsequently, a lower

product concentration is required to rentagnequimolar diphosphate concentratrahin

the detection limit of the assay Kkit.
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2.3.6.2Product detection of in vitro NphB assayusing luminescence detection

Before implementing the luminescence assay in whole cell assays, it is necessary to test the
feasibility of running NphB and luciferase assays in parallel ntamssayin order to do

so, the buffer in which NphB is storedigaurification must be adjusted to avoid influencing

the luciferase reaction. The optimal buffer composition for this purpose was determined to be
one containing 50 mM TRIS and 10% glycerol, which exhibited minimal interference with the
luciferase reactiovhile maintaining adequate CBG&\productionln contrast to the buffer

utilized in Chapter 2.3.3, NaCl was not added, as NaCl interferes witfethsdueaction.

Although CBGAC5 production is reduced, it is still within the deteatange of the
diphosphate kiFigure 8).
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Figure 45 (A) Luminometrically measured buffers free of glycerol or NaCl mixed with reaction
components (1 mM GPP, 0.1 mM olivetolic &M MgCh) applying® P i L i apritinu&us kinetic
protocol. Detection at 25 °C aa@00rpm for 1 h using FLUOstarOmega Microplate Reader. (B)
CBGA-C5 production of NphB G286S/Y288A in the course of time within 30 min. Assays were performed
using 1 mM GPP, 0.1 mM olivetolic acid, 5 mM M@€Ing pit protein solved in buffer 1, 2 &r
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Following the primary elimination of potential errors, the luciferase assay was performed in
parallel with the NphB assay using purified enzyme. For the CB@#Aduction, which is

in the detectable sector of the diphosphate quantification kit, ia jpaoteentration of
19nguLtwas addito each assdy.the first assay, the detected luminescence of the samples

did not differ from the sample without protein but with GPP. Consequently, the natural decay
of the substrates still overpowers the amount of diphosphate gained by the assay. A screening
was peidrmed using differemsbncentrations of GPP (Figure.46
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Figure 46 Background subtracted luminescence signal related to diphosphate production in NphB assays
using 19 ng ptprotein in buffer 3 and varying concentratidiG PP, 0.1 mM olivetolic ackiimM MgCl
within 1 h.Eachmeasurementgere performed in triplicates

A comparison of the backgrouswabtracted luminescence signals reveals that only the assays
utilizing 0.34 mM GPP led to a stable signal, exhibiting a linear increase overitimgsdy th

the signal is distinctly distinguishable from the signal without protein. The optimal conditions
for achieving the best results when running the two assays in parallel are a buffer consisting of
50 mM Trs, 10% glycerql a substrate compaeit of 0.34 mM, 0.1 mM OAand

5 mM MgCb.

The next step was to compare different NphB variants to see if they also differ in luciferase
assay signals comparable to the GB&Aoncentration measured by HRIXZ The set of

variants to be screened includes whld type, which produces CB&% in a low
concentration; NphB Q295F, which producedddohigher CBGACS5; and the two best
performing variants from the Cru@ellExtract (CCE) assay: NphB G286S/Y288A, which
produces 10-fbld higher CBGACS5, and A232/288V, which produces 1@ald higher

CBGA-C5 (Figurel?).
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Figure 47. NphB variant scregg background subtracted luminescence signal related to diphosphate
production in NphB assays using 20 nggrbtein in buffer 3 and 0.34 mM GPP, 0.1 mM olivetolic acid,
5 mM MgGlwithin 1 hEachmeasurementgere performed in triplicates

The assay revealed a distinct difference between the variants. For the wild type, no signal was
detected following the suéttion of background noise. In this instance, the production of
CBGA-C5 or 20-GOA was found to be inadequate, and the cleaved diphosphate could not

be measured. Conversely, for the NphB Q295F variant, a signal was detected, suggesting the
presence of loproduct levels. The two variants demonstrating the higinfsstmance level

exhibited quantifiable levels of diphosphate, with NphB G286S/Y 288A registering the highest
values and NphB A232S/Y288V registering the sdughdst. The activity of the protei

can be ranked as follows: G286S/Y288A > A232S/Y288V > Q295F > wild type. This ranking

is analogous to thie vitraesults reported by other sources. Consequently, the identification

of a highperforming variant is feasible.
2.3.6.3Adaption for Cell Assay for Diphosphate detection

Adapting this assay as a hlglbbughput system for the utilization of CCE is of high
importance, given that the purification of each NphB varianh fatroassays is time
consumingConsequently, a potential adaptaticB@E assays was investigated. Initially, the
signal of a standard was measured in the presence of CCE containing expressed NphB
(Figure4d).
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Figure 48: Luminometrically measured CCE supplemented with diphosphate standard solutions using
NaH:P:07 (4uM) applyind® P i L i apritinu&us kinetic protocol. Shown are the triplicates raw data.
Detection at 25 °C and 1000 rpm fdr dsing FLUOstarOmega Microplate Reader.

In this instance, the signal decreases over time in contrast to the othdfisgigctfallowing

the separation of the sample from cell debris, the presence of substances such as nucleic acids
additional proteins, and yeast metabolites within the solution {&&Jstd particular

concern is the presence efidar ATP within the solutipas this molecule is a substrate of

the luciferase assdy7). Additionally, yeastxpressed enzymes, such as pyrophosphatases,

can convert diphosphates prior to quantificat{@bg. Other enzymes such as
prenyltransferasesould also lead to an increased diphosphate concentration in the assay
samplg€159. The intracellular concentrations of sodium and potasstircareviats exert

a substantial influence on the luciferase assay. As demonstrated in Chapter 2.3.6.2, the NaCl
concentration exira strong influence on the stability of the luminescence Bignalore

the 30 mM sodium present in Biecerawiscell interferes with the diphosphate quantification
assay160.

Eventhough the results were not promisthg parallel execution of CCE NphB assays and

diphosphate quantification employing firefly luciferase was teal{figure49
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Figure 49 Luminometrically measured CCE assaysni®33PP, 0.InM olivetolic acid, &M MgC})
using 1L or 7.5uL CCE in buffer 3 applyifg P i L i aprtinuéus kinetic protocol. Shown are the
triplicates raw data. Detection at 25 °C and 1000 rpm for 14 min using FLO@wtga Microplate
ReaderEachmeasurementsere performed in triplicates.

Here again, the detected luminescagoaivas very low, even in the raw data and before any
background noise was substituted. Consequently, the quantification of diphosphate or NphB
activity remained unmeasuraisieg the diphosphateayuification with a luciferagerior to

implementing the assays, a solution for a better preparation protocol of the CCE must be
found.
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3.1 Increasing olivetolic acid production through protein

engineering of C9OAC

In the first step of cannabinoid biosynthesis, olivetolic acid is synthesized from glucose and
hexanoic acid precursors, with the two prote®@sS andCAC. The process entails a

initial elongation towards a linear tetraketide thrQ€QhS, followed by a second step
involving the cyclization of this intermediate thr@@&#\C. Transérringthese proteins into

S. cerevisiaehemical reaction from the linear tetraketide towlarel®| ismonitored. To

prevent this reactiothe goal was to enhance the productivity of the erzspheC.

The production of OA was increased, and the production of OL was decreased using novel
protein variants o€€OAC. Computeassisted protein @ngering was used as a tool to
identify potentigaCAC variants. First, the binding pose of the linear tetraketide was identified
using proteidigand docking, followed by the identification of potential positions for
mutagenesis. Combining this with a3pot wizard analysis led to the identification of six
promising positions as HotSpwfigh 173, G82, R86, W89, L92, and.|@4ingS. cerawisas

ahost, an alanine scan was perforwaditiating all positions for further analysis.

A subsequent examiioa of these six positions was conducted througiticanalysis, with

the selection of amino acids for exchange guided by considerations odigaotein
interaction and homologous proteifise initial evaluation of the diveG®AC variants
involved plasmidased integration inf cerevisigelding a total of 3BOAC variants for
assessmento evaluat€A production, a strain was employedt tontained a singiepy
integratiorof CRAAE1 anda multicopy integratioof COLS,ensuring high concentration

of the COAC substrate=our amino acid exchangesultedn a significant increase in OA
concentrations compared to the native enzyme variants overall that are of interest for
subsequent experimenfBhe variantslemonstrating the greatest efficacy were identified as
CODAC G82A, which exhibited a ¥dld increase, and L92Y, which exhibited dold4

increase in OA production.

Following thesingle screening, the effect of combining the amino acid exchangesiiitvea
effect on OA production was exagdn Therefore, all possible combinatioruding two,
three and four anino acid exchanges, were analyzed with pligeamd dockinglhe results
of this analysis, in conjunction with thevivaresults preausly mentioned, guided the

screening of 4BAC variants containing multiple exchamy&s/aisingS. cerevisaaethe
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host. The screening process yielded five combinations that demonstrated a substantial
enhancement in the ratio between OA and Tle. optimal outcomes were attained with
G82A/L92Y and G82A/R86H/L92Y, which resulted in afbldl increase in OA production.

In the final experiment, the two protel@€AC andCLOLS, were singleopy integrated into

S. cerevigmgalidate the OA ar@L production with a similar number of proteins. Similar to
the other screening, a significant incied3A concentration of 1-@ld was measured using
the variantCOAC G82A and 194V. The variant that demonstrated the most favorable
performance, invaing a single amino acid exchange, was identiisA&S L92Y, which
resulted in d4.3fold enhancement in OA productiofhe variant that exhibited the most
optimal performance in this series of experiment€sasC, which resulted inla7fold
enhanement in OA production and a shift in the OA amount in the product composition
from 0.345 £ 0.006 to 0.480 = 0.006e variant fulfilled the effeittat OA production in
S.cerevisiaemproving while OL prodtion is decreased, leadinghtwre efficienutilization

of the mportantprecursors such as glucose, aCetfl malonylCoA, or hexanoic acid.

In thefuture it would be interesting to integrate the variant iBtacareviséain, where the
complete cannabinoid biosynthesis is integtatsde if the positive effect of a higher OA
production also reflects in a higher concentration of the following downstream,@achucts

as CBGACS5 and THCACS. An increase in titeragpected, resultimg a higher yield from

the substrates. Since Olncentration was also decreased through the incréaseopy
number of COAC, this effecheedso be tested in combination with thewhyidentified
variant(55). If the two effects are additive, the unwanted production of OL could be further

increased, which can positively affect the cannabinoid titer.

Using the chosen setup with dinecvivassay an8. cerevisaehost, it is not possible to
distinguish if the positive effect regarding OA production results from an influence of an
improved enzyme kinetic or an increase in expres$Somencaisi-urther experiments on
enzyme kinetics usiimgvitrassays could provide interesting as(884tsThe expression in
S.cerevisen be further monitored with fusion to a fluorescence tag, which allows monitoring
of the expression of the protein during the complete cultivation process. Here, a direct
comparison with the wt is also pbiesi
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3.2 Synthesis of nomatural cannabinoids using cannabinoid

biosynthesis inS. cerevisiae

The interest in novel cannabinoids is still eme§ingtable benefit of the heterologous
biosynthesis i8. cerevism¢hat the enzymes derived from thasynthesis can be utilized

while a minimal structural alteration of the substrate results in the formation of different
cannabinoid analogas demonstrated in the studies conducted by Luo et al., the modification
of substrates to be fed from hexaramicl to another carboxylic acid results in the formation

of the analogous structure of all intermediates up to THCA deriabyeBhis first
experiment evaluates the uptake and conversion of different carboxylic acid structures with a
S.cerevisisteain conducted in the chair of technical biochen@sity the first enzymes of

the biosynthesis includi@PAEL, COLS and COAC, areimplementedn the strairto

focus onlyon the conversion of these enzyrSasultaneouslthestrain exhibits the capacity

to produce hexanoic acid, a consequence otelgeatiorof the FAS2G1250S mutatior

broad library of different carboxylic acids, including structure elements of different alkanes,

aromatic structure elements, and previously tested structures, is screened.

This study confirmed the conversionoofanoic acid, heptanoacid, éheptynoic acid,
trans2-hexanoic acid, and isocaproic acid towards their respective OA and OL derivatives was
confirmed using HPL®S The examination of this strain revealed no occurrence of
conversion of structures contagiamino groups, halogen moieties, hydroxy groups, or

aromatic structural elements.

Several possible limitations could be why the nwhloenverted structures is lokrst,
structures with a low binding affinity to the proteins compared to hexanoauktiubt be
identified since the competition between the two acids is too degnamdi the second
product canot be identifiedTo avoid this problem, the conversion of all structures without
product formation using the strain should be tested agauever, this time, it should be

done with &.cerevisgteain, which camot produce hexanoic acid.

A second limitation can be the activation of the fattyGadE1, the enzyme in this study
is known to activatesCy fatty acid€20). This includes the lethgof all acids identified for

conversion towards OA and CGinalogsFor other structurgshis enzyme needs to be
exchanged. I@. sativahort and mediunthained fatty acids are also converted toweads

respective cannaloid derivative3 hereforethe conclusion that the fatty acid activating step
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is not catalyzed here is conclusivéhe plant a second aegttivating enzyme, converting

short and mediunthained fatty acid structuriesdentified witlthe acyhctivating enzyng
(CAAE3) (20. Repeating the screem usingCAAES for the not converted fatty acids,
especially the sharhained acids, is interestiAgother acyactivating enzyme that could

show potential for the carboxylic acids containing an aromatic structure element is the
phenylacetat€0A ligae P®CL) fromPenicilliunhrysogenbmits host organism, it catalyzes

the activation of phenylacetic gtigt). Therefore, a high potential for successfully activating
aromatic structures seems to be a potefitigle these two enzymes were also already tested
in the activation of hexanoic acidSincerevisiaetivity in this host is already proven and
ensured55). Next to these two enzymes, there is a high number of other enzymes that can be
tested in a screenifgproblem is the difference if the activation step is not catalyzed or if the
activated structure is notapted as a substrateG¥DLS. Therefore, it would be helpful to

use only acyctivating enzymes, which are proven to convert the tested acid.

As described before, longdrained acids are not converted fro®AC and COLS.

However, with the engineagirof the binding pocket, dodecanoic acid was successfully
converted towards their respective OL and OA deriafi@e These variants can also be

tested in the conversion of longhain fattyacids and bulkier structures. Also, this approach
shows the potential of engineering the binding pocket for further conversioin. 3Niith

analysis of the binding pocket and screening of different variants, the uptake of a novel set of

carboxylic acglcould be possible.

In a second step, the downstream steps of cannabinoid biosynthesis were tested for the
conversion of novel structures towards cannabinoid derivatives. After the OA synthesis, the
formation of CBGACS follows. OA derivatives were tested using the en@@ies(25

and NphB.For NphB, only structures containing the natural building blocks werenested.

this thes, the conversion of novel OA analog usingtraNphB assays was analyzed. To
identify promising OA derivatives, which are likely converted, a docking study was conducted
using two different NphB variants, namely the wt and thepdyéstming variant
G286S/Y288A.The binding mode was analyzadd onlystructures with the correct
orientation of the resorcylate core were chosdan fotrdesting Interestinglya side chain
variation from ¢to Gs did not significantly influence the binding mode with the variant
G286S/Y288A.The binding mode of moldes of OA derivatives containing a second
aromatic structure element was not that promising regarding orientation, except for the benzyl

group.Eight structures were chosenbwmsynthesized and were then screenedimwithiro
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NphB assays regarding treinversionHere, the highest conversion of novel OA analogs
was achieved ugi the analog containing ethyctyl, and a benzyl group. The potential
CBGA derivatives were further analyzed using HW&MS and NMR, confirming the
prenylation on the coxeposition.For another confirmation and tkesting of the next
cannabinoidbiosynthesis step, the three most promising OA derivatives were incubated with
NphB andCaHCAS in parallel, resinly in the formation of their respective THCA and
CBCA derivates.

As a next step, the feeding of the most wiogn OA derivatives to &. cerevissrin
containing NphB an@€S’HCAS should be testdd see if ann vivaonversion of these
structures is also possible, whiclofisiigh importance for an implematidn of these
structures into the cannabinoid biosynthesis in yeast. When the respective fatty acid to the OA
derivativess also converted and identified in the experiments before, synthesis of the novel
THCA derivative from the fitting carboxylic admisthese three structures could also be
possible With this, the complex synthesis of the OA derivatives can be avoided, and a
costefficient and fast way to gain novel cannabinoid structures can be used.

For theg derivatives, which are only converted inpkneentagefsom the NphB variant
G286S/Y288Ait would be helpful to start anotlagproactof protein engineering to identify

a variant in which the binding pocket is adjusted to the OA deriMasiraplify the screening
and engineering of the NphB variant, a novetthiglughput system was tested, where the
CBGAC5 concentration should not be measured with HPL.®ut over a diphosphate
guantification using firefly luciferase. After adjustingtéersng parameters, it was possible
to measure the differences in CBGA production of the NphB variantsvitro Still, the
transmission towards CCE assaysiteddue to many factors inside Bieerevisiaadl that
interfere with the luciferaagsaytHere a different extraction method of thghosphate is

needed.
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4.1 Materials

The chemicals used for this work were mainly purchase@droRothGmbH & Co. KG
(Karlsruhe, Germany), SigmaAldrich® (Darmstadt, Germany), Invitrogen (Karlsruhe,
Germany), Merck (Darmstadt, Germany), and VWR (Darmstadt, Germany) if not stated
elsewhere

Restriction enzymes were obtained from New England Bio(&pankfurt am Main,

Germany, and the protocols provided were used for application.

DNA isolation and purification were performed using Kits from MadNags}

GmbH & Co.KG (Diren, Germany)-or plasmid isolation frof. colithe Nucleospih

Plasmid (No Lid) Kit, for purification of PCR product or of DNA from agaros¢hgel
NucleoSpifi Gel and PCR Cleddp Kit and for gDNA isolation frons. cerevistae

NucleoSpifi DNA Yeast Kit was used.

GPP was synthesizedhouse after Woodside et(a62).

The olivetolic acid analogs were kindly synthesized and pbg\dsehin WIok@.0§. Purity
and structure wesmalyzed biH-NMR and*C-NMR.

Diphosphate assays were carried out usii®yFhe L i igolganie pyrophosphate assay kit
from Lonza (Basel, Switzerland)

4.2 Methods

4.2.1Microorganisms

For all experiments, including plasmid amplificatior.thels t r ai n DH5a was
cells were cultivated 3t °C and 200 rpm for 268 h in LuriaBertani (LB) liquid medium
(5gL1yeast extract, 10 ¢ tryptone, 10 g-LNaCl, pH 7, for plas: 20 g L agar) with the
addition of the antibioti@mpicillin(100Qg mL-1) if needed for selection.

For all other experimentbe host organism wascerevisielge base strain avhom all other

strains used in thisessare basei$ S. cereadi p e p 4 ! g ahelkelld were tuBivated

at 30 °C and 200 rpm for A&isingYeast Peptone Dextraseedium(YPD, 20g L1 peptone,

10 g I yeast extract, 20 ¢ glucose (26 L1 agar for plates)-or cells containing a plasmid,
cultivation conditions were similar. However, the media was exchanged towards synthetic

mineral salt medium without leucine or urdaild L* yeast nitrogen base without amino acids,
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1.92 g Eyeast sythetic dropout medium, 20 glglucose, for plas 20g L1 agarwas used.
All strains ugkin this thesis are listed iable 9.

Table 9: List of all strains used in this study including their relevant genotype and the application. The
strains are sorted according to their usage in their certain projects.

Strain Relevant genotype Application Reference
E.coli FTl endA1lr k hm# R)L Plasmid amplificatior Life
DH5U SupE44,thi kT r ecAl Technologies
G80! 1 &58¢cAml Darmstadt,
Germany
S. cerevisiae S.cerevisi@EN.PK21C! p e p Start organism for  Euroscar
l'pepd4d ! gall ' gal 80 strain development,
l'gal 80 NphB expression
ChapterZ2.1
ySP0O1 S.cerevis@EN.PK21C! p e p COAC-COLS This study
l'gal 1 !'Bx@lEREO vy Linker screening
CSAAEHCYC1
ySP02 S.cerevislkppep4 ! gal This study
ty4::pCCW1ZsOLStENO2
URA3d
ySP03 ySPQ ypri3zpTEFTCSAAEZ COAC variant This Study
tCYC1 screening
ySP04 ySPO1rptpCCW1XsOLS COAC variant This Study
tENO2 pTDH3CsOAGITDH1  screening
Chapter 2
yAPO1 S.cerevisi@EN.PK21C! p e p Screening feeding o A. Prima
l'gal 1 ' gal 4mi g acids
ty4:CsOLS/CsOAC-CsOAC
YPRC! 15 -ERcXavk 1
tADH1.pGaltHMG1+tCYC1
FAS2G12508)RA3::KanMX
pCCW12sOLStENO2
PpTDH3CsOAC Y27RTDH1
ypr3zpTEF2CSAAEHCYC1
Chapter 3
HAC1 S.cerevisiap e p4 ! g al Expression of C. Schmidt

y p rpHBERSCHACIS4ADH1 CIHCAS
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4.2.2 Plasmid construction

In this study, two plasmid backbones were used for alated experiments. For
plasmidbased protein expression, the pDioy(s83 plasmid was utilized, and for genomic
integration and muwtiopy integration, plasmid backbones from pCfB2791 (Addgene plasmid
#63654 was a kind gift from Irina Borodina and Jerome Maury) was(li8tlzédl plasmids

are listed in Table 10. Thenstruction of the plasmids was performed using the Gibson
Assembly methofl64. For the creation of mutants, siieected mutagenesis was applied
(169. The compositiorof the plasmid backbones as vector maps, the amino acid and
nucleotide sequence GAAEL, COLS, COAC, NphB, andCFHCAS, and the applied
primers are shown in Figi8eand S2 and ifable St S8

4.2.2.1Gibson assembly

For Gibson assembly, the cho$2NA insert and vector fragments were amplified by
polymerase chain reaction (PCR) using Q5®-Haghity 2X Master Mix (NEB, Frankfurt

am Main, Germany). The primer for insert amplification were constructed, resulting in a 25 bp
overhang to the vectorh@ PCR products were digested using Dpnl and then purified using

a PCR purification kit. The Gibson assembly was performed using the 2x Gibson Assembly
Master Mix (NEB, Germany). The reaction mix was transforméd sdib H5 a4 usi ng he
shock transforation using the heat shock method from Inoue Et68). After plasmid

isolation, correct sequences were verified with sequeMaingsynth Seqglab GmbH,
Gottingen, Germany).

4.2.2.2Site-directed mutagenesis

To obtain theCOAC variants, a orsep sitadirected mutagenesis protocol was applied for
cloning(169. According to the given primer design guideline, up to six nucleotides can be
exchanged in one PCR. PCR was executed with Q5@ itigity 2X Master Mix (NEB,
Frankfurt am Main, Germany) using a speciaiquiptwhere 128 cycles of elongation at
annealing temperature 5 °C lower of-camplementary part of primer and2.cycles of
elongation with annealing temperature°@ bwer than Tm ahe complementary part was
performed PCR products were digestesing Dpnl at 37 °C overnight. Competentoli

DH54 was transformed with 2 OL of the PCR

plasmids were isolated and, for validation of the sequence, sent to routine sequencing.
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2.2.23 Plasmid transformation

Plasmids were transformed istocerevisiming the LIAC/PEGVethod (167. For- URA
transformations, the cells were subsequently plated on a synthetic mineral salt medium lacking
uracil and incubated at 30 °C f& @ays. Foieu transformations, the cells were resuspended

in 1 mL YPD medium and incubated for 4 h &tG30Afterward, the cells were plated out on

a synthetic mineral salt medium without leucine and incubated at 365Qdys 4

A list of all plasmids transformed ir80 cerevisiaeluding thestrain and the Expression
cassette are shown in Tdlfe

Table 1Q List of all plasmids, that were transformed$nteerevisiaguding the transformed strain and
the expression cassette.

Plasmid strain Expression casette  Reference
pDionysos - - Stehlé163
Chapter2.1

pDio-OAC - pGaltOAC This study
pDio-OLS - pCCW120LS This study
pDio-pCCWL2-0LS ySPQ pCCW120LS L. Reckert
PTDHS-0AC PTDH3-0AC

pDio-OLSOAC ySP0O1 pCCW120LS-COAC L. Reckert
pDio- ySP0O1 pCCW120LS L. Reckert
OLSGGGGSOAC GGGGSOAC

pDio- ySP0O1 pCCW120LS L. Reckert
OLSEAAAK-OAC EAAAK-OAC

pDio- ySP0O1 pCCW12 L. Reckert
OLS(GGGGS)}-OAC OLS(GGGGSOAC

pDio- ySPO1 pCCW12 L. Reckert
OLS(EAAAK)z-OAC OLS(EAAAK)XOAC

pDio- ySPO1 pCCW12 D. Kempel
OLS(GGGGS)OAC OLS(GGGGSOAC
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pDio- ySPO1 pCCW120LS D. Kempel

OLS(EAAAK)s-OAC (EAAAK)sOAC

pDio-OAC-OLS ySP01 pCCW120AC-OLS D. Kempel

pDio- ySPO1 pCCW120AC D. Kempel

OAC-(GGGGS}-0OLS (GGGGSIOLS

pDio- ySPO1 pCCW12 D. Kempel

OAC-(EAAAK)s-OLS OAC(EAAAK)sOLS

Chapter2.3

pDio-NphB S. cerevislag e pGall:NphB This study
l'gal 1 ! g

pDioynsosNphB-His- S. cerevislagp e pGaltNphB HisTag This study

Tag l'gal 1 ! g

pDio-NphB S. cerevislagp e S. cerevidiap e p 4 This study

G286S/Y288A l'gal 1 ! gl gal 80

pDio-NphB S. cerevislagp e pGaltNphB This study

G286S/Y288ReGFP l'gal 1 ! g G286S/Y288AeGFP

pDio-CaHCAS S. cerevidtt®C1 pGaltTHCAS C. Schmidt

pDio-NphB S. cerevislagp e pGaltNphB This study

G286S/Y288AHIssTag ! gal 1 | g G286S/Y288A

His-Tag

pDio-NphBQ295FHis-
Tag

S. cerevislagp e pGaltNphB Q295F

l'gal 1

I g His-Tag

M. Donner

pDio-NphB
A232S/Y288WHis-Tag

S. cerevislagp e pGaltNphB

l'gal 1

I g A232S/Y288V
His-Tag

M. Donner
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4.2 3 Genomic integration

For singlecopy integration int8. cerevistrains, modified plasmids from the EasyCloneMulti
systems were used. With PCR andl Kidgh-Fidelity 2X Master Mix (NEB-rankfurt am

Main, Germanyjhe integration cassette was amplified, including primers that created 50 bp
overhangs homologous to the upstream and downstream regions of the flanking sequence.
From yeast gDNAsolated with the NucleoSPIDNA Yeast Kit 500- 1000 bpgragments

from the upstream and the dowaatm flanking regions of the integration site avepified
usingQ5® High-Fidelity 2X Master MiAfter the cleaup of the PCR fragments using the
NucleoSpin® Gel and PCR Clé#n Kit, concentration was determined uslagodropgV.
S.cerevisiaastransformed with 1 pg of equimolar amounts of the integration cassettes as well
as the upstream and dwitream flanking regions.

For multicopy integration into the Ty4 locus, the integration cassette and the plasmids were
digested with Notl overnigfii3]). After digestion of the integration cassette, the Bis#

purified using NucleoSpin® Gel and PCR Gléan Ki t . 10 Qg of the |
cassette was transformed into yeast using LIAC/PEG m@®ipdror cell selection, the
transformation mix was plated on a synthetic mineral salt medium without uracil and incubated
at 30 °C for B days. For a comparison of copy numbers, the production of olivetol was

analyzed using HPLQV.
All plasmids used for gamnic integration are listed in Table 11.

Table 11 List of all plasmids used for genomic integration including the strain to integrated and the
integration cassette.

Plasmid Strain Integration Casette Reference

pCFB2791 - - AddGeng13))

pCFB27910LS S. cerevisiap e p 4 pCCWI1XsOLS This study
l'gal 80 tENO2 URA3d

pCFB2791AAEl S.cerevisiag e p 4 yprzpTEFXCSAAEZ C. Schmidt

I g a;iysa tCYC1
pCFB2791 ySPO1 trpIpCCW12sOLS C. Schmidt
OLS/OAC tENO2 pTDH3
CsOAGITDH1
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4.2 4CHAC & CLOLS expression inS. cerevigae
4.2.4.1Plasmid-based Expression

For the expression te differentCOAC variantsn S. cerevis@eultivation approach was
employed that involved two precultures and one main culiurgthe transformed cells
containing the relevant plasnkidr the first preculture, 10 mL synibenineral salt medium
without leucine was inoculated with colonies from the lptdi@wing a 24hour cultivation
period at 30C and 200 rpm, 25 mL of synthetic mineral salt medium without leucine was
inoculated to an optical density @Jpof 0.1802 using the first preculturéhe second
preculture was cultivated overnight &C3and 200 rpntor the main culture, 30L of YPD
and 0.5 mM hexanoic acid were inoculated in a flask containing bafflesd@@ir0@using
the second preculturgll main cultures were cultivated in icgte for 48 h at 30 °C and
200rpm. Afterward, the cell suspension was store@0&C or directly prepared for
High-Performance Liquid Chromatography (HPLC) measurements.

4.2.4.2Expression ofgenomically integrated genes

For the cultivation of strain ySP04, the main procedure follows the method described in
chapter 4.2.4.1. It differs in the media used for the preculture, where the cells were cultivated
with YPD as the medium. The volume fa thain culture also differs; here, 10 mL of YPD

was used as the total volume and inoculated to an OD600 of 0.5.

4.2.5Feeding of different acids intoolivetolic acid producing strain

For testing the influence of the feeding of different acidic structutes production of
secondary metabolites, the strain yAPOl1 was used. The acids were dissoly@dom ddH
ethanol in dependency on their solubility (Table 4). The cultivation protocol in Chapter 4.2.4.2
only differs in that, instead of 0.5 mM hexanod; ather acids were added to the main
culture. Afterward, the cell suspension was stor2@ &€ or directly prepared for HPLC
analysis.

4.2.6 CSTHCAS & NphB expression inS. cerevisiae

For the expression of NphB GSTHCAS inS. cerevisihe transfaned cells containing the
correlating plasmid were cultivated using two precultures and one main culture. Within the first
preculture, 1l of mineral salt medium without leucine was inoculated using multiple
colonies from the plate and cultivated for 24 200 rpm and 30 °C. The second preculture

was inoculated using the first preculture to an OD600d% ® dnd cultivated overnight at
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30°C for 24 h. In the main culture, the YPD medium was inoculated to OD600 = 0.6 using
the second preculture and isalted for 48 h at 150 rpm and 20 °C. Afterward, the cell
suspension was stored -d0°C or directly prepared HPLC measurements or protein

purification.

4.2.7 Purification of NphB with Immobilized metal ion affinity
chromatography (IMAC)

For the purificabn of NphB, the yeast cells were harvested by centrifugation (3000 g, 5 min,

4 °C), and the supernatant was discarded. For each gram of the cell dry pellet, 5 mL lysis buffer
(50mM TrisHCI, 500 mM NaCl, 30 mM Imidazole, pH 7,5) was used to resuspegitsthe

To the cells, 2 mg/mL DNAse Il was addetihe cells were lysed using glass beads
(0.75 1.00mm) and vortexing (20 min;y@, 2.000 g) or by French pf@ss a pressure of
20,000psi. Glass beads were removed by centrifugation (3060ng,45°C) following a

second centrifugation (15.000 rpm, 30 min, 4 °C) to remove cell debris. The proteins were
purified using the ktaPure System (Ge Hea
column or HisTrapTM FF column (Cytiva Europa, FreiborgBreisgau, Germany).
Depending on the amount of protein to purify, a 1 mL or 5 mL column was used- The pre
equilibration of the column was performed using 10 mL or 50 mL of binding bufiét (50
TrissHCI, 500 mM NaCl, 30 mM Imidazole, pH 7.5). Aftervtaedfiltered cell solution was

loaded onto the column (1 mL/min or 5 mL/min flow rate). To remove other proteins from

the column, a washing step with 10 mL binding buffer was performed afterward. The protein
was eluted using a linear gradient of imelaedlveen 30 mM and 500 mM using the binding
buffer and elution buffer (50 mM TFHEI, 500 mM NaCl, 500 mM Imidazole, pH). The

protein was collected in 1 mL fractions, and the fractions with the highest UV absorbance were
pooled. As the last step, thesalting was performed using a PD10 column (Cytiva Europa,
Freiburg im Breisgau, Germany) to replace the buffer with protein storage bafte (&0

HCI, 200 mM NacCl, 50% (v/v) glycerol, pH 7.5). Protein concentration was determined using
NanoDr o E( Dmer mo ScientificE). The proteins

stored at80 °C until use.

4.2.8NphB /n vitro activity assay

Forin vitrassays, purified protein solved in storage buffer\50risHCI, 200 mM NacCl,

50% (v/v) glycerol, pH.5) was used. All assays were performed in triplicates. GPP was
dissolved in dd¥D, and the prenyl acceptor substrates were dissolved in DMSO. The assay

mi xture with a t omMaMgCha2imM GRPOIMID renyl acceptar,iamde d 5
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100 Qagdppotein. iTHe reaction mixture was incubated for 18 h at 37 °C and 1100 rpm

in the dark. For the termination of the assays, 2.9 volumes of acetonitrile and 0.1 volume of

formic acid were added. After incubation famirtbon ice and centrifugation byOD®), g and
4 °C for 30 min, the supernatant was storé2Da€C until usage.

For the scalap of the reactions, the concentrations of all components of the assay mixture

were similar but adjusted to a higher volume. The chosen volume for this reaction was

dependent on the amount of purified protein.

4.2.9Crude cell extract NphB/THCAS

For crude cell extract assays, cultivation leading to the expression of NphB and cultivation

leading to the expressionGA HCAS are described in Chapter 4.2.6, both avateflasks.

From both cultivation approaches, each cells with agp ©0D25 were harvested for one
assay. Harvested cell s wer e resus-p@nded
100mM NaCl pH = 7.5). Lysation was performed using glass beadd 1@@5nm) and
vortexing for 20 min at 4 °C and 2.900o remove the cell debris, the cells were centrifuged

for 20 min at 4C and 8.000 p m. For the crude cell extrac!

extract was combined, and substrates were addedwiitiMgCl2, 2 mM GPP, and 1 mM

of the aromatic acceptor, resulting in a
incubation for 24 at 37°C and 1100 rpm in the dark, the assays were terminated through the
addition of 2.9 assay volumes of acetlendnd 0.1 assay volumes of formic aéifler
incubation on ice for 15 mithe samples were centrifuged (13,000 g, 4 °C, 3@mdirhe

supernatant was stored-B9 °C until usage. All assays were performed in tripl{é8&s

4.2.10.uminescencemeasurements

Luminescence measurements were carried out using the manual for continuous kinetics

provided by L on zisorgddic pytophosphit® assay, g dnzaBNottingham,
Ltd.). For this measurement, the bioluminescence sidmattl/ proportional to the amount

t

of diphosphate present in the protein assay. The signal increases at a steady and constant rat

proportional to the diphosphate concentration over 60 minutes, resulting in a linear signal over

time. The detection limg LOuM diphosphate in total.

The measurements were performed using the FLUOstar® Omega Microplate Reader (BMG

Labtech, Ortenberg, Germany) with the following settings: The emission filter was set to

535nm with a gain of 3600, top optics were appliedd andmalization time of 0.88c was
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used. Before each measurement cycle, the plate was shaken in double orbital nrpde at 1000
for 30 s. Overall, in one hour, 31 cycles with a time of 120 s were performed.

For simultaneously carried out NphB andduase assays, the reactions were performed in a
96 wellplate with a reaction volume of g0and 2QuL of the converting and detection

reagent (PPiLightE inorganic pyrophosphate

4.2.11 PreparativeRP-HPLC

The isolation ofite NphB reaction products was performed using extraction with acetonitrile.
For a reduction of the solvent volume, probes were pooled, and the solvent was minimized
under vacuum. Purification of the assay products was performed using preparative HPLC
(Shimadzu, Duisburg, Germany), and separation was carried out using Nucleddi@r EC
(125% 21mm, 5um; Machereilagel, @iren, Germany). ddB® and acetonitrile were applied

as mobile phases A and B, respectiig. following method was used with a flow rate of 6

mL min 1 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 DD at 225 nm and collected. The solvent was removed, and the
products were dried using SpeedVac. The compounds were subniltedrfdt*C-NMR

measuremenés(109

4.2.12 Analytics - HPLC -UV detection and quantification
For sample preparation, a sample was ta&m cell suspension, the cultivation medium, or
a cel |l pell et with an ODe6®addmixedlwitib2.9vadumess p e n

of acetonitrile and 0.1 volumes of formic acid.

Samples were incubated on ice for 15 minutes and then cenatifdg§@d 16,100 g for

30minutes. The supernatant was then transferred into HPLC vials and, if needed, filtered (0.45
Qm, nyl on) . Prepar ed as s-BAD (Agiem pnfingydl 126@ r e an
Waldbronn, Germany), and the separation wasvedhusing a Poroshell 120-EC3

(2.1x 100mm, 2.7um; Agilent, Waldbronn, Germany) column. For the application,

identification, and quantification of molecules, different methods were performed.

For the quantification of OA and OL, the mobpitase consisted of ddH20 + 0.1 % formic
acid (A) and Acetonitrile (B). The flow rate was adjusted to 0.6 riLamihthe oven
temperature to 4. The following solvent composition was used in a method of
11min: 30% B for 1min, gradient from 3% to 100% B in 8min, gradient from 101 to

104



Materials and Methods

30 % in 0.5 min, 30 % C for 1ngin (70/30). For identifying and quantifying the produced
compounds, a standard mixture containing OA (95 %) purchased from Santa Cruz
Biotechnology and OL (95 %) purchased from&ijdrich was measured. Analyzation was
performed using the acquired absorbance signalshat.215

For the quantification of OA, OL, and CB&A analogs, the mobile phases A and B were
ddH-O + 0.1% formic acid and acetonitrile, respectively. A floafi@@ mL mial and an

oven temperature of 4C was applied using the following method and solvent composition
for 17 min: 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. For the deteofi OA, OL, and CBGAC5 analogs,

the acquired absorbance signals at 215 nm, 225, and 235 nm were analyzed.

For the quantification of THGE&5, CBCACS5, and their respective analogs@dH0.1 %
formic acid (A) and Acetonitrile (B) were applied asengitake. The oven temperature was
set to 40C, and the flow rate was set to 0.6 mL-Inifihe following method and solvent
composition were used0% B for 1min, gradient from 3% to 85.9% B in 21min, gradient
from 85.5 % to 10% B in 1.5 min, 10% B for 1 min, gradient from 100 % to 3@% 1

min, 30% B for 3 min. For THCAC5 and analogs, the acquired absorbance signatiat, 225
and for CBCAC5 and the analogs, the acquired absorbance signal at 255 was analyzed.

4.2.13Analytics UPLC-MS and MS/MS

For structure elucidation and assay product identification, MS and MS/MS fragmentation
measurements were performed. For these measurements, an Agilent 1290 Infinity Il UPLC
system combined with a Bruker compact MS/qTOF system equipped webtraspehy

ionization source (ESI) was used. For the separation of compounds, the same methods and
conditions as described in Chapter 4.2.12 were carried out. Samples were measured using

positive and negative mode acquisition.

oFor the source conditionsregative mode, the following settings were used: end plate offset
500 V, capillary voltage 2200 V, nebulizer pressure 4.0 bar, dry gas flow rate and temperature
12.0 L minll and 220AC, respectively. The ¢
end plate offset 500 V, capillary voltage 3800 V, nebulizer pressure 4.0 bar, dry gas flow rate
and temperature 12.0 L minll and 220AC res
90 to 700 m/z. MS/MS fragmentation was carried out in the muidireaxcinitoring mode
( MRM) using a collision energy of 36 eV
respectively. ldentification of the compounds was carried out by comparison of the acquired
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MS data and MS/MS fragmentation patterns to the correspdatdiraf reference standadds.

(108

4.2.4 Analytics- HPLC-RID

For the determination of glucose and ethanol concentration, the samples were measured with
an HPLCGRID (Agient 1260 Infinity HPLC systermsing a MetaBAC column (300 x 7.8

mm, 10 um, ISERADetecibn wagperformed using asing a refractive index detector (RID).

For the mobile phase dgbl with5 mM sulfuric acid wappliedat a flow of 0.5 mL mia.

The column temperature was set t6CGLO

4.2.1%Analytics - NMR measurement

For the confirmation of the CBGA derivatives, NMR measurements were carrggd out
ambient temperature using a Bruker6®d Avance Il HD spectrometer, resulting in 1D
(*H, 13C) and 2D¥H-H COSY, HSQC, and HMBG)MR spectroscopy datdMR spectra
were recordedwvith deuteratedMSO (MeOD) as a solvent and internal standard
(DMSO: /& 2.50ppm and/Z 39.5Ippm). The resulting NMR spectra were analyzed using
Bruker TopSpin® software.

4.2.18Molecular Docking

For the preparation of the protein, like the addition yafréen atoms and the energy
minimization, UCSF Chimef®41) was used. For the creation of protein variants based on
existing protein structure, the amino acids in the chosen positions were exchanged towards the

amino acids with the lowest energatidormation of the amino acid.

For the creation of files consisting of the substrates for docking, the program KNIME was
used169. There, the 2D structure was implemented, 3D coordinates were created, the energy

was minimized, protons were added, and the molecules were saveftilas mol2

The docking experiments weerformed using Gol@d32. For C©OAC, the binding pocket

was defined using the olivetolic acid bound in the PDB structure 5B09 and a 5 A radius around
this molecule. Afterward, the substrate was deleted from the protein structure. For NphB, the
binding pocket was defined using thendoaromatic acceptor molecule and a 5 A radius
around this molecule. While the aromatic acceptor was deleted from the protein structure file,
the prenyl donor remained in the binding pocket, as potential substrates also interact with this

molecule; otherae, calculations do not include this interaction. As a scoringrfuncti

106



Materials and Methods

ASP score was used. For each ligand, 50 GA runs were performed. The search efficiency for
the GA runs was set to 240
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|. Abbreviations

2-AG 2-arachidonoyl glycerol

Amp Ampicilin

a.u. arbitrary unit

C. sativa Cannabis sativa

CB1 Cannabinoid receptor 1

CB2 Cannabinoid receptor 2
CBGC5 Cannabichromen

CBCACS Cannabichromenic acid
CBD-C1 Cannabidiresorcin

CBD-C5 Cannabidiol

CBDA-C5 Cannabidiolic acid

CBGC3 Cannabigerovarin

CBGC5 Cannabigerol

CBGABB Cannabibenphenylgerolic acid
CBGAC3 Cannabigerovarin

CBGAC5 Cannabigerolic acid
CBGAST Cannabistyrengerolic acid
CHS Chalcone synthase

CoA Coenzyme A

CAAEL Acylactivating enzyme 1
CAE3 Acyl activating enzyme 3
CLBCAS Cannabichromenic acid synthase
CLBDAS Cannabindiolic acid synthase
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CNS

COAC

COLS

CPT4

DAD

DMAPP

E. coli

EIC

ESI

FAD

FAS

FPP

GFP

GPCR

GPP

GSPP

HIV

HPLC

HRMS

HTAL

IMAC

IPP

LB

MD

Supplements

Central nervous system

Olivetolic acid cyclase

Olivetol synthase

Cannabis sativa prenyltransera
Diode array detector

Dimethylallyl diphosphate
Escherichia coli

Extracted ion chromatogram
Electrospray ionization

Flavine adenine dinucleotide

Fatty acid synthase

Farnesyl diphosphate

Green fluorescent protein

G proteircoupled receptor

Geranyl diphosphate

Geranyl thiolodiphosphate

Human immunodeficiency virus
High performance liquid chromatoraphy
High resolution mass spectrometry
Hexanoyltriacetic acid lacton
Immobilized metal ion affinity chromatography
Isopentenyl diphosphate
Lysogeny broth

Molecular dynamics
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MEP

MVA

N. benthamiana

OA

2-O-GOA

OL

P®CL

PDAL

PNS

S. cerevisiae

STS

THC-C5

THCA-BB

THCA-C3

THCA-C5

Wit

YNB

YPD
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2-methyid-erythritot4-phosphate
Mevalonic acid
Nicotianbenthamiana

Olivetolic acid

2-O-geranyl olivetolic acid
Olivetol

Phenylacetat€0A ligase

Pentyl diacetic acid lactone
Peripheral nervous system
Saccharomyces cerevisiae
Stilbene synthase

( T-thand Qetrahydrocannabinol
Tetrahydrocannabibiphenylic acid
Tetrahydrocannabivaranic acid
Tetrahydrocannabinolic acid
wild type

Yeast nitrogen base

Yeast Extract Pepton Dextrose Medium
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