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| Introduction Flowering plants and Chloranthaceae

| Introduction

1 Flowering plants and Chloranthaceae

2 KIFG ¢S NBFSNI G2 Fa WL FyYyGdaQ Anxfilliod getid (Ra)Af & f )
when the first common ancestor of green algae and Embryophyta managed the transition
from aquatic to terrestrial habitat. Since then, plants have evolved amiedaa variety of

traits, both of morphological and chemical natuidcCourt et al. 2023)The common term
WFE26SNAY3I LI IFTYydaQ NBFSNE (2 GKS DevYy2aLISNY
295000 to 369000 species and make up about 80 t&e9ff all (lad) plants(Stevens 2001;
Christenhusz and Byng 2016; Lughada et al. 2016) being the most diverse group of land

plants (Christenhusz and Byng 20@6) | | gAy 3 3L AYySR GKSANI yI YS
O2yGlFrAYSNI YR WAaLISNXYIQ ' aSSRXY ! y3aA2aLISNXI S
other group of spermatophyta, the Gymnospermae, which are differentiated by the

dzy Sy Ot 2 a SR & S &4t Both, Wagbapgidae end Gymyldspermae, belong to the
Embryophyta (land plants), a clade that alsoludes hornworts, liverworts, mosses,
lycophytes and polypodiophytes. The Angiosperms can be divided into several main groups,
which are listed in the following by their phylogenetic ord8tevens 2001; The Angiosperm
Phylogeny Group 2016 he first three monophyletic clades, encompassing Amborellales,
Nymphaeales, Austrobaileyales, are referred to as ANA grade and are followed by three
branches, consisting of Chloranthales, Magnoliids and a branch, which separates into
monocots, CeratopHiales and eudias. The family Chloranthaceae is the only family in the

order Chloranthales, which is placed at the base of the angiosperm phylogeny tree, next to
the ANA grade. Chloranthales shared a common ancestor with magnoliids (Magnoliales,
Laurales, Piperales, Cdla¢es) and the branch, which is separated into monocots,
Ceratophyllales and eudicof$he Angiosperm Phylogeny Group 2016)

Chloranthaceae include four genera, namelgdyosmuntSw.,Ascarinal.R.Forst & G.Forst,
ChloranthusSw., andSarcandraGardner, amounting to 69 to 77 speci@hristenhusz and
Byng 2016; Guo et al. 20POWO) Chloranthaceae are typically trees or shrubs, native to
tropical, mountainous regions of Asia, the Philippines, or Middle and South Anle@& Q)
Morphological features shared by Chloranthaceae are the reduced, often unisexual flowers
with an inconspicuous perianth, swollen nodes at the stem, and the liberation of aromatic
substances when leaves get damag@&DWO) Another common feature are evergreen,
undivided, simple leaves, situated opposite at the stem.
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The largest genus of the Chloranthacealléslysomunsw., covering 41 to 46 speci@§FO;

Brach and Song 200@Floras POWQ Hedyosmumd WK SR& Q I FNF ANI yiGZ Wz
trees or erect subshrub&igure 1 A and)Band are typically found in tropical Central or South
America, excepH. orientale which is native to Southern China, Vietham, and Indonesia
(Stevens 2001)The genusAscarinaJ.R.Forst. & G.Forst includes 12 accepted species and
describes medium to large treeBigure 1 C and)Dwhich ae mainly located in primary rain

forests or mountainous forests in New Guinea, but some species were also found in Borneo,
Madagascar, New Zealand, and other islands in the Pa@fievens 2001 (POWO)
ChloranthusSw. encompasses a total of 15 to 17 evergreen subshrubs or legosd 1 E and

F), native to Eastern and Southern China, Japanyell as th&hilippinegStevens 2001; Brach

and Song 200QeFlorasPOWQ» ¢ KS y I YS O02YS&a FNRBY DNBS] WiF
= flower, referring to the gren flowers. The genuSarcandraGardner includes only one

species, of which one variety and two subspecies are accdp€®; Brach and Song 2006)
(eFloras)Sarcandracan be found in tropical to subtropical Asia (China, India, Malesia, Japan),

and the one subshrubpecies is characterized by the hairless legBgach and Song 20p6
(eFloras)Figure 1 G and)H

The phylogenetic placement of the Chloranthales is subject to genetic and morphological
studies, and the Chloranthales are traditionally proposed to be a sister clade to the magnoliids
(The Angiosperm Phylogeny Group 201Bpsitioned at the beginning of the angiosperm
phylogeny, the Chloranthales play a crucial role, together @&hatophyllumin clarifying the
relationships of monocots, magnoliids and eudicdStevens 2001; The Angiosperm
Phylogeny Group 2016; Shen et al. 2QFfQure 2, A Recentlyinformation was added to the
discrepancies within the internal phylogenetic relationship of Chloranthaceae and the
placement within the angiosperm phyloge(lyin et al. 2025)Analysis of mitochondrial genes
leads to the placement of the Chloranthales together with the Ceratophyllales, after
separation of magnoliids and monocots, shortly in front of the branch of eud(tatset al.
2025) (Figure 2 B Following this, the phylogenetic placement of early angiosperms is still
unclear. Previous studies proge an early branching éfedyosmumfollowed by separation

of Ascarinaand, finally, a splitting ofChloranthusand Sarcandra(Figure 2 £ Here,
phylogenetic relationships were deduced from morphological t@isyle et al. 2003; Eklund

et al. 2004; Friis et al. 202d) a small nucleotiddased datasefZhang and Renner 2003; Qiu

et al. 2007; Zhang et al. 201I)his placement is supported by the synthetic tree of life
(OpenTreeOfLife et al. 2019 later studies, genomic data based on 353 genes conclude an
early separation o€hloranthusthen a branching dledyosmumand a closer relationship of
Ascarinaand SarcandrgFigure 2 (Baker et al. 2022; Zuntini et al. 20ZBOWO)
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A:H. braS|I|enseIeaves B: H. brasiliensdemale inflorescence

Figure 1Plant parts of Chloranthaceae speciAsLeaves of—ledyosmum brasiliengpicture

115647194, ©Victor Farjalla Pontes/vfarjall®6.03.2021iNaturalist 23.04.202); B:female

inflorescence  of Hedyosmum  brasiliense (picture 264390428, © Camilla
Botelho/camillabotelhg 28.03.2023iNaturalist 23.04.2025; C: Ascarina rubricauliteaves
(green) and inflorescence (red) (picture 237113627, © herevevan, 14.07 [#9aturalist
27.02.202%); D: Ascarina rubricaulidruits (black) (picture 167069711, © Pietk®uis
Stenger/pl_stenger, 30.10.202Naturalist 27.02.202B; E:a pair of leaves fror@hloranthus
spicatug© Paul Bomeke}::inflorescence o€hloranthus spicaty® Paul Bémeke)s:young
Sacandra glabrg© Paul Bémeke): inflorescence oBarcandra glabré© Paul Bomeke)



| Introduction Flowering plants and Chloranthaceae

A: external phylogeny of Chloranthaceae | B: external phylogeny of Chloranthaceae II
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Figure 2.Phylogeny of the Chloranthacead: External phylogeny of Chloranthaceae |,
according to The Angiosperm Phylogeny Grou{2016) B: external phylogeny of
Chloranthaceae I, according fbin et al. 2025)C:internal phylogeny of Chloranthaceae | and
separation ofAscarina Chloranthusand Sarcandran million years (MajDoyle et al. 2003;
Zhang and Renner 2003; Eklund e2@D4; Qiu et al. 2007; Zhang et al. 2011; OpenTreeOfLife
et al. 2019; Guo et al. 2021; Friis et al. 20d4)egreydot symbolizes genome duplicatioD:
Internal phylogeny of ChloranthaceagBlaker et al. 2022; Zuntini et al. 20Z8OWO) The

ANA Grade and the order Chloranthales are highlighted by a grey frame. A dotted grey line
symbolizes the emergence from a last common ancestor.

Nevertheless, the first hypothesiBigure 2 £was confirmed by an analysis of the genome of
Chloranthus spicatysvhich supports the hypothesis of Chloranthales being a sister clade to
Magnolids followed by a genome duplication about 228 ago(Guo et al. 2021)Thestudy
places the last common ancestor A$carina Chloranthusand Sarcandraabout 46.0Ma ago

and the separation o€hloranthusand Sarcandraabout 32.2 Ma ag@dGuo et al. 2021)Since

this report did not include genomic data Hedyosmumthe placement of this genus was not
mentioned(Guo et al. 2021)The age of the Chloranthaceae is estimated to be at least in the
range of 12(Ma (Stevens 2001; Magallon and Castillo 2009; Friis et al. 2B843il findings
from the Lower/Early Cretaceous period (143.1 to 10@& ago) showed a high diversity,
prominence, and early existence aktaceous Chloranthoids, including the lineage of extant
ChloranthaceaéFriis et al. 2024 Findings on cretaceous Chloranthoids, which include at least
seven extinct generéFriis et al. 1986)are based in fossil findings from poll@@ouper 1958;
Doyle 1969; Muller 1981; Walker and Walker 198é&nves(Upchurch 1984)as well as
androecedFriis et al. 2024)Thus, extinct Chloranthaceae could supposedly have been eaten

4



I Introduction Organism of investigation: Sarcandra glabra

by herbivorous dinosaurs of the Cretaceous, such Hsceratops Hadrosaurus
Parasaurolophusr Iguanodon(Bakker 1978; Butler et al. 2009; Barrett 2014; Chiarenza
2024)

2 Organism of investigationSarcandra glabra

The smallest genus of the Chloranthace@arcandraGardner, consists of only one species,
Sarcandra glabrgThunberg) NakaiNakai 1930p wal N] 2aQ I Ff SaKZ Wl yR
hairless), which also includes the vari8grcandra glabraar.melanocarpgVerdcourt 1985)

and two subspeciesS@rcandra glabraubsp.brachystachy$Blume) Verdcg(Verdcourt 1985)

and Sarcandra glabraubsp.glabra) (WFO; Brach and Song 200Q€&frloras)S. glabrawvas first
described by C. P. Thunberg in 179B&slhia glabrarhunberg(Thunberg 1794and later

also asArdisia glabra(Thunberg) de Candoll@le Candolle 1834and Chloranthus glaber
(Thunberg) MakindMakino 1902) The evergreen subshruB. glabragrows up to 1.5n
(Figure 3 A\ possesses erect, cylindric, green or datt stems with swollen nodeand either

small petioles or leaves attacheBigure 3 G4 and ) (Stevens 2001; Brach and Song 2006)
(eFloras POWQ Two green, opposite leaves grow from one node and are elliptic to ovate,
with a length of about 6 to 26m Figure 3 F and Y&Stevens 2001; Brach and Song 2006)
(eFlorasPOWQ. Besides the leavdxing hairless and possessing coarsely serrate edges, they
have a distinct aroméStevens 2001; Brach and Song 2006; Chu et al. 28R2@yas POWQ
Terminal inflorescences (spikes) appear over the whole year and consist of branched pedicels
with 10 to 30 round carpeld={gure 3 B One fleshy anther each is connected to a carpel and
two thecae are laterally attachedrigure 3 C and)DFruits, being drupes from a botanical
perspective, develop over several months and change fgyaen to orangeed durirg
ripening (Figure 3 E). The plants have a plethora of uniform rébtsraging can be observed,

as the young roots have a white tigigure 3) and older roots develop secondary roots (Figure

3 K). S. glabracan be found in forests, thickets, valleys, ravines, slopes, roadsides, trailsides,
grasslands, swamps, streamsides and sandy soil from sea levels up tm 2868/ens 2001;
Brach and Song 200&Floras POWQ The plant is distributed from Korea and Japan, over
the Ryukyu islands to Taiwan, argddlso native to central and southern China, Vietnam,
Malaysia, and the PhilippindStevens 2001; Brach and Song 20@#)oras POWQ. Both
subspecieshave a slightly different morphological appearance and can be identified by
differences in the size of the anthers compared to the star{\erdcourt 1985; Todzia and
Keating 1991; van der Vossen and Umali 2001; Tang et al.. 202 distribution of thes.
glabrasubsp.glabrais different since it is endemic to Sri Lanka and IrtBiach and Song
2006)(eFloras)
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A: tip of a shoot B: inflorescence C: carpel and stamen

© Paul Bomeke

© Paul Bomeke

D: stamen andanthers E: fruits in different ripening stages

F:leaves

© Paul Bomeke . © Paul Bomeke

K:old roots

2Pau Bomeke

Figure 3.Different plant parts ofSarcandra glabraA: Tip of a shoot, including leaves and
inflorescenceB:inflorescence including carpels and stami@asingle carpel, with the stigma
orientated to the top and the yellow stamen to the rigld; single stamen with one bright
yellow anther on each sid&:fruits in different ripening stages::leaves of different size€:
shoot axis including two nodes and leawva the top nodeH: youngstem partsof different

J:youngroots

S AN
P

© Paul Bomeke
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colors I: old stem partsncluding nodest young roots and root tigK: old roots with smaller
roots branching off

2.1 Ascarinarubricaulis a related species

The genug\scarinacontains 12 accepted species, with one of thé&scarinaubricaulisSolms

0 WNXzo NIeddtedas) Hesadving special attention, on accooiits transcriptome being
availablefrom databases, which enables transcriptomic resed8tlevens 2001; Carpenter et

al. 2019; LeebenBlack et al. 20190POWQO)The species is native to the mountainous, tropical
forests of New Caledonia and was first described by Solms in 1869 as a shrub or small tree
with leathery, serrate leaves, swollen nodesd a red stem, while the fruits are drupes, which

are organized in terminal spikeBigure 1Cand D). So far, onhA. lucidahas been analyzed
phytochemically, and 15 flavonoids were identifi@bltis and Bohm 1982pther species are

also barely investigated, but there are reports about medicinal use of fruits and leayes of
philippinensigo promote health or to treat feverglorim et al. 2012)

3 Specialized compounds Barcandraglabra and their importance

Natural products are typically small molecules with potent biological activities, isolated from
plants, fungi, bacteria, or other natural sources. In this work, the definition of natural products
is used with a focus ometabolites from the secondary or specialized metabolism of plants.

The drugSarcandradnerba is described as the dried herbS#rcandra glabréThunb.) Nakai,
which is collected and processed during summer and autumn. The drug is also referred to as
Wi K2y 3 (Wdyer efab goA®nd has a long history in China, with first reports during
the Tang dynasty (617 to 907 eng et al. 2021)The first mention of its medicinal use
occurred during the Qing dynasty (1636/1644 to 19(Z9ng et al. 2021)and Sarcandrae
herba was implemented into the Chinese Pharmacopo8iace then, it is still used by
different Chinese ethnicities nowadafBang et al. 2024All plant parts of. glabraand to a
lesser extent the subspeci&s glabrasubsp.brachystachisare traditionally used and hence

are in the focus of phytochemical and pharmacological investigaiibasg et al. 20245.
glabra has its use in Traditional Chinese Medicine and several effects are described for
preparations of different plant parts, such as the whole plant, the herb (aboveground plant
parts), the stens, the leaves, or the root@Vagner et al. 2015; Chu et al. 2023; Tang et al.
2024) Of the 50 Chinese pharmaceuticals with Sarcandrae herba, mentidreet) et al.
2024) single extracts of the herb can be used, but most preparations are combinations of 5
to 10 herbal drugs (just to mention a feRhei radix, Strychni semen, Glycyrrhizae radix et

7
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rhizoma, Salviae miltiorrhizae radix et rhizonwa other substances, such as essential oils,
synthetic or animal substances. The dosage form of the application varies, for example, from
capsules, decoctions, granules, tablets or extracts, and even formulations of nanopatrticles are
mentioned(Huseynov et al. 2024; Rosic et al. 2024; Tang et al. 20Bd3¥e preparations are
mainly used on accourtdf their antrinflammatory effects, such as in the treatment of a sore
throat, pharyngitis, influenza, pneumoniappendicitis, bruises, rheumatism, and wound
infections Positive effects are mentioned in the therapy of malignant tumas additional
medication to prolong lifespan or to improve life qualiWagner et al. 2015; Tang et al. 2024)
During the COVHD9 pandemic, the treatment of SARR®\V2 infections with Sarcandrae
herba was also recommended by the Chinese governifigatt al. 2020)Going beyond that,

a tremendous number of pharmacological effects is mentioned, ranging from anti
inflammatory, antitimor, antioxidative, antimalarial, immunomodulatory, antibacterial,
antiviral, and anti-thrombocytopenic effects to hepatoprotective, hypoglycemic,
hypolipidemic and many more pharmacological effe@@$iu et al. 2023; Tang et al. 2024)
Effects of extracts or isolated compounds frog glabra(or from S. glabrasubsp.
brachystachis on clinical parameters were shown in variaasvitro or in vivo studies on
isolated cell lines, rats, or mi¢€Ehu et al. 2023; Tang et al. 202Bhasd clinical studies were

not mentioned. Since the history of the use of Sarcandrae herba as a traditiedatime was
reported (Zeng et al. 2021}he safety of regular uptake of its preparations may be given, but
potential health benefits still remain to be consolidated. While some significant
pharmaceutical effects were achieved by single compounds, it is still reasonable that some
effects derivefrom the mixture of substancesontained in plant extracts. Studies on
cytotoxicity, combinations of drugs, safety or lefgm use are mostly missing, except for
basic toxicology tests, such as the Ames test, a m@perm deformity test, and the bone
locus cell micronucleus te§tang et al. 2024)

A broad spectrum of natural products has been foundSinglabra.In the last years,
phytochemical investigations dB. glabrahave accumulated. In a review from 20Zeng et

al. 2021) 212 compounds were reported, mentioning roughly 110 terpenoids, 40 flavonoids,
30 organic acids, 10 coumarins and several other substances. Only two years later, a more
recent review on the phytochemistry &. glabrdisted 413 compoundgChu et al. 2023)in

the most recent repor(Tang et al. 2024162 compounds were ated, having been isolated

from different organs o8. glabraand its subspecies, among them 267 terpenoids of different
types (including sesquiterpenoids (eudesmane, eudesmane dimers, lindenane, lindenane
oligomers, germacrenes, eremophilanes, aromadendranes, elemanes, guaiane, cadinene,
other), monoterpenoids, dérpenoids, triterpenoids, meroterpenoids), 26 coumarins, 13
lignans (including lignan glycosides and neolignans), 82 flavonoids (chalcones, anthocyanidins,

flavones, flavonols, flavanols, dimerftavonoids), 43 organic acids and various other
8
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substances, such as 4 anthraquinones, 11 alcohols, 5 sterols, alkaloids, alkanes, lactones,
amino acids, trace elements and polysacchari@leang et al. 2024)Some natural products

were only found in certain plant parts or are uniquesoglabraincluding exclusive flavonoids,
triterpenes, several diterpenes or meroterpenoi@hu et al. 2023; Tang et al. 2024)

Among the most important components for assurance of the quality of the plant material,
advised by the Chinese Pharmacopo@agner et al. 2015)are isofraxidin, fumaric acid,
chlorogenic acid (CA) and CA derivatives, caffeic acid, and rosmarinic aclide®)4 A and

B). Significance for the pharmacological effects is assigned to these subs{@a®®t al.
2012; LIU et al. 2018; Tang et al. 2024)

Isofraxidin is a coumarin, which was foundsinglabraafter methanolic extractiorfZheng et

al. 2003) The compound or its glucosides, may take part in the antitumor or antibacterial
effects. These effects are linked to the inhibition of the proliferation of human promyelocytic
leukemia cells and the inhibition of the growth $faphylococcus aurei$ang et al. 2024)
Additionally, fumaric acid was found 8arcandraderba(Zheng et al. 2003)nd is stated to
have antibiotic and antitumor propertigg ang et al. 2024)

RA Figure 4 Awas detectedn Sarcandrae herbaith concentrations of 0.25 to 1.%(Zhu et

al. 2008) The purified substance showed inhibition of the proliferation of MDB:231 cells,

induced apoptosis, reduced oxidative stress by inhibiting lipid oxidation and NO production
(Sadeghi et al. 2020; Tang et al. 2624)! RS NRA G (-DB3SglueFide(d efal.w! n Q
2017) was tested in mice and rats for the reduction of swellings and a modulation of
inflammatory cytokines(Liu et al. 2017) Moreover, a reduction of cell migration and
infiltration was detected(Liu et al. 2017)Additionally, an immunomodulatory effect is
suggested since effects on viral pneumonia in mice and increased expression of CD41a and
CD61 on cell surfaces of a cell model were dete(ieahg et al. 2024)he isolation of methy!

and ethylrosmarinic acid was mentioned in other studi&su et al. 2008; Tang et al. 2024)

Other phenolic acids, such as CA, neochlorogenic acid (nCA), cryptochlorogenic acid (cCA),
caffeoyt3-, -4-, -5-O-shikimic acid, caffeic acid 3gdhydroxyphenethyl ester, and benzy 2
glucopyranosyloxybenzoate were detected, statBagcandraderba as a rich source of those
substancegLi et al. 2011; Wu et al. 2012; Zhang et al. 2019; Zeng et al. 2021; Chu et al. 2023)
(Figure 4 A and)BMethyl esters of nCA, cCA and CA were also fouSdgtabraTang et al.

2024)
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-

OAR

CA was combined with RA and isofraxidin in different concentrations to simulate the
combination of compounds frorBarcandraénerba. The mixtures were tested on rats with
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induced acute lung injury, arttie inflammation was reduce(Liu et al. 2020Extracts with a
concentration of CA of 0.026g/ml showed inhibition of HAL protease and cathepsin L
protease of SARS0V2, thus promoting antiviral activity &. glabraextracts(Pan et al. 2022)

In tests with caffeic aci®,4-dihydroxyphenethyl ester, antitumor activity was shown by
initiation of tumor senescence and enhancement of ubiquitépendent degradation of a
protooncagene (Dong et al. 2011; Guo et al. 2013; Tang et al. 20@xlyeneral, several
phenolic compounds, isolated from aerial plant parts 8f glabra including RA,
methylisorinate, caffeoyb-O-shikimic acid, and caffeic acid, showed antiammatory
effects(Shin et al. 2004; He et al. 2009; Moon et al. 2010; Wei et al. 2013; Yang et al. 2013;
AmbrizPrez et al. 2016)and some of them displayed inhibition of AF. | OG A @A (& o @&
reduction of cytokine productiofiTsai et al. 2017)

3.1 Rosmarinic acid, its biosynthesand related compounds

The ester of caffeic acid and 3jhydroxyphenyllactic acid (DHPL) is named RA, which was
first isolated fromSalvia rosmarinuésyn.Rosmarinus officinalisand the chemical structure
elucidated (Scarpati and Oriente 1958)The presence of RA is wkitlown for the
Nepetoideae, which is a subfamily of Lamiaceae, and Boraginabeaieles, RA has been
found all over the plant kingdonfPetersen and Simmonds 2003; Petersen et al. 2009;
Petersen 2013)Today, reports of RA range from many eudicot (i.e. Ap@cBalanaceae,

Brassicaeae, Fabaceae) and some monocot families (i.e. Cannaceae, Poaceae, Zosteraceae) to

Chloranthaceae and one detection in Nymphaeadgdddin et al. 202Q)to findings in some

fern families, such as Blechnaceae and Dennstadtia@¢adorne 1966; Bohm 1968; Tsumbu

et al. 2012) Additionally, the presence of RA was confirmed in hornworts, suémémceros
punctatusandA. agrestigTakeda et al. 1990Recently, the occurrence of RAAimus coulteri

and P. pinastewas reported, which could be the first mentions of RA in Gymnosperms, but
since thePinusextracts were only analyzed by HPLC, misinterpretations cannot be ruled out
(Merah et al. 2018; Ferreir8antos et al. 2020Regarding Chloranthaceae, the presence of
RA was observed only in the following species (representing 5 of about 70 sp8cglabra
(Tang et al. 2024 hloranthus officinali@Petersen et al. 2009¢.fortune (Shi et al. 2023C.
multistachys (Ma et al. 2017)and Hedyosmum brasiliensfAmoah et al. 2015) Other
Chloranthaceae are not subject to current research, as they are rather inaccessible or rare due
to their native distribution or missing use in traditional medicine. The presence of RA does not
seem to be limited to certain taxa, families or evedens, yet the arbitrary occurrence in the
plant kingdom needs to be understood.

In addition to RA, two typical derivatives can be found in Chloranthaceae, except for RA methyl
or ethyl esters, which may be artifacts from the isolation process. Caiffe6yl
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hydroxphenyllactic acid (= isorinic acid), first isolated frbielicteres isoragMalvaceae)
(Satake et al. 1999)s a biosynthetic precursor of RA, missing one hydroxyl group in C3'
position. The compound was detected $ glabra(also as methyl ester) (Tsai 2010,
multistachygMa 2017) (also as methyl ester) addbrasiliens¢Amoah et al. 2018) wO n Q

i -D-glucoside was also first detected litelicteres isordMalvaceae)Satake et al. 1999nd

later in stems ofS. glabra(Liu et al. 2017; Tang et al. 202#)terestingly, no RA glycosides
GSNBE T2dzyR Ay 20§KSNJ / K{-@iNdghfcoside WS lisflated Bom F | NI
Anthoceros agrestieell culturegVogelsang et al. 2008pther compounds related to RA, can
(simplified) be described as having a RA core structure and-@rerG20 linked to a second

RA or caffeic acid molecu(ezeshki and Petersen 2018ut so far, such substances, for
example, lithospermic acid, salvianolic acids (A and B), megacerotonic or anthocerotonic acid,
and melitric acids, have not been detected in Chloranthaceae.

Lamiaceae, such &denthaspec. andPlectranthus scutellarioidgformerly known asColeus
blumel, served as the model species for the discovery of the biosynthetic pathway(&iIRA
and Towers 1970; Razzaque and Ellis 1977; Petersen et al. $883) then, major pieces of
the biosynthetic pathway were also discovered in other species, su8alag miltiorrhiza
(Ma et al. 2015)Melissa officinaligPetersen 2013Anchusa officinali@©e-Eknamkul and Ellis
1987; Mizukami and Ellis 1991)thospernum erythrorhizor{Yamamura et al. 2001; Matsuno
et al. 2002)and Phacelia campanulariéLevsh et al. 2019Recently, the complete pathway
was discovered, and its enzymes functionally characteriz&d giabrgLi et al. 2024)

In the following, RA biosynthesis is shown and explained based on the findPigstiranthus
scutellarioidedy Petersen et al(1993) inPhacelia campanulariay Levsh et al(2019) Salvia
miltiorrhiza(Di et al. 2013and inSarcandra glabrd.i et al. 2024(Figure 5. RA is constructed
by a series of seven (or eight) enzymes.

The biosynthesis starts from the aromatic amino acigeenylalanine and-tyrosine, derived

from the shikimic acid pathway. Th&{4-hydroxyphenyllactic acid (pHPL) part of RA is

created by the successive reactions of tyrosine aminotransferase (TAT) and
hydroxyphenylpyruvate reductase (HPPHBig@re 5, blue frame TAT catalyzes the
pyridoxalphosphatalependent transamination aftyrosine by transferring the amino moiety

to 2-oxoglutaric acid and, thus, formshydroxyphenylpyruvic acid andglutamic acid as

I RRAGAZ2YI € LINE RdzO & ¢KS a 0 ketds 2900udS XA FA O NE
hydroxyphenylpyruvic acid is performed by HPPR undesumption ohicotinamide adenine
dinucleotide (phosphateNAD(P)H and pHPL results.

Three enzymes, namely phenylalaniammonialyase (PAL), cinnamic aciehyidroxylase
(C4H),and 4-coumarate CoAigase (4Cl tonstitute the general phenylpropanoid pathway

and transformi-phenylalanine tg-coumaroylCoA Figure 5, green fram)e
12
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Figure 5.Rosmarinic acid biosynthetic pathway, based on the findings in Lamia
Boraginaceae and Chloranthaceaelapted fron Petersen et al(1993) Seven enzyme:
are taking part: TAT and HPPR lead fretgrosine to R-4-hydroxyphenyllactic acid (blus
frame); PAL, C4H, and 4CL convgrhenylalanine intgp-coumaroylCoA (green frame)
RAS combines both molecules, and the resulting estprcoumaroy(R)-4-
hydroxyphenyllactic acid, is subsequently hydroxylated in both OB R -positid®s by
/ol YR /0Ql3Y gKAOK fSIFRa (2 NRAYINRY
arrows mark origins from other metabolic pathways or further possible brast¢owards
other compounds or modifications. Grey arrows indicate the proposed RA biosynthe
Salvia milthiorrhizéMa et al. 2015)Newly introduced groups and linkages are colored r
TAT: tyrosine aminotransferase, HPPR hydroxyphenylpyruvate reductase,PAL:
phenylalanine ammoniyase,C4H:cinnamic acid 4ydroxylase4CL:4-coumarate CoA
ligase,RASrosmarinic acid synthasé, o | k / G321 -b¥Broxylase
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The entry point is the deamination efphenylalanine tdarans-cinnamic acid via PAtrans-
Cinnamic acid is then hydroxylated at C4 by C4H under consungbtdhDPHand Q. C4H is

a cytochrome P450 (CYP) monooxygeraaskalso known as CYP73. Activatbp-coumaric

acid is accomplished by formation of a coenzyfn@oA) thioester via adenosine triphosphate
(ATP)dependent catalysis of 4CL. Both branches are brotgggther byesterification ofp-
coumaroyiCoA and pHPLThe reaction is catalyzed by rosmarinic acid synthase,(RAS
hydroxycinnamoylCoA:4hydroxyphenyllactate hydroxycinnamoyltransfergsavhich is a
representative of the BAHD hydroxycinnamoyltransferases (HCTs). CoA is released and
eventually reused. Besidep;coumaroylCoAis used for the formation of lignin, lignans,
monolignols, flavooids, coumarins or other compound®etersen 2013) The resulting
product, p-coumaroyin -fydroxyphenyllactic acid, is finally hydroxylatedneta-position by
CYP98, an aromatimetaK @ RNRPE&f | &S 6/ ol k/ o QI pare ukligeR | I+ A
(Figure 5, purple frame Currently, it is unresolved whether one or two isoforms of an enzyme
are responsible for G3 Yy R -hydmxXylation. CYP98A14 froRiectranthus scutellarioides
was able to perform hydroxylation at both sites, but {ireoumaric acid residue was strongly
preferred(Eberle et al. 2009)nPhacelia campanulari@goraginaceae), instead, two isoforms
(PsCYP98A112 and PsCYP98A113) could selectively introducertimedHo either the p€

or the pHPipart of RA(Levsh et al2019) Studies with E-radiolabelled phenylalanine i8.
miltiorrhiza revealed an alternative route, via coupling picoumaroytCoAwith DHPL, in
which the resulting p@OHPL isneta-hydroxylated at C8Di et al. 2013)The resulting RA may

be stored in the vacuol€Chaprin and Ellis 1984; Petersen et al. 1988Y derivatives of RA
may result from glycosylation, coupling with another RA molecule or addition of caffeic acid
and/or DHPL(Xiao et al. 2009; Di et al. 2013)

3.1.1 The role of rosmarinic acid in plants and humans

Little is known about the importance of RA as a potential asset for plants, but the
accumulation in plants may have benefits. Protection against pathogens or advantages for the
defense of herbivores are suggestéBetersen and Simmonds 200&8hd U\protecting
properties were showriSanchexzampillo et al. 2009)WWhen the influence of different light
sources and the leaf temperature was tested Riectranthus scutellarioidesigher leaf
temperatures were correlated with a lower amount of RA, whereas a highession of blue
light led to a higher total accumulation of RBG6rr et al. 2019)Investigations orMentha
spicataalso found elevated levels of RA by reduced temperatifdstcher et al. 2005)
Furthermore, the induction of stress iMelissa officinaliplants by exposition to ozone
resulted in an upregulation of the RA biosynthesis and increased RA concent(Blimimsy et

al. 2014)
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Antibacterial, antinflammatory, antioxidative, antihyperglycemic, amnicancer,
neuroprotective, hepatoprotective and antiviral activities, as well as antifungal properties, are
proposed for RA. The clinical relevance, however, is questionable sinsedpilly degraded

and has poor bioavailability in mice and réarnham and Kesselring 1985; Bulgakov et al.
2012; Guan et al. 2022 clinical studies, small benefits in the treatment of dermatitis and
allergic rhinoconjunctivitis were observé@salabe et al. 2004; Lee et al. 2008) Germany,

RA is used in extracts bfelissa officinaligor the treatment ofHerpes simplekfections.

3.2 Chlorogenic acid, its biosynthesad related compounds

¢tKS O2ftftSOGABS GSN)XY WOKf 2 NEaasSydbx@cinhaia &@ Sy O:
and 1-(-)-quinic acid (later only referred to as quinic acid). They are often found in many
different plant specie¢Sondheimer 1958 and the term can also be widened to include rather

distantly related compounds, such as quinic acid epimers, methyl esters, or hydroxybenzyl
esters(Cliffordetal. 2017 LYy (KA & 62N] I WOKf2NR3ISYAO | OAR
caffeoyt5-Olj dZA Y AO | OARXZ gKAES WOKf2NRISYAO | OARAQ
interest are caffeoy#l-O-quinic acid = cryptodbrogenic acid (cCA) and caffe@yD-quinic

acid = neochlorogenic acid (nCA). Since the stereochemistry of quinic acid is rather complex,
especially after acylation of the hydroxyl moieties, the nomenclature recommended by
Abranko and Cliffor@2017) is followed throughout this work and displayed in detalrigure

4 A andB and inBémeke and Petersef2025) Thisnomenclature is based on the principles
recommended by IUPAC and the numbering 6-)tquinic acid. Reports of the isolation of

CA from greeiCoffea arabicdeans reach back to the #@&entury(Robiquet 1837; Rochleder

1844; Payen 1846)he structural formula was later resolv@éischer and Dangschat 1932)

followed by the isolation and identification of additional chlorogenic acids having more than

or other than caffeoyl moieties attache@Clifford et al. 2017) Chlorogenic acids are
extensively investigated as dietary compounds since they are present in food and everyday
beverages sth as apple juice, green and black tea, coffee, anadé (lex paraguariens)s

(Clifford et al. 2017) Depending on the plant source and the extraction method,
concentrations of 46 to 166@M were achievedClifford and Ramireklartinez 1990; Clifford

1999; Kahle et al. 2007; Crozier et al. 2012; Moeenfard et al. 20t4d$, regular human intake

in high amounts is assumé@lifford et al. 2017)The metabolization of CA IbJomo sapiens

possible health benefits, the analysis of various derivatives, and extraction methods are
extensively investigated and newed (Clifford 1999; Kweon et al. 2001, Clifford et al. 2017,
Wianowska and Gil 2019; Alcazar Maganfa et al. 2021; Reine Judesse Soviguidi et.al. 2022)

Chlorogenic acids are widely distributed in ghlant kingdom, with reports in angiosperms,
monocots, Chloranthaceae, gymnosperms, ferns, and mdSsesiheimer 1958; Bohm 1968;
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Abdullah et al. 2008; Singh et al. 2011; Afendi et al. 2012; Clifford et al. 2017; Hofmann et al.
2020; Alcazar Magafna et al. 2021; Wolski et al. 2021; Chen et al. 2023; Shi et al. 2023)
Nevertheless, the absolute content in these plants may vary strongly from high accumulation
to rather speculative reports in single spediEginski and Kettrup 1987; Hofmann et al. 2020;
Hofmann et al. 2022; Chen et al. 2028hd the concentrations may vary within the same
species, depending on stress, geography, thecsjz plant part, and other factorgAlcazar
Magafa et al. 2021)Regarding the occurrence of chlorogenic acids in Chloranthaceae, CA,
cCA and nCA were detectedSnglabrgTang et al. 2024nd inC. fortuneiShi et al. 2023)

CA was also found (@. spicatusbut the presence of other CA derivatives was not investigated
(Abdullah et al. 2008 No chlorogenic acids have been isolated fidedyosmun{Radice et

al. 2019)or Ascarinaspecies so far, and no other derivatives have been found.

To date, several pathways for the biosynthesis of CA were proposed. The first is based on the
formation of p-coumaroyt5-O-quinic acid and subsequent hydroxylati@@lifford et al. 2017;

Volpi E Silva et al. 2019; Alcazar Magafa et al. 2B2duyre 6, green framewhereas the
second utilizes caffeoy@oA from the shikimate shunt for direct synthesis of(8#nnante et

al. 2010; Vanholme et al. 2013; Legrand et al. 2016; Kruse et al.. 2024hird option, the

direct hydroxylation ofp-coumaric acid igproposed (Barros et al. 2019)An alternative
pathway was suggested froniindings in the roots of sweet potatoes, where the
hydroxycinnamic acid is activated as glucose ester and then transferred to quin{Kejma

and Uritani 1972, 1973)

The first biosynthetic pathway towards Q&lifford et al. 2017; Volpi E Silva et al. 2019; Alcazar
Magafa et al. 2021 )tarts with quinic acid, which is an intermediate from the shikimic acid
pathway (Maeda and Dudareva 2012; Carrington et al. 2048y p-coumaroylCoA which
derives from the general phenylpropanoid pathway as described earlier. The
hydroxycinnamoyl group is transferred to theCd+moiety of quinic acid by catalysis of
hydroxycinnamoylCoA:quinate hydroxycinnamoyltransferase (HQT), which is a member of
the BAHDfamily (Figure 6,green frame) The resultingp-coumaroyi5-O-quinic acid is
hydroxylated inmeta-position to CA by C3H (CYP98) under consumptiorn. ah@® NADPH
(Figure 6green frame)

The second biosynthetic pathway towards CA is started by the utilization of caedyby

HQT for the direct production of CA under omittance of ()Rblure 6)Caffeic acid or caffeoyl

CoA for the biosynthesis of CA is mostly provided by the cleavage of cd&f@estikimic acid

by caffeoylshikimate esterase (CSE) followed by the formation of cafiawylby 4C{Figure

6, purple frame)(Vanholme et al. 2018 ¢KS &2 Ol ff SR WakKA{AYIF (S
Cynara cardunculy®anicum virgatunand Cichoryium intibugSonnante et al. 2010; Legrand
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et al. 2016) Transient expression of 4CL, HCT, C3H, and CSEroasmia crocosmiiflora
in Nicotiana benthamianaesulted in a higher utilization of caffeoyl un{tsruse et al. 2024)
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Figure 6 Biosynthetic pathway towards caffee§dO-shikimic acid and caffea$-O-quinic
acid according to the summaries provided ®§fford et al.(2017)and Alcazar Magafia e
al. (2021) HST combines shikimic acid gndoumaroylCoA, the resulting-coumaroyis-
O-shikimic acid is then hydroxylated by C3H (blue frame). Caffe@ydjuinic acid is
produced analogously by HQT and C3H (green frame). The resulting products accu
or can by cleaved by CSE (purple frame). In the following, caffeic acid is either used
production of lignin or is activated by 4CL. Alternativiéig, resulting caffeoyCoA can be
combined with shikimic or quinic acid by HST or HQT to produce caf€®ghikimic or
caffeoyt5-O-quinic acid under exclusion of C3H. Dotted arrows mark further pos:
branches towards other compounds. The grey, dotted arrow indicates no secured evi
for this reaction. Newly introduced moieties are colored red. Grey arrows indi
alternative @thways. HST: hydroxycinnamoylCoA:shikimate hydroxycinnamey
transferaseHQT hydroxycinnamoyCoA:quinate hydroxycinnametransferase C3HC3
hydroxylaseCSEcaffeoylshikimate esterasdCL4-coumarate CoAigase
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In the roots oflpomoea batatasa different set of enzymes was uncovered and characterized
after tests with radiolabeled cinnamic adidojima and Uritani 1972, 1973)he first step is
the activation of cinnamic acid by UBRIcose:cinnamate glucosyltransferase as glucose
ester, which is hydroxylated twice (neta- andpara-position) afterwardgKojima and Uritani
1973; Kojima and Kondo 1985; Villegas and Kojima 1986; Tanaka and KojimaTh@91)
resulting caffeoyl glucose is utilized by hydroxycinnamoyl glucose:quinate hydroxycinnamoyl
transferase to finally form CAKojima and Kondo 1985; Villegas and Kojima 1986)
Additionally, an enzyme which catalyzed the forroatiof dicaffeoy3,5O-quinic acid was
characterizedKojima and Kondo 1988}A can be accumulated and stored in the vacuole (in
Coffea arabicassociated with theoncentration of caffeingRochleder 1844; Clifford 1985;
Mosli Waldhauser an@aumann 1996dr disassembled to provide caffeoyl units for lignin
biosynthesis(Schoch et al. 2001; Volpi E Silva et al. 20D83assembly of CA is usually
processed by HQT, which reverses the esterification, then resulting in caBe#yHoffmann

et al. 2004; Niggeweg et al. 2004; Escanliliavifio et al. 2014(Figure §. Alternatively, the
cleavage of CA may be processed by CSE, resulting in caffelagaid 6, purple framje This
reaction has so far not been confirmedvitro (Volpi E Silva etl. 2019) Moreover, CSE from
Arabidopsis thaliananly showed acceptance of caffeoylshikimigaroumaroylshikimic acid
(Vanholme et al. 2013nd no caffeic acid was obtained after the incubation of CA with crude
extracts ofPanicum virgatun{Escamillalreviiio et al. 2014)The biochemical properties of
CSE have so far rarely been investigated and its function is assigned to the cleavage of shikimic
acid esters, not of CA. Caffeic acid or caff€dyA can be further utilized to produce
flavonoids, monobnols or coumaringFigure 6) CaffeofCoA derives either from the
mentioned reaction or is activated by 4CL from caffeic acid.

So far, the knowledge concerning the biosynthesis of the CA derivatives cCA and nCA is scarce.
The presence of an isomerase is suggested, which converts CA into the other isomers, but such
an enzyme has not yet been detecté@lifford et al. 2017)Spontaneous migration of acyl
moieties should be taken into account since thegépendent formation of cCA and nCA from

CA was observefFriedman and Jurgens 2000; Xie et al. 2011; Lallemand et al.. ZBiL&)

the method for the isolation of chlorogenic aciderh plants should be carefully considered,

and aqueous solvents or a basic pH should be avoided.

The biosynthesis of dicaffeoylquinic acids was observed at lower pH, which is comparable to
the pH of the vacuoléMoglia et al. 2014)Subsequently, the biosynthesis was related to the
presence of chlorogenate:chlorogenate hydroxycinnamoyltransferase or isochlorogenic acid
synthase in the vacuole, while the formation of CA was linked to the presence of HQT in the
cytosol of Solanum lycopersicurfMoglia et al. 2014)Transient expression of the HQT in
Nicotiana benthamianded to increased dicaffeoylquinacid content(Moglia et al. 2016)
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Investigations of the biosynthesis of CA derivativesHiglianthus annuusound high
concentrations of dicaffeoyl,5-quinic acid, but the analyzed HQTs were not able to catalyze
a respective reactiofCheevarungnapakul et al. 2019)

Spontaneous acyl migration may lead to different isomers of dicaffeoylquinic acids.
Additionally, dicaffeoylquinic acids can be synthesized by the addition of a caffeic acid moiety
from caffeoylCoA to an existing CA molecule by HQT. CA derivatives vatteahed feruloyl
moiety are constructed via methylation of themeta-hydroxy group of caffeoyCoA by
caffeoylCoA 30O-methyltransferase. Most chlorogenic acids contairmns-caffeic acid
derivatives, but the presence of chlorogenic acids hawisgaffeoyl moieties could be
correlated with UV exposure iitevia rebaudianand/or with stress induction iiNicotiana
tabacum(Clifford et al. 2008; Karakdse et al. 2015; Mhlongo et al. 2015; Makola et al. 2016)

In summary, the biosynthesis of CA andlisivatives seems to resemble an intricate network
with numerous opportunities to change direction instead of a direct route.

3.2.1 The role of chlorogenic acid derivatives in plants and humans

The function of CA derivatives can be categorized into two distinct areas: the reasons and
mechanisms underlying the accumulation of these compounds by plants and the potential
health benefits they may have on humans.

The exact function of the accumulation of chlorogenic acids in plants is uncertain, but an
influence on the resistance against pathogens is promoted by the incorporation into lignin
(Taylor 1968; Nuringtyas et al. 2012dditionally, antioxidative properties and protection

against damage through Uxfadiation are related to the occurrence of chlorogenic acids in
Solanum lycopersiunNicotiana tabacumand Cynara cardunculu§lamagnone et al. 1998;

/S SG Ft® wnnyT a2z23tAl. SG Ffd® wannyT t S{NHzU2

The potential health benefits of chlorogenic acids by regular intake of beverages or food are
correlated with theirin vitro antioxidative properties and effects on chronic diseases, such as

OF YOSNE OF NRA2 @I a0dzf I NJ RA a2 NRGCliMdidset &R 013, S G Sa >
Joneidi et al. 2024)However, an antioxidargffective plasma concentration of chlorogenic

acids could not be observé@lifford et al. 201 7)Therefore, regulatory effects of physiological
concentrations of metabolites and rekd structures are tested in mice or human cell models
(Clifford et al. 2017)In such studies, aninflammatory and neuroprotective effects, as well

as modulation of inflammatory mediators, were obsen{&tbnagas et al. 2009; Verzelloni et

al. 2011; Amin et al. 2015; Baeza et al. 2017; Gon&dedas et al. 2017; van Rymenant et al.

2017)
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Going further, the human and microbial metabolism of chlorogenic acids increases the
spectrum of the substances available for the b@@ifford et al. 2017; Joneidi et al. 2024)
After the consumption of coffee, esterases, glucuronidases, methyltransferases,
sulfuryltransferases and other enzymes participate in the breakdown of CA, and the derived
metabolites have been detectdlifford et al. 2017)The extensive metabolism of CA has led

to chemical modifications, which increase the stability of thedestances and may enhance
biological activityJoneidi et al. 2024)

3.3 Caffeoylshikimic acid, its biosynthesiad related compounds

Caffeoyd5-O-shikimic acid is considered a transit product towards lignin, and mostly only
traces are foundn planta(Maier et al. 1964)Since its cleavage provides caffeic acid and/or
caffeoytCoA, it is of important function for the formation of monolignols, (G, 5H, and S
lignin), which are the basis for lignans and ligManholme et al. 2019; de Vries et al. 2021b)

Thebiosynthesis of caffeoyB-O-shikimic acid starts with shikimic acid, an intermediate from
the eponymous pathway (Japanesex F I' W& K RligivmMaiis@tuni, andp-coumaroy}
CoA an activated hydroxycinnamic acid from the general phenylpropanoid pathway. Both
molecules are coupled under catalysis of hydroxycinnaf@mA:shikimate
hydroxycinnamoyltransferase (HST) and the resultpigoumaroyi5-O-shikimic acid is
hydroxylated at C3 by C3Hrigure 6, blue frame Caffeoyb-O-shikimic acid is then
disasembled by CSE or HST, which results in caffeic acid or caffedyrespectivel{Shadle

et al. 2007; Vanholme et al. 2013; Vanholme et al. 20IBg resulting caffeic acid is mostly
activated as Co#hioester via 4CL, and caffee@bA is then used for the production of
flavonoids, monolignols and coumaririsdure 6, purple framgVanholme et al. 2013; Kruse
et al. 2024) Reintegration into the biosynthetic grid can be imagined by the transfer of
caffeoytCoA to shikimic or quinic acid.

Earlier studies proposed the idea of a C3H, which catalyzes the dietathydroxylation of
p-coumaric acid to caffeic acid instead of the hydroxylation of a shikimic or quinic acid ester.
Yet recently, a corresponding enzyme, a cytosolic ascorbate peroxidase, was discovered with
the highest activity ilBrachypodium distachycmdZea mayswhich both lack CSBarros et

al. 2019) It is, however, unclear whether this enzyme is also relevant in other plant species.

The structure of caffeoyd-O-shikimic acid was first elucidated bjaier et al.(1964)from
green datesPhoenix dactyliferaand the compound was therefore named dactyliferic acid.
Isomers of the substance were also isolated, with the proposed structures of caBreanydi -
4-O-shikimic aciqMaier et al. 1964)which were resolved latdSaito et al. 1997)
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Concerning the derivatives of caffeoylshikimic acids, no other derivatives seem to be
accumulated in higher amounts. The three isomers caft@qyl4-, and-5-O-shikimic acid

were isolated frons. glabrgFeng et al. 2010; Wu et al. 20123Coumaroys-O-shikimic acid,
caffeoyt5-O-shikimic acid (and a hexoside), feruldyO-shikimic acid (and a hexoside),
sulfoferuloyt5-O-shikimic acid, %ydroxyferuloy5-O-shikimic acid (and a hexoside),
sinapoyt5-O-shikimic acid, and several other combinations of hydroxycinnamoyl, shikimic
acid and sugar moieties were found in xylem extracts of-tyie& and csel and cse2 double
knockout mutantsof Populus tremulax P. alla (de Vries et al. 2021a)n extracts ofilex
paraguariensisthe structures of four caffeoylshikimic acids, three dicaffeoylshikimic acids,
one tricaffeoylshikimic acid, feruloytO-shikimic acid, and various chlorogenic acids were
resolved by LS analysi§Jaiswal et al. 2010Methanolic extracts of roasted coffee powder
contained three derivatives each picoumaroyi, caffeoyt, and feruloylshikimic aciqdaiswal

et al. 2014) Analysis of leaf extracts @astanopsis orthocanthshowed the presere of
galloylquinic acids as well as orthocanthain A, which is an ester of three shikimic acids with
emblifatmin, a gallic acid pentaméCheng et al. 2024Besides, the synthesis of CA and four
p-coumaroylshikimic acid derivatives, including twepeioumaroylshikimic acid derivatives,
was achieved by introducing the shikimic acid pathway, 4CL and HQT or HST, respectively, in
E. col(Kim et al. 2013)

3.3.1 Lignin

Today, lignin represents 15t0620 2 F (KS g2NI RQa LI Iyl o6A2Yl aa
abundant biomolecule¢Boerjan et al. 2003; Cesarino et al. 2012; del Rio et al. 2023
resource richness can be exploited for further utilization of precursors in chemical synthesis
(Ralph et al. 2004; Cesarino et al. 2012; del Rio et al. 2026QAtau et al. 2021)Lignin is
commonly referred to as a polymer of the monolignptsoumaroyl (Hignin), coniferyl (&
lignin), and sinapoyl alcohol -(i§nin) (del Rio et al. 2020)and forms a network of
phenylpropanederived aromatic substances by oxidative radical polymerizatwerjan et
al. 2003; Ralph et al. 2004)Nevertheless, several other compounds, such as monolignol
esters, tricin, resveratrol, diferuloylputrescine or caffeoyltyramine, can also be integrated in
different plant speciegVanholme et al. 2019; del Rio et al. 2020ynin is characteristic for
the cell walls of tracheophytes and provides mechanical stability and rigidity, both of which
helped support plant transition from water to land about 50@& ago (Late Ordovician)
(Cesarino et al. 2012; del Rio et al. 2020; Rensing 2020; de Vries et al.. Z0# pasic
function of the phenylpropanoid pathway can be traced back to the emergence of land plants
or even earlier(Schwarze and Petersen 2024uggesting fundamental importance for
Embryophytade Vries et al. 2021bHCT homologs, catalyzing the formatiompaoumaroyt
5-O-shikimic acid, are functionally conserved in bryophytasegshaser et al. 2021and C3H
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from Physcomitrium patensind Selaginella moellendorffivere able to hydroxylate this
product, althoughp-coumaroylanthranilic acid was preferrédiber et al. 2019)

4 Enzymes involved in the biosynthesis phenolic acids

2 A0K GKS NRdzyR GFotS 2F w!T /! FyR /{ o6Azaey

most important knights.

4.1 BAHD acyltransferases and hydroxycinnamoyltransferases

In the biosynthetic pathway towards RA, CA, and caffeoylshikimic acid, the HCTs RAS, HQT,
and HST catalyze the formation of an ester between a hydroxycinnamic acid and an aliphatic
hydroxyl group, which togethearreatethe frame of the final molecule. Those enzymes belong

to the large family of the plant BAHD acyltransferases, which were first descril{&dmigrre

and de Luca 2000)

Before, only a few of these acyltransferases had been isolated or characterized in more detail.
The initial letters of the first four characterized genes/enzymes still provide the basis for the
name BAHDBEAT (benzylalcoh@acetyltransferaseClarkia breweji(Dudareva et al. 1998)
AHCT (anthocyani®-hydroxycinnamoyltransferaseé?etunia hybridaSenecio cruentds X 0
(Fujiwara et al. 1997; Fujiwara et al. 1998)HCBT1 (anthranilate N-
hydroxycinnamoyl/benzoyltransferas®ianthus caryophyllys(Fujii etal. 1994) and DAT
(Deacetylvindoline ©-acetyltransferaseCatharanthus roseggStPierre et al. 1998)Over

the last 25 years of research, the interest in BAHDs has incremasedore and more
acyltransferases are being characterized, and the recent findings are regularly reviewed
(D'Auria 2006; Yu et al. 2009; Bontpart et al. 2015; Petersen 2016; Kusano et al. 2019; Moghe
et al. 2023; Villarreal et al. 2023; Xu et al. 20&Z3hce BAHDs take part in the biosynthesis of
important metabolites in plants, as well as pharmaceutically potent substances, these
acyltransferases are considered key players for metalbversity(Moghe et al. 2023)The
promiscuity and possible convergent evoluti@revsh et al. 2019; Moghe et al. 20h3ye led

to a cornucopia of BAHDs taking part in biosynthetic pathways of specialized compounds.
Tropane alkaloids, for example, are found in members of Erythroxylaceae, Solanaceae and
several other plant families. The last step of the biosynthesis @ficeas enabled by a BAHD
(EcCS), which catalyzes the transfer of benzoic acid to methylecg@uhmidt et al. 2015;
Chavez et al2022; Chavez et al. 2024lhe biosynthesis of the anticancer drug paclitaxel,
which inhibits the disassembly of microtubules, was investigatéfaxusspp. and involves

the recruitment of a benzoyCoA transferas@/Nalker and Croteau 2000; Ondari and Walker
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2008) Vindoline and vinorine, two vinca alkaloids, are synthesizé&htharanthus roseusr
Rauvolfia serpentinander catalysis of respective BAHD® et al. 2005; Kulagina et al. 2022)
Since proteins with similar structure to BAHDs were also found in fungi, the evolutionary origin
of BAHDs is proposed to be older than the plant kingdeloghe et al. 2023)Similar catalytic
motifs are found in nonribosomal peptide synthases, glycerolipid acyltransferases,
choline/carnitine acyltransferases, chloramptieol acetyltransferases, and fungal alcohol
acetyltransferasegMoghe et al. 2023)

In addition to BAHDs, serine carboxypeptidiike acyltransferases (SCPL) are alternative
enzymes in plants for the transfer of hydroxycinnamoyl moieties. They have supposedly
developed from serine carboxypeptidases but instead of hydroxycinna@mé|
hydroxycinnamoyfglucose esters are taken as acyl donor substréBsmtpart et al. 2015;
Petersen 2016; Naake et al. 2024)

4.1.1 BAHDphylogeny, structure, and reaction mechanism

The term BAHD is from here on used for enzymes from clades 0 to 7, which are described in
the following. Hydroxycinnamoyltransferase (HCT) refers exclusively to enzymes catalyzing
the transfer of a (hydroxy)cinnamoyl moiety to an acceptor substrate.

BAHD acyltransferases, with a special focus on characterized enzymes, have been subject to
phylogenetic analysis, and eight major clades have been identifi&lria 2006; Tuominen

et al. 2011; Serrar¥arce et al. 2021; Kruse et al. 2022; Moghe et al. 2023; Naake et al. 2024)
The number of BAHD copies per genome diffevith angiosperms harboring 50 to 200
BAHDs, and some phylogenetic clades are restricted to certain plnise et al. 2022;
Moghe et al. 2023)Clade 0 is restricted to BAHDs from algahile clade 1 consists of BAHDs
involved in the acylation of anthocyanins, flavonoids, or phenolic glucosides. The minimalistic
clade 2 includes only three genes, taking part in the biosynthesis of epicuticular waxes. In clade
3, only acylsugar acyltraferases from Solanaceae are grouped. BAHDs from clade 4 are
involved in the formation of aliphatic acylated amines, and the clade includes enzymes from
dicots, monocots, as well as uncharacterized isoforms from liverworts and mosses. Clade 5 is
strikinglydifferent, which includes RAS, HST and HQT, core enzymes of the phenylprepanoid
related metabolism. Isoforms or related enzymes of HST or HQT haveab&sastfound in
representativesof landplantsor charyophytic algaévioghe et al. 2023Hydroxycinnamoyl
CoA:spermidine hydroxycinnamoyltransferase (SHT) is also placed within clade 5. Clade 6 is of
similar broad distribution in plants, and its members are involved in the biosynthesis of cutin
or natural products such as paclitaxel or votatdsters. Erthermore, this clade includes
enzymes catalyzing the transfer of benzoyl moieties or accepting benzoyl alcohol or hydroxy
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fatty acids as substrates. So far, the grouping in clade 7 is rather relaxed, and it consists of only
a few characterized enzymes participating in the formation of acylated aromatic alcohols.

Only a few conserved amino acid sequences are necessary for the catalytic mechanism, which
enables a certain variability on the amino acid level in the-participating areas. Hence, the
BAHDs have a broad spectrum of substrates, which are specificttonceubcladegMoghe

et al. 2023)

BAHDs are typically globular, monomeric, soluble proteins that are constructed of two
domains linked by a variable lo@lgla et al. 2008)The tertiary structure of BAHDSs is generally
conserved, despite the enzymes being variable on amino acid level. The bagenut
shaped enzymes are penetrated by a channel that incorporates the active ¢¥visdker et

al. 2013) Tertiary structures were first achieved from crystallization experim@malker et

al. 2013; Chiang et al. 2018; Levsh et al. 2@h8)are nowadays modeld&anelli et al. 2025)

For the function of BAHDSs, certain conserved amino acids have been observed and analyzed
during the last years of research. Besides conserved sequence motifs or single amino acids,
which occur in BAHDs from all clades, certain conserved patterns aretestto members

of individual cladegTuominen et al. 2011; Kruse et al. 202@F highest importance is the
HxxxDG motif, which consists of a highly conserved histidine (H), followed by three
interchangeable amino acids, aspartic acid and glycine. Hhstidiof functional importance

since it is placed in the active center. It was shown to take part in the reaction mechanism by
deprotonation of the acceptor substrate, which facilitates a nucleophilic attack and
protonation of the released CaMa et al. 2005; Walker et al. 2018xchanging histidine with
alanine in several BAHDs basically resulted in an inactive er(¥yaiker et al. 2013; Levsh et

al. 2019; Yamane et al. 2020; Fanelli et al. 2025)

The mostly conserved DFGWG motif, located closer to Gherminus, was assigned a
structural rather than a catalytic function. Computational studies revealed a hydrogen bond
between the aspartic acid and a tyrosine, proximal to Myeerminus, which influenced the

form of the solvent channel but not the overall structyMoralesQuintana et al. 20155ite
directed mutagenesis of this conserved tyrosine in SbHCT showed a reduction of the specific
activity of about 406 in comparison to the witype (Walker et al. 2013) Alterations in the
DFGWG sequence resulted in changes to the substrate recogf8tianma et al. 2013; Moghe

et al. 2023)

Upstream of the DFGWG, two conserved amino acids are typically found: threonine (T) has a
distance of 11 amino acids to aspartic acid (D), and tryptophan (W) 9, respectively. In studies
with HCT fronSorghum bicolqgrthe role of the residues was assigned to hydrogen bonds with
shikimate (T) and the oxyanion of the tetrahedral intermediate (Walker et al. 2013)
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Structural analysis of the crystal structures of five isoforms of HST from different plants
(Arabidopsis thaliana Plectranthus scutellarioidesCoffea canephoraSorghum bicolqr
Selaginella moellendorffirevealed the function of another amino acid resid@hiang et al.
2018) The swinging motion of an arginine (R) conserved in all isoforms was found to play a
role in the recognition of the native substrate shikimate, and it also influenced the binding
sites for nonnative substrateg¢Chiang et al. 20)8Furthermore, a lysine (K) was found in the
crystal structure of PSRAS and PcRAS, to which a similar function is afsaysacet al. 2019)
Electrostatic interactions of lysine facilitate binding and positioning of the substrate. Exchange
of the lysine with alanine severely reduced the enzyme actfizysh et al. 2019)

The general reaction of HCTs includes the transfer of a (hydroxy)cinn&@uoéy{donor) to a

free hydroxyl {OH) or amino -NH) group of an acceptor under release of CoA. Typical
acceptor substrates of HCTs are pHPL, shikimic, quihiggd®xyanthranilic, malic, piscidic,
anthranilic acid, amino acids, or amines, such as spermine, spermidine or ag(ivdigiee et

al. 2023) Hydroxycinnamic acids (for example, cinnammcoumarie, caffeic, ferulic or
sinapic acid) are activated as a Gbmester by 4CL nder the consumption of ATP. As
consequence, the compound becomes more reactive and is made available for further
processes. A catalytic mechanism of BAHDs, analogous to a nucleophilic substitgthn (S
was proposed byValker et al(2013) based on the findings of a HST fr&orghum bicolgr
which catalyzed the transfer gicoumaroylCoAto C3 of shikimic acid. ThrecoumaroylCoA

was introduced into the catalytic site of the HCT, interacting with a conserved tyrosine. The
acceptor substrate (in this instance, shikimic acid) was locked in the binding pocket by ionic
interactions with an arginine. Moreover, binding of the donor priorthe acceptor was
suggested. The deprotonation of th©H or {NH in other cases) by a proximal catalytic
histidine (N2) increased the nucleophilic propersief the acceptor, which then attacked the

1-C of p-coumaroylCoA Hydrogen bonds with a proximal tryptophan (W) stabilized the
tetrahedral transition state, which was followed by the release d®&A and the protonation

to HSCoA. The product (for example,coumaroyt3-O-shikimic acid) subsequently exits the
enzyme, and the reaction can be repeated with another set of donor and acceptor substrates.

The reverse reaction of HCTs has been observed in several monocots andHtitann et

al. 2003; Comino et al. 2007; Escamllfaviiio et al. 2014; SerraNarce et al. 2021)
depending on the concentration of CoA, and the reaction mechanism is expected to be
inverted. The overall catalytic properties for the reversed reaction are ostensibly lower than
the catalytic properties of the genuine reaction, but in certain cases eoaipe to the
parameters obtained by C$&erraniYarce et al. 2021)
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4.2 CYP98: aromatimeta-hydroxylases

Within the network of phenolic substances, the hydroxylation picoumaroyin -Q
hydroxyphenyllactic;5-O-quinic and-5-O-shikimic acid is one of the practically irreversible
aisSLae® ¢KS OFulrfeara o068 /olk/oQlX gKAOK I NB
a hydroxyl moiety ilmeta-position of the phenolic ring (aromatimeta-hydroxylase). Gene
expression of CYP98 is related to plant growth, development, and resistance to(Xiress

al. 2023; Zhou et al. 2025)he involvement of CYP98 in the production of caffeoylanthranilic
acid was showin vitroin bryophytes, but then vivorelevance is unclegKriegshauser et al.
2021; Ernst et al. 2022; Wer&eichhart et al. 2024 o the palette of substrates belong
coumaroyf2-threonic  acid, p-coumaroy#d-threonic acid, p-coumaric aid, p-
coumaroyltryptamine, dp-coumaroylputrescine, tp-coumaroylspermidine and other
related substance@Alber et al. 2019)

The name cytochrome P450 derives from observations of microsomes from rat livers, which
showed strong absorbance at 46éh after binding of carbon monoxid&lingenberg 1958)

Since then, CYPs were found to exist in bacteria, fungi, plants, and animals, with the first plant
derived CYP identified Persea americanaxtracts(OKeefe and Leto 1989)n the following,

CYP refers to the whole enzyme group but is especially reduced to CYPs from plants. CYPs are
traditionally named by determining phylogenetielationships (https://drnelson.uthsc.edu

Nelson 200®nward®) ® { dzLJISNOf I RSa I NBE RSTAYSR Fa WOfly
a4 Wadzo Tl YATASAQZ gAGK az2vyS 2 F(WerdkReihhart®h y3 | &
al.2024% bl YSa 2F / ,ta NS O2YLR &S hydtoxylask ffomi KS ¥ 3
Plectranthus scutellarioideis named CYP98A14, making it thé" described member of

subfamily A of the CYP family 98. Since this nomenclature appears empirical, it has to be noted

that for plants, family numbers 71 to 99, 701 to 999, and 7001 to 9999 are reserved. Members

of the same family usually share more than%0dentity, and members of the same subfamily

more than 55%. Sequence similarities between families range from 10 & @@asemann et

al. 1995) In some cases, other factors, such as introns, are consid€repple 1998)

The total number of CYPs in plants lies between 70 genkyiscomitrium patenand up to

1500 inTriticum aestivumwhile usually only one to three CYP98 are fo(nerckReichhart

et al. 2024; Zhou et al. 2029)he first CYP98, froArabidopsis thalianawas characterizeoh

vitro by Schoch et al(2001)and showed the selective €droxylation ofp-coumaroyts-O-

quinic and-5-O-shikimic acid. Since then, about thirty CYP98s have been characterized from
eudicots, monocots, gymnosperms, bryophytes, ploges and ferngHansen et al. 2021)
Current research on plant CYPs reviews their function, plasticity, and impact on the
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development of land plants or gives an overview of the status of CYP98 regelartsen et
al. 2021; WerciReichhart 2023; WereReichhart et al. 2024; Zhou et al. 2025)

CYPs contain heme as a prosthetic group, which consists ofcaokdinating porphyrin
molecule that takes part in the catalytic reaction. The proteins are inverted triangularly,
monomeric, and consist of about 5@Mnino acid residues. Thdterminal part of the protein

is a membrane anchor that keeps the enzyme locked to the membranes (mostly ER), facing
the cytosol, and in proximity to NADPH:cytochrome P450 reductase (CPR). The membrane
anchor consists of about 3mino acid residues, mogtcomposed of @ NI ya YS Y06 NI y S
helix of hydrophobic residues, such as leucine, isoleucine, valine, or phenylalanine, followed
by a polar region and a hinge, consisting of several prolines and a glycine (piciinegion)
(Yamazaki et al. 1993; WerBleichhart et al. 2002; Renault et al. 20IAvo classes of C4H
(CYP73) were discovered to have strong differences in Mg@rminal segments, with the
anchors of class | structured as described above, but class Il having an increased number of
polar, uncharged amino acids (serine, threoni(R¢nault et al. 2017)Furthermore, class Il
membrane anchors are about 20nino acid residues longer, which results in two
transmembrane helices, and a cluster of prolines in the middle of the sequence bends the
transmembrane helix into a-shape(Renault et al. 2017)

Comparison of several CYP sequences led to the identification of conserved amino acid
aSljdzSy0Saz Yz2al 2F (GKSY |fta2 F2dzyR Ay -/ ,t by @
NAOK NBIA2YQ F2NXa GKS KAy3IS 2F (roteinogelt yaYSyY
amino acids, proline is a cyclic amino acid; its implementation results in a rigid structure and

I RA & NHzhélice2 The @hding region describes a threonine containing amino acid
sequence (AGMDT, or meneral, [A/GIGAD/HT[T/]) forming an oxygerbinding pocket,

which was identified in eukaryotic CY(Wen Wachenfeldt and Johnson 1995; Chapple 1998)

Another conserved sequence is the EFRPERF region, which interacts with glutamic acid (E) and
arginine (R) from theKelix (KExLRMHasemann et al. 19954 triad iscreatedby the second

R of the EFRPERF region and the conserved E and R, which stabilizes the folding and
embedding of the heméHasemann et al. 1995; Mizutani et al. 199¥he heme molecule

itself is fixed by the hembinding domain. The incorporated cysteine (C) is an axial thiolate

ligand for the prosthetic groufHalkier 1996; WercReichhart et al. 2002)

In plants, the function of CYPs is associated with the synthesis of signaling compounds,
biopolymers (lignin, sporopollenin), sterols, natural products, and with detoxificéiarck
Reichhart et al. 2024)in addition to hydroxylation, CYPs from other families are able to
catalyze versatile reactions, such as dealkylations, epoxidations, dehydrations, and
desaturations, as well as the cleavage or rearrangement of carbon bonds and other reactions
(Hansen et al. 2021 hus, CYPs take part in many biosytitheathways. The conservation
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of the function was crucial for the development of land plants and their ability to survive on
flyR® aSilo2tAiSa RSNAGAY3I FTNRBY GKSasS LI GKgl
defense against the stressors of the new hab{dterckReichhart et al. 2024)n addition,

the increased promiscuity of CYP duplicates may have led to neofunctionalization and
integration into other pathway¢$WerckReichhart 2023)

CYPs, acting as monooxygenases, typically use molecular oxygen. One atom is transferred to
the substrate as a hydroxyl group, and the other is reduced to water. Since two electrons are
required for the reaction, NADPH is oxidized by CPRtrenélectrons are provided for CYP.

The catalytic cycle involves the binding of the substrate in proximity to the heme molecule
and an electron transfer for the reduction of'£evhich is followed by the binding of molecular
oxygen. Subsequent to a second electron transfer, two protonations take place. Water is thus
released, and the very reactive, electrophilic hoxo intermediate attacks the substrate.
Oxygen is inserted bewen hydrogen and carbon of the substrate. Thus, the hydroxyl moiety

is introduced, and finally the hydroxylated substrate is released by the binding of water
(WerckReichhart and Feyereisen 2000)

4.2.1 NADPH:cytochrome P450 reductase

Since the hydroxylation of substrates is a redox reaction, two electrons are necessary, which
are delivered from NADPH via CPR. CPRs are merdboand proteins, which consist of four
domains (FMMbinding domain, connecting domain, FADding domain, NACHRbinding
domain)(Wang et al. 1997; Laursen et al. 2QJAftached to theN-terminus is FMN, whereas

FAD, the other prosthetic group, is located closer to@terminus(Jensen and Mgller 2010)

Both transfer the electrons, delivered by NADPH to the CYP in proximity. Two classes of CPR
were recognized based on the length of the membrane an¢Rar et al. 2002; Jensen and
Mgller 2010) and electrostatic interactions with other CPRs or CYPs were observed
(Hasemann et al. 1995; Zhao et al. 1999; Esteves et al..Z0@®number of CPR varies, and

at least one to three isoforms arednd in plantgEberle et al. 2009; Jensen and Mgller 2010)

5 Aim of this work

When this work was started in 2019, all genes and enzymes of the biosynthetic pathway for
RA were uncovered iRlectranthus scutellarioidg®etersen et al. 1993Furthermore, RA
biosynthesis was also well investigatedSialvia miltiorrhizaLithospermum erythrorhizoand
Melissa officinaligMatsuno et al. 2002; Ogata et al. 2004; Tsuruga et al. 2006; Di et al. 2013;
Doring et al. 2014)Some participating enzymes from several other Lamiaceae species and the
hornwort Anthoceros agrestibad been charactized as wel(Wohl and Petersen 2020b,
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2020a; Busch and Petersen 2021; Ernst et al. 2022; Pezeshki et al. R0@2)yer, little

progress was made considering the last steps of the biosynthesis, namely the attachment of

the hydroxycinnamoyl unit by the BAHD acyltransferase RAS and a putative hydroxylation of

/[ o 2NJ /o0oQ 2F | NBadzZ GAy 3 Bhadkld Mampgadulariavas/ , t gy d
characterized(Levsh et al. 2019and the convergent evolution of RA biosynthesis was
hypothesized.

RA waddetected earlier in Chloranthus officinaligAbdullah et al. 2008)a member of the
Chloranthaceae, but no transcriptomic or genomic data were available, which could facilitate
finding homologous RAS or CYP98s. Since the 1kP project created a publicly available
transcriptome of the related specié& glabrawhich also contains RA and a plethora of other
substances, this plant was chosen for further investigation. Thus, the quest for RAS began. The
Chloranthales are situated at an interesting andiyaranching point of the spermatophytes,

being considered a sister clade to magnoliids and not too distant from monocots. RA is found
throughout the plant kingdom, and so far, it is not known why plants produce this substance
and how the biosynthetic prasses have developed.

The main achievement of the work presented here is the molecular and biochemical
characterization of BAHDs and CYP98s being involved in the formation of RA, CA, and
caffeoylshikimic acid i8. glabraThe enzymes catalyzing the respective reactions have been
found in other organisms, but the respective enzymes fonglabrehad not been identified

and characterized biochemically. At a late stage of this work and independently from this
group, the biosynthesis of RA # glabrahas been discovered, and tHeasic activity of
involved enzymes was showhi et al. 2024)The abovementioned study did not access the
biosynthesis of CA and caffeoylshikimic acid. In spite of this, HCTs have to be analyzed
thoroughly. Their variability and the tendency of angiosperms to possess multiple copies of
the same enzyme leads to daof them having individual properties.

Regarding CYP98s, progress has been made in identifying and characterizing genes and
enzymes from land plants, including mosses and féAdiser et al. 2019)Investigations of
CYP98s frors. glabrawill fill the gap between gymnosperms, Amborellales and monocots.
Additional information will help to clarify the evolutionary context.

Analysis of medicinal plants is sometimes limited to the utilization of aboveground parts,
which does not necessarily include the complete spectrum of natural products. Therefore, a
special focus was put on the analysis of different plant parts, and tla¢ive transcription

rates of genes encoding enzymes covered in this work were recorded. Additionally, since three
derivatives of CA and caffeoylshikimic acid were identifie®.irglabra we explored the
selective formation of the regioisomers. To datee tenzymatic formation of regioisomers of
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CA and caffeoylshikimic acid is not mentioned, except for one HB&nmusa multiplex
(Nomura et al. 2022)

Finally, the identification of participating genes, their heterologous expression, and
biochemical characterization will help to understand the distribution and evolution of RA, CA,
and caffeoylshikimic acid. Phylogenetic placement of these enzymes inretioh with their

in vitro parameters creates the framework for the ongoing analysis of BAHDs and CYP98s,
while expression patterns identify the correlation betweam vitro properties and the
abundance of natural products.
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Il Material andmethods

6 Generalmaterial and methods

6.1 Harvestof plant material from differentissues

FourSarcandra glabralants were thankfully obtained as cuttings from the Botanical Garden
of the HeinrichHeineUniversitat DusseldorfiPENNo. JFO-DUSS1034) There, they were
originally receivedrom Prof. Hurusava (Okinawa, Japahhe pgantswere cultivatedunder
natural light conditions, at@+ 3 °C, close to window®lant material was harvested from the
adult plants roughly once a month.

Howers were always collected before or during blossomingudingyellow stamina, green
pistils and pedicels Figure3 A, C and DFlowers wereexcluded ifthe stamna weredry or
brown. As the plants were usually blooming from June to December and fruits took several
weeks to months for ripening, flowers and fruits were gathered separately. Flowers were hand
pollinated with a fine hairbrush since natural pollinators were not availablenudh
pollination led to 1 to 10 fruits per inflorescendgipe fuits were pickedwhen havingan
orange to redcolor and feeling solid (Figure3 B. Young leavesvere approximately 1o 2
months oldwhen harvestingsmall, light green, soft and flexil{leigure3 F). Old leaves instead
were older than 3 months, aroundté 10 cmin length dark green, hard, and rig{&igure 3

F. Young stemsncluding nodes and internodesgere usually harvesteftom youngshoots,
when the internodes were red and flexib{Eigure3 | and G. Old stem tissue wasollected

from older plant parts and wagellow-greenand hard (Figure3 H. Roots were cut when
repotting the plants The usually white tipsvere declaredyoung roots(Figure 3 K)When
agingthe rootsbecameyellowto orange(Figure3 J. Thick, brown, and hard parts weithus,
considered old root¢Figure 3)] Those partsvere at leasb cmaway fromthe tip.

Soil residues on all tissues were always rinsgdvith distilled water. To guarantee young
root tissue,the Sarcandra glabrglants were put intofresh soil regularly (Compo Sana
Qualitatsblumenerde, Compolour weeks after repotting, fresh rootsad emerged, and
tissues were harvested’he material of all four plants was mixeafterwards, immediately
frozen in liquid nitrogen and stored @0 °C until freezedrying. Thelyophilizedtissues were
stored in sealed 5@l tubes at room temperature protectad by silica gel beads against
moisture.
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6.2 Staining ofignified plant parts

Lignified plant tissues can be stained by addition of phloroglucindéracid conditionsFree
cinnamic aldehyde$&rom lignified tissuessuch as aniferaldehyde interact with hydroxyl
groups of phloroglucinol under catalysis of protons

For the detection of lignin ithe fruits of Sarcandra glabraongitudinal cuts were placed on
amicroscope slide in water. In the next step, two drogs BICl weredded,and the solution
was incubated fosomesecondsthentwo drops 2% (v/v) phloroglucinol in 9% (v/v) ethanol
were added. After incubation at room temperature for 1 tonih, a red colodeveloped in
lignified tissues.

6.3 Extraction of phenolic compounds

Plant parts ofSarcandra glabrdrom eight different stages or tissuegere phytochemically
investigated. Seventeen different substances were identitigdLGMS and the content
determined by HPLC.

Sampleswere harvested in winter 2023024 except for fruits, which were analyzed
separatelyin winter 20242025, sinceharvesting flowers prevented tivreemergence. Freeze
dried plant parts were grund and three samples of about 20 mgeighed in 1.5nl reaction
tubes Afterthe addition of 1ml 70% (v/v) ethanol, thesampleswere mixed vigorously for
10s. For cell lysis, sontoan took placetwice for 10min at 70.0°C with intense mixing in
between. The ethanolic solution was collectafier centrifugation at 900y for 10min and
stored separately. The cell pelletas extractedagain by addind ml of the solvent, mixing
and centrifuging The ethanol phases wel#dended(w» ¢ and prepared for HPLC and-MS
analysis directlyThe remaining extracts were stored &0 °C.Samples for HPLC or-MS
were diluted tenfold ("Q with 30% (v/v) methanol acidified with 0.01% (v/v) HsPQ and
centrifuged for 10min at 16000g.

Quantitative analysis was performday HPLCwith 10ul of the diluted sample ¢f )

(chapter 11.1). Authentic standards (25 td00uM) 6 SNB | f 82 |yl ft &l SR o0&
gl @St SYyadK FBABWMHNRZ &Y 2 NF 2N @loibS ity OFSS Ny [ &s ¢
dzy |j dz Yo USR I dzii K S Vi@ EE O RIANRES BF aw!l dd @At 6f S
O2SYOASYyG 2F w! ¢gla GF 1Sy T2 NbecdicHatidp aflthéa UOI o
content of phenolic compounds in % of the dry weight( = ¢ KA OK A& € G§SNJ NB
GKS RNASR LI IyYyd YIFIaaQ>x Aa LINBaSy héarradndes LI A a S
the curve (AUC)of each compound peak in the samphas determined Then, the total

amount of each compoung andwas determined by
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8

where¢ is the amount of the compound) in the injected sample in nmal, "y 6 the

AUC in the sample fa¥, 6 Y6 3 the AUC of the standardy ,the concentration of the
standard in uM and> gthe injected volume of the standard in pl. In the next step, was
retrieved by

‘EZpT[Z OHI(

with ¢ being the total amount ob in the tissue sample in nmaly gbeing the total
extraction volume in pfQbeing the factor of dilution, aneb the volume of the injected
sample in pl. Finally, the content ofé in % of the plant dry weightvas obtained by

0 zpm —zpmkE oot

with 0 being the molecular mass &fin g/mol, anda gbeing the mass of the tissue
sampleinmgt KS NBadzZ Gary NB 2INBEBSFIBRASR LI Fyd YI (
O2y iSyild 2F gl GSNI Ay Edr quiditatve aoalySEdadtifigatioon the/ SIf SO
peaks) 10ul of the dilutedethanolic extracts were subjected toIMS analysigchapter11.2)

and the detected masses were compared to thoseuwthantic standards (25 to 100M).

6.4 Migration of the caffeoyl moiety in caffeic acid esters

Since the spontaneous migration of hydroxycinnamoyl moieties was proveliipXie et al.
2011) tests were conducted in order to estimate the influence of the reaction conditions in
enzyme tests on the position of the hydroxycinnamoyl attachment.

For this,115pul 0.1M KHPQ/K-HPQ buffer (KR) pH6.0, 7.0, or 8.0 was supplemented with
10 ul 625uM CAor caffeoyt5-O-shikimic acid, resulting in a final concentration offBd. The
tests were either stopped with 20l 6 N HCI or incubated at 3@ for 0.5, 2, or 24 before
adding HCI. Following thdouble extraction with 50Qul ethyl acetate, theethyl acetate was
evaporated to dryness. For analysis by HPLC, assays were then redissolvedd iv/@)D
methanol, acidified with 0.0% (v/v) HPQ.

6.5 Composition of mdia

Media were used to cultivate the microorganisrascoli and S cerevisiaewith the aim of
harvesinghigh amounts of cellsontainingheterologousy expressed enzymeSolid medium
plates wereutilized for the selection of single coloniesquid media forthe multiplication of
single strais.
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6.5.1 Composition of media fagscherichiacolicultures
6.5.1.1 Lysogeny Broth

Lysogeny Broth (LByas usedfor the multiplication ofE coli. LB consist of 1% (w/v)
tryptone/peptone, 0.5 % (w/v) yeast extract, 1 % (w/v) Na@ pHwas adjusted to 7.0 with
NaOHBertani 1951)The medium was filled i@ 250 ml Erlenmeyer flasks to 10@il eachand
autoclaved Beforeuse,ampicillin was added to a final concentration of éhfj/mlto prevent
growth of untransformedacteria

If solid LB medium was used for transformant plates, 1 % (w/v) agar was added before
autoclaving and the flasks were carefully swirled after sterilizimgistribute the agar evenly.

The solid medium wabquefied in a microwave, cooled down tpproximately60 °C, and
ampicillin was addeds above Sterile Petri dishes were filled with about i of the still

warm and liquid mediumThe medium consolidatedfter about 20min.

Plates for bluewhite screeingwere prepared as above, butliFomo-4-chloro-3-indolyH -D-
galactopyranoside (A I f 0 | Y R -DA-thidgalbhc®pyiarioside (IPT@ere added to a
final concentration of 0.08 mgil and 0.05 mM, respectively.

6.5.1.2 Terrific Broth

Bacteria for expression obkible enzymesvere grown in Terrific Broth (TB)The medium
consiss of 1.2 % (w/v) tryptone/peptone, 2.4 % (w/v) yeast extract and 0.4 % (v/v) glycerol
(Tartof and Hobbs 1988)he medium was distributedthto 250ml Erlenmeyer flasks in
aliquots of 90ml. Constant pH duringeterologousexpression was achieved by preparing 10x
TB buffer from 0.17 M KkRQ and 0.27 M BHPQ in a 250ml Schott flask. Both solutions were
autoclavedseparately Before inoculation wite coli, 10ml of the buffer were addedo 90 ml

of the medium, and tB composition was supplemented withmig/ml ampicillin

6.5.1.3 Super Optimal broth with Catabolite repression

For transformation ofE coli with plasmid vectors, Super Optimal broth with Catabolite
repression (SOC) accordingtanahan1983)was used. SOC is a nutrierth medium, which
helps cellgo recoverafter heat shock and, thus, enhances transformation. SOC cews$ist
2 % (w/v) tryptone/peptone, 0.5 % (w/v) yeast extract, & NaCl and 2.5 mM KCI. Before
autoclavingthe pHwasadjusted to 7.0 with 1 M NaOH, and afterwards, figterilized 1 M
MgSQ, and 1 M glucossvasadded to a final concentration of 20 méach
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6.5.2 Composition of media foBaccharomyceserevisiaeultures
6.5.2.1 Yeast Peptone Dextrose

UntransformedSaccharomyces cerevisisteains were grown omutrient-rich Yeast Peptone
Dextrose (YPDhedium plateDymond 2013)YPDconsissof 2.0 % (w/v) tryptone/peptone,

1.0 % (w/v) yeast extract, 2.0 % (w/v) glucose, 55 mg/l adeniliateand was supplemented
with 1.5% (w/v) agar before sterilization. YPD was liquefied by microwaving before pouring
about 15mlin each Petri dish.

6.5.2.2 Synthetic Completeninimal defined medium without uracil

In comparison to YPIRynthetic Complete minimal defined medium without uracil- (&4
only provides substrates and amino acids but is lacking uréi2yimond 2013)Instead, it is
supplemented witheither glucose(SCLQirA or galactosgSCGra, respectivelyOnly uracit
producingtransformant strainsurviveon thesemedia

The baal liquid SGraconsiss of 6.7 g/l yeast nitrogen basel,85.5 mg/I.-serine, 100ng/l L-
threonine, 75 mg/lL-valine, 50mg/l L-aspartate, 50mg/l L-glutamate, 40mg/l adenine,
30 mg/l -leucine, 30 mg/l-isoleucine, 25 mglt-phenylalanine, 20 mgtHryptophan,15mg/l
L-lysine,15 mg/l L-tyrosine,10 mg/l L-argining 10mg/I L-histidine and10 mg/l L-methionine
The pH was adjusted to 5.6 by addinylINaOHAmino acids were added from 20x stocks,
which were prepared beforehand and storedZ0 °C. Fomultiplying S cerevisiaecolonies
harboringpES@Jraplasmids, liquid SClkawas used, which contaga additional 2.0 % (w/v)
glucose(dextrose. In contrast, 2.0 % (w/v) galactoseas added for thepreparation of
SCG@ra Bothmedia were autoclaved in haflled 11 Schott flasks.

If solid SCGraplates were used, 1.5 % (w/v) agar veapplementedbefore sterilizinglOOm|
of the medium in 250nl Erlenmeyer flasksAfter sterilization the mediawere gently mixed
to dissolve the agar completelifor preparation of solid SGenplates, Petri dishes were filled
with about 15ml of the liquefied medium.

6.6 Handlingof Saccharomyceserevisiaeultures

Yeast cultures were alwaygropagatedby picking colonies from medium plates instead of
reactivating them from glycerol stocksce the cells are more durable

The yeast strain YPH 501 was usedhieterologous expressioaf recombinant genes. The
untransformedstrain wasspread on theYPDplates with a sterile inoculatiodoop from a
commercial glycerostock The plates were incubated at 30 °C for 2 to 3 days, until several
single colonies appeared. The plates were then stored at 4 °C. Once a month, several colonies
were taken and transferred to a fresh plate.
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Transformed yeast strains, containing pEBE were cultivated on SGilgaand were
refreshed weekly. Once a month, the bageast strain was newly transformed achieve
consistent expression result&or heterologous expressiomh@apter 9.4), a pinheaesized
group ofthesecolonies was taken and transferredltquid SCQyra

6.7 Chemicals and solutions

6.7.1 Staining solution for Bradford assays

Bradford solutionfor the quantification of proteins(chapter 9.6)consistedof 0.1 g/l
Coomassi@rilliant Blue G250 % (v/v) ethanol and 10 % (v/v) 85H4?Q (Bradford 1976)
The solution was filtered twice and stored at 4 °C until use.

6.7.2 Shikimioor quinic acidstock solutions

High concentrated solutions ghikimicor quinic acidnay influence the pH in enzyme assays.
High buffer concentratiors were avoided by adjusting the pH »M shikimicor quinic acid
solutions to pH 7.0shikimicor quinic acidvereweighed in ébeakerandwater of about 80%

of the final volumewas added Whenthe substances were completely dissolygtH was
adjusted with IM NaOH to 7.00The solution was quantitatively transferred to a volumetric
flask, and vater was added tdhe final volumeof 20.0ml. The solutiors were thoroughly
mixed, before aliquahg and storing aR20°C

6.7.3 3-Hydroxyanthranik acidstock solution

Sincethe solubility of 3hydroxyanthranik acidin water is restrictedthe substancewas
dissolved in M HCIL.When adding the solution to enzyme assay® tesultingdecreaseof

pH was neutralizedith an equal amount of M NaOHEnzyme assays were mixed intensively
afterwardsto avoidlocal pH maxima or minima, which could inactivate other substarides.
resulting pH was evaluated before starting the enzyme assay.

6.7.4 Neutralizedl6-hydroxypalmitic acigtocksolution

16-Hydroxypalmitic acid was used as hydroxycinnamoyl acceptor substrate. Since the fatty
acid is poorly soluble in water, it was dissolved in%2Qv/v) ethanol under heating
Subsequent to neutralizatiowith 1 M KOH the concentrationwas adjustedo 50mM and

the solution was subjected to ultrasomitton for 10min, which dissolved the white
precipitate
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6.7.5 Washing of glass beads for mechanical cell disruption

Glass beads were washed with HCI to avoid contamination during mechanical disru@ion of
cerevisiaecells.50 gglassbeads (425 to 600 um) were covered with 5.8 M HCI and incubated

at room temperature for at least 1 h with intermediate stirring. Afterwards, the acid
supernatant was removed, and the glass beads were washed. The beads were intensively
stirred in water forl0 s and the water was decanted. Washing was repeated 9 times. After
autoclaving, the flask remained in the hot autoclave with half opened lid for drying. If the glass
beads did not require sterility, they were subjected to a wide glass vessel and d8éd°&

for 1 h.

7 Molecular Biology

7.1 BExtraction, treatment and analysisf nucleic acids

7.1.1 Isolationof total RNA according t&homczynski and Sac¢h987)

The protocol byChomczynski and Sac¢hb87)was followed for the isolation of RNA from
Sarcandra glabraThis method was used to obtain suitable RNA for later amplification of DNA
sequences. Fresh plant material was frozen in liquid nitrogen and ground to a fine powder
without thawing in a nitrogen chilled mortar. About 58 of the plant powder were carelfy
weighed into 1.5nl reaction tubes. For disruption of the cell walls, 30Golution D were
added, consisting of 4 M guanidinium thiocyanate, 28 sodium citrate, 0.5 % (w/v) sodium
N-lauroyl sarcosine adjusted to pH 7.0. Afeeshort incubation at room temperature, 54

2 M sodium acetate was given to the mix, followed by intensive mixing withub@benol
(citric acid buffer saturated). Immediately afterwards, 30Gce-cold chloroform were added

and the tubes were vigorouslghaken. The tubes were incubated on ice forniib and
centrifuged for 15 min at 4C and 1200Q. The aqueous upper phase was transferred to a
new 1.5ml reaction tube ad an equal volume of ieeold isopropanol was supplemented. The
tubes were carefully inverted and RNA precipitated-20°C for 15 to 60nin. RNA was
collected by centrifugation for 10 min at®€ and 1200@. The pellet was washed with 2Q0

70% (v/v) ethanol, centrifuged for 5 min at’@ and 750@ and the process was repeated
with 200l 100% (v/v) ethanol. RNA was finally dried at°&7for 5min and resuspended in
25yl RNasdree water by pipetting. Isolated RNA was always stored8@fC. Theurity of

RNA was controlled spectrophotometrically and d¥% Iw/v) agarose gels.
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7.1.2 lIsolation oftotal RNA according tBearson et ak2006)

The method described earson et al2006)had been validated with polyphenoikch algae
and, thus, is suitable for other polyphenol containing plants. Plant materifaotandra
glabra was lyophilized, ground to fine powder in a cooled mortar and 20 ton§Owere
weighed in 2nl reaction tubes. The samples were incubated af@Ifor 15min with 1ml
extraction buffer, composed of 10@M tris(hydroxymethyl)aminomethanélrig-HCI pHr.5,
50mM ethylenediaminetetraacetic acid EDPTA 2M NaCl, 26 (w/v)
cetyltrimethylammonium bromide GTAB and freshly supplemented 50M dithiothreitol
(DTT). Afterwards, thl 4% (v/v) isoamyl alcohol in chloroform was added, the reaction tubes
were mixed vigorously and centrifuged for 0n at 4°C and 1200Q. The aqueous upper
phase was transferred to a newn® reaction tube, absolute ethanol measuring @0of the
volume was added and the tubes were shaken gently. The extraction by isoamyl
alcohol/chloroform was repeated and the upper phase collected inwva héml tube. For
RNA precipitation, 12 [ A / EmercagtBethanol were added to a final concentration of
2.4M and 1%, respectively. Precipitation of RNA took place &t 4or 16 to 2B. A pellet was
collected afterwards by centrifugation for 30in at 4°Cand 14000y. Resulting RNA was
washed twice with 80@u 70% (v/v) ethanol and spun down for bin at 4°C and 14009.
Ethanol was removed and the RNA pellet was dried fomitbat 37°C. RNA was then
resuspendedn 35 ul RNasdree water by pipettingand subsequent shaking for 1Bin at
37°C and 300pm. Concentration and purity of RNA samples was determined
spectrophotometrically and on % agarose gels. RNA was storeeBat’C afterwards.

To purify RNA after a DNase | digest, a second RNA isolation step was performed. The same
protocol was used, but only a tenth of the volumes were taken.

7.1.3 Isolation of total RNA using the RNeasy® Plant Mini Kit (Qiagen)

The isolation of total RNA fro®arcandra glabravas conducted following the protocol of the
RNeasy® Plant Mini Kit (Qiagen). Young leaves, stems, and roots were harvested from adult
Sarcandra glabrafrozen in liquid nitrogen and lyophilized for B4A sterilized mortar (8 at
200°C) was prechilled with liquid nitrogen, and the lyophilized plant parts were ground
without allowing them to thaw. Up to 50g powder were weighed into &l reaction tules

and 450ul buffer RLT was added immediately. Followihgrough mixing, the lysate was
transferred to a QIlAshredder spin column, which was placed innd &action tube.
Centrifugation for 2nin at 1700Qy resulted in a clear flovthrough which was pipetted into

a new reaction tube. The same volume of 20Qv/v) ethanol was added, and the lysate was
gently mixed before application to a RNeasy Mini spin column. Thetflamgh from a 15
centrifugation at8000g was discarded since RNA was bound to the silica membrane. Protein
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residues were removed by washing the column with EOORW1 and subsequent
centrifugation. The flowthrough was, again, discarded, and washing was repeated twice with
500ul RPE buffer. Liquid residues were removed byir2 centrifugation at 800@. The
column was then placed in a new reaction tube. The RNA was eluted by pipetihRR&ase

free water directly onto the membrane, incubating fomBn at room temperature, and
subsequent centrifugation at 80@pfor 2 min. Higher yields were achieved by rapeg the
elution. The integrity of total RNA was evaluated on agarose gels and the concentration, as
well asthe quotient of the absorbance at 260n and 280hm (Aced/A280), were determined.

7.1.4 Isolationof genomic DNA according Rogers and Bendiqi985)

For isolation of genomiDNA (gDNA)vhich was utilized as template for PGRe protocol
described byrRogers and Bendi¢h985)was followed.Young leaves oBarcandra glabravere
harvested, flash frozen in liquid nitrogen and ground in a prechilled mortar. The powdered
plant material was weighedtia 2 mlreaction tubes to 200ng and resuspended in preheated
(65°C)2x CTAB buffer by thorough mixing. The 2x CTAB buffer was composéti(af\2
CTAB 1% (w/v) polyvinyl pyrrolidone (MW 40000), V4sodium chloride, 0.M Tris-HCI
pH8.0and 10mM EDTA. The reaction tubes were incubated at@5or 10 to 30nin with
intermittent mixing. Subsequently, 3Q0 chloroformwere addedand the tubes intensively
mixed until an emulsion was formed-ollowing centrifugation at 1700§ for 5min, the
agueous upper phaseontainngthe gDNAwas transferred ta newtube. Subsequentlyl10x
CTAB buffegcomposedof 10% (w/v)CTABand 0.7M NaC| was liquefiedat 65°C and added
to a final concentration of % CTAB. Both liquids were mixgdntly by inverting and
extraction with 30Qul chloroform was repeated. After centrifugation at 170§®@or 5min,
250pl of the upper phase were added to 2GDCTAB precipitation buffer, whiclonsistedof
1% (w/v)CTARlissolved in 50nM Tris-HCI pHB.0 and 10mM EDTA. The reaction tube was
inverted several times and subjected to centrifugation at 17§@@ 10 min. The supernatant
was carefully removed afterwardsncecentrifugation resulted in the formation af gDNA
pellet on the interior surface of the tube. The precipitate was resuspended iuPlighsalt
TEbuffer, consistingof 20mM Tris-HCI pH.0, 1mM EDTAand 1M NaCl After adding 40Qul
ethanol and inverting the reaction tube the tubes were incubated a0 °C for up to h.
Centrifugation at 1700 for 5 min resulted in the formation of &aint white pellet. Residual
liquids were removed anthe pellet carefully rinsed with 4001 70% (v/v) ethanalPrior o
removal ofthe supernatant, the tubes wersubjected to centrifugation at 1700for 5 min.
The washing proceswas repeatedonce Drying thegDNA pellet at 37C for 20min was
followed by resuspension iB0 to 50l 5mM TrissHCI pH8.0, 1mM EDTA, and 0rhg/ml
RNase A at a temperature of 37fo€ 15 min. The gDNA was directly utilized downstream
applications
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7.1.5 Digestionof DNAwith DNase |

DNase | digest was performedriemovegDNA contaminants from RNgolates For this 5pl
10x buffer with MgC} was added to 4@u RNAsolution After adding5 pl DNasd, the digests
were incubated at 37C for 1h.

7.1.6 Quantification of nucleic acids

Typical methods fothe isolation of nucleic acids result in solutions which contain residues of
gDNA or RNArespectively, proteins, polysaccharides chemicals Spectrophotometric
analysis help#o identify impuritiessince the substancesan be differentiated by absorbance
between 220 and 338m. Typicallynucleic acid solutions wemmeasured against water as
blank at 260hm and 280nm. gDNA wasconsidered pure, wherthe quotient of the
absorbance at 268m and 280hm (Axeo/A2s0) Was 1.7to 1.9, wherea RNA was pure, when
Aoed/A2go Was between 1.8 and 2.0. At a wavelength of 2&@) gDNA solutions with an
absorbance of 1.0 correspond to eoncentration of 50g/pl ¢ =50mM?*cnml). An
absorbance of 1.0 equals a concentratmfd0ng/pl ¢ =40 mM-1 cnr?) for RNA. Calculatien
arebased on LambeiBeerlaw.

7.1.7 Agarose gel electrophoresis

Processes such as polymerase chain rea¢f@R), restriction enzyme digestion of plasmids,
and isolation of RNA or gDNA typically yield a complex mixture of nucleic acids of varying sizes.
Agarose gel electrophoresisas conducted teseparate nucleic acids based on their size,
allowing analysis through comparison with size markErgure7) and revering for the use in
downstream applicationsAgarose gel electrophoresis is based on the speed of migration of
nucleic acids during application of voltagéhe negatively charged nucleic acids are pulle
towards theanode while thefiltering characteristics of thgel matrixslows down molecules,
depending on their size.

To cast an agarose gel, 0.7 to §.2garose were dissolved in 100 TAE bufferconsisting of
40mM TrisHCI pH 8.0, inM EDTA and 2&M acetic acidby microwaving. TAE buffer was
prepared by dilution of a 50x stock solutionNETris-HCI, 5anM EDTA1M acetic acid). A gel
tray was preparedcleaned and a comb was insertéthe agarose solution was cooled to
about 50°Cand swiveled regularlyThe liquid waspouredon the gel trayand 10to 25ug
ethidium bromide were added and dispensddels weresubsequently hardened for 20 to
40 min and either used directlyor stored at 4°C overnight.
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When starting the analysihe gel tray was transferred tthe gel chamber, which was filled
with about 250mI TAEbuffer. Nucleic acid samples were prepared by adding a sixth of the
volume 6x loading dyé.03% (w/v) bromophenol blue, 0.036 (w/v) xylene cyanol, 6nM
EDTA, in 6@ (w/v) glycerol)The samples were mixed, collected at the bottom, dirdctly
pipetted ino the wells.Visualization of the size of the nucleic acids was achieved by adding
4 ul GeneRuler DNA Ladder Mix sepahatFigure?). The gel was run for 20 to 4Bin at100

to 130V. Finally,the gel was analyzed in photo chamberunder turquoise light and
application of an amber filteiThe @l appeaed yellowish,
while nucleic acids bandshow bright fluorescence A
black and white picture was documented with a camel

2000 bp
1500 bp

1200 bp
1000 bp

Depending on the application, bands of interest were ¢
out with a scalpel and subjected to gel extraction.

If direct application of ethidium bromide to the agaros
solution was not possible due to interference durir

running the gel, the gel was stained with5pug/mi
ethidium bromide in TAE buffer for 30in at 4°Cafter Figure 7. GeneRuler DN/
electrophoresion a shaking platform. ladder Mix onan agarose gel

7.1.8 Isolationand purificationof nucleic acids from agarose gels

After agarose gel electrophoresis was used to separate DNA, such as PCR amplicons or
plasmids, cut with restriction enzymes, the bandsre preciselycut out, and theDNA in the
fragmentswasisolatedusing theNucleoSpin Gel and PCR Cleap Kit. The slice of the gel
was placed in a sterile 118l reaction tubeand either stored at20 °C or directly processed.
The gel waslissolved in 20@ul buffer NT per 100 pg gel at 8G for 5 to 20 min. The solution
was then transferred to a silica gel column, whighs placed in a 2.0l reaction tube. During
centrifugation at 1100@ for 1 min, DNA fragmentaere boundto the matrix, while buffer
and dissolved gel residuggere rinsed The flow through was discardethe silica membrane
was washed through centrifugation at 110@0for 1 min with 700 pl buffer NT3which
consisted ofLl0 mMTris-HCI pH 7.5 80 % (v/v) ethanollThenthe flow-through was discarded
andthe matrix dried byepeaing centrifugation for Znin. Finally, DNA fragments were eluted
with 25l sterilized waterby centrifugation at 11009 for 2min after incubation ofthe
membrane for 5 min. Higher yieldgere obtained by repeating the last steonsequently,
the concentration decreased. DNiragments were ready to usar stored at-20 °C.
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7.1.9 cDNAsynthesis
7.1.9.1 cDNA synthesis for PCR

Synthesis of complementary DNA (cDMA¥used to construcstable template for PCRRom

total RNA Synthesisf cDNA was simplified by using the RevertAid First Strand cDNA Synthesis
Kit (Thermo Sientific). The gnthesis was started by pipetting 11 jdtal RNAsolution,
equivalent t00.1 to 2.0ug, into double autoclaved reaction tubes. To bitwdthe 3Qooly(A)

tail, 1 pl oligo d(T)1®rimer was added and theeaction tubes were incubated at 70 °C for 5
min. Afterwards, the mixture was spun down briefligd stored on ice. In the following, pl
5xreaction buffer, 2 ul 10 mM dNTPs and 1 pl RiboLock RNase inli#tiitdful) were added

and the solution was mixed gently by pipetting. RNases were inhibited by incubation at 37 °C
for 5 min. Transcription of RNA into cDNA was started by adding 1 yL RevertAid reverse
transcriptase(200U/ul). The reaction took place at 42 °C forr6h and was stopped by
heating themixture to 70 °C for 10 mitinally,cDNA was spun down and storedZ0 °C.

7.1.9.2 cDNA synthesis f(RACEPCR

Rapid amplification of cDNA ends (RARBERmployscDNA of whichthe 5Qand 3ends are
modified by adding an adapter sequence. Ti0b3QRACHeady cDNA was constructed by
using the SMARTerRACEBRKIt (Takara).p 2 NJRACGEeady cDNAwas prepared by
transferring up to 1Qul for SARACE or 1fil for 3jRACERNAsolution (10 to 1000ng) toa
microtube, and either adding 141l 5CDS Primer A oiGEDS Primer A. After geathixing
and short centrifugation, the tubes were incubated at°2for 3min, for denaturation and to
ensure sufficient binding of primers in @&ch regions. Cooling at 42 for 2 min was followed
by collecting the liquid at the bottom of the tube byrtafugation. For &RACE, il SMARTer
Il A oligonucleotide was added. The following reagents were prepared in a separate reaction
tube, enabling the preparation of aaster mix for several parallel reactions: 405x First
Strand buffer was mixed with O 100mM DTTand 1.0ul 20mM dNTPs. The mixture was
spundown briefly, and 0.5u1 RNase Inhibitor (40 U/ul), as well as gQLGGMARTScribBT
(100U/ul) were carefully added. Synthesis of RAERly cDNA was started by addingl®f
the master mix to the reaction tubes containing the prepared RNA, genixing, short
spinning, and incubation at 4Z for 90 min in a thermal cycldhe reactiorwas stopped by
denauring at 70°C for 10 min. The resulting@®r 3GQRACHEeady cDNA was diluted with
tricine-EDTA buffer, depending on tivatial amount of RNAand stored at20 °C until further
usage.

7.1.10 Polymerase chain reaction

PCRs based on exponential amplification of DNA. Firstly, DNA double strands are separated

by heatingto 95°C. Secondly, the temperature is lowered to allow binding of egreeific
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primers to theforward and the reverse strand. Filiy, elongation of the antisense strands is
started by increasing the temperature to the optimal working temperature of the
thermostable polymerase. The whole procedure is repeatedtinuously until amplification
rates decline.Several commercially available kitsuch as the GoTaqg, AccuPrime, and
SMARTew! / 9 p Wareauskd tb aniplEy DNAlepending on the further processirgCR
reactiors were performed in a thermal cycler after mixing all components and adding water
to a final volume of 2%il.

7.1.10.1Designof PCRprimers

Primers were designed using the Oligo Analysis tool by Eurofins Genomics@erukof a
DNA sequence wadirectly used to set up theforward primer. The 3@nd, instead,was
reversed and taken complementary to construct tieeerseprimer. Primers had a size @D
to 35nt, andadifferencein melting temperaturebelow2 °Cwas aimedRestriction sitesstart
codons, stop codons, owucleotides foimproved binding ofestriction endonucleasg were
added.

7.1.10.2StandardPCRusing GoTaq

GoTag®2FlexiDNA polymerasePfomegais a fulllengthTagpolymerase, does not possess
3bexonucleaseactivity, adds a @A overhang and is able to insert 1000 bp/mirhe
composition and cycling conditiorigr standard assays are describedTiablel. The kit was
mainly used to verify gene sequences from cDNA or gbN&,amplify short sequences for
semiquantitative expression analygchapter).

Tablel. Cycling program ancomposition of a standard PCR usingl@q polymerase

Cycling program Composition

94 °C 120 s, 1.0 pl DNA template
[94 °C 60 STm-5°C60 s, 72 °C 60 s] x40, | 5.0 pl GoTaq buffer |
72°C 300 s, 3.0 pl MgGl (25 mM)
hold at 4 to 10°C 0.5 pl dNTPs (10 mM)

0.5 pl of each primer (10 to 1QM)
0.1 yul GoTaqg G2 polymerase (5 U/ul)
14.9pul O

7.1.10.3PCR usingccuPrimelaqgDNA polymerase

With the aim of amplifying fullength sequences for ligation into plasmidsd subsequent
heterologous expression, AccuPrimiaq DNA polymerase, high fidelity (Thermo Scientific)
was used. This polymerase posses8€6Qexonucleaseactivity, which means, wrongly
inserted nucleotides are cut out and correctélthe number of falsely paired nucleotides
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reducedsignificantly and the exact sequence during PCenhsured AccuPrime PCR assays

were prepared irmicrotubesandwere com

Table2. Gycling progranand compositiorof a standard PCR usiAgcuPrime polymerase

poseds described iffable2.

Cycling program

Composition

94 °C 120 s,

[94 °C 60 sIm-5°C60 s, 68 °C 60 s] x40,
68°C 300 s,

hold at 4 to 10°C

1.0 pl DNAemplate

2.5l 10x AccuPrime buffer

0.5 pl of each primer (10 to 1QM)
0.1ul AccuPrim&@agDNA polymerase
(2U/ul)

20.9ul BO

7.1.10.4RACEPCR

RACEPCR is a variant of PCR, which allows amplification of unkn@am58ends of DNA
sequences, when only an internal partial sequence or only of the endds known.The

{a! wWeSNW! /9 pQkoQ

1A

6 ¢l y[ RANCEPCRS A gerspeifi® R

0 2

primer was designed, based on the known sequence, with a melting temperature of about

70°C and a G€ontent of 50 to 7®.Depending on which part of a gene to analyz2pb3Q
RACHeady cDNA wasynthesizedbeforehand(chapter7.1.9.2. RACEPPCR was startedy
mixing 2x SegAmp buffer and SegAmp DNA polymenasemicrotube Water was added to

a total volume of 20.7%l, the contents were mixed and briefly centrifuged befeterageon

ice.Aseparate microtubeontained Ror 3GRACHeady cDNA, 10x universal primer mix, and

the internal primer.The contents of both tubes were mixed acentrifuged. Afterwards,the

reaction tubes werdransferred to athermal cyclerand astandard touchdowrPCRprogram

was executedTable3). The progranwascustomized depending orné melting temperature

of the primers andhe length of the sequence of interest. RABER was analyzed of4dl(w/v)

agarose gels, and bands were eventually cut out and handled as describedpier7.1.7.

' FGSNI 200G Ay Ay 3

I RRA-S A Dnoth endsytHe2fNdngtil df shy

sequence of interest is obtained and conventional PCR may follow.

Table3. Gycling progranand compositiorof

a standard PCR usitigge SMARTew ! / 9

I 0 2 dz

p QKo Q

Cycling program

Composition

[94°C 30s, 72°C180s] x5,

[94°C 30s, 70°C 30s, 72C 180s] x5,
[94 °C 305, 68°C 30s, 72C 180s] x30,
hold at 4 to 10°C

M P H p-2WNIRAGERady cDNA

12.5 pl 2x SegAmp buffer

2.5 pl 10x universal primer mix

1.0 ul gene specific primer (10 to 1QM)
1.0 pISegAmp DNA polymerase

6.75 pl HO
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7.1.10.5PCR conditions fahe amplification ofSgQHCTs and SgCYP98s

PCRg SNBE 02y RdzO( S RRARZEeRJy BDNA &stiemplateNd opt&in fighgth or
partial sequences of the enzymes covered in this report. AGR-ompositiorsand conditions

are depicted inrable4.

¢l onfRSNA YSNI aS1jdzSyO0Sa

F 2 NI iYLyt AOKO | 320jydz2yFO 3.8 N T
YR O2YL}Raa

{3/ ,tpyad AyOfdzRAY3d t/w O2yRA82Ya
Primers | PCR conditions | Composition
SgHST (fulength)
f: 94 °C 90 s, 1.0 pl cDNA
TAACATATGAAGATGTT| [94 °C 30 s, 57 °C 30 s, 68 °C 9( 2.5 pl buffer |
TCAACGTGAGGG x40, 0.5 pl of each primer
r: 68 °C510 s (100 pM)
TAGGATCCTTAAATATC 0.1 pl AccuPrime
AGAAAAACTTCTGGAAT 16.2 pl HO
SgHQT Tfull-length)
f: 94 °C 90 s, 1.0 pl cDNA
TAACATATGATCGTCAA [94°C 30 s, 57 °C 30 s, 68 °C 9( 2.5 pl buffer |
TCAAAGAGTCTA x40, 0.5 pl of each primer
r: 68 °C 510 s (100 uM)
TAGGATCCTCAAAGAT(C 0.1 pl AccuPrime
AGAAAATCTTCTTAAAT 16.2 pl HO
CG

{ 31 v ¢C-RACEPER)

f: 10x Universal primer A
mix

[94°C 305s,68°C30s, 72 °C 9
x5,

4.0 pl 5:°RACEeady
cDNA

TAATACGACTCACTATA [94°C 305,66 °C 30 s, 72 °C 9( 12.5 pl buffer |
GCAAGCAGTGGTATCA] x5, 0.5 pl primer (10QuM)
CAGAGT and [94 °C 30 s, 64/62/60 °C 30s, | 2.5 pl 10 x UPM
CTAATACGACTCACTAT| 72°C 90s] x30 0.5 pl SegAmp

GG 5.0 pul HO

r:

TAATACGACTCACTATA

GCAAGCAGTGGTATCA

CAGAGT

SgHQT2f¢ll-length)

f: 94 °C 120 s, 4.0 ul cDNA
ATTCTCGAGATGGGGA| [94 °C 30 s, 64/62/60/58/56 °C | 2.5 pl buffer |
GTTTTCATAGAAGAAG(Q 30s, 68 °C 90 s] x40, 0.5 pl of each primer
r: 68°C30s (200 pum)
TATCTCGAGCTATAACT 0.1 pl AccuPrime
AAAAGAGCTTACTAAAT 17.4 pl HO

CcC

SgRAS (fulength)
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Primers PCR conditions Composition

f: 94 °C 90 s, 1.0 pl cDNA
TAACATATGGCGACCAT| [94 °C 305,57 °C 30 s, 68 °C 9( 2.5 pl buffer |
AGACTTCC x40, 0.5 pl of each primer
r: 68 °C 510 s (100 pm)
TAGGATCCCTAGAGAC 0.1 pl AccuPrime
GGTAAAAAAATTGCTTG 16.2 pl HO

SgHCH (fulHlength)

f: 94 °C 90 s, 1.0 pl cDNA
TAACATATGGCCTCTT(Q [94 °C 305,58 °C 30 s, 68 °C 9( 2.5 pl buffer |
AGTATTCTCA x40, 0.5 pl of each primer
r: 68 °C 510 s (100 pm)
TAACATATGCTAAAGCG 0.1 pl AccuPrime
GATATGATGAA 16.2 pl HO

[RAS] Cluster (fullength)

f: 94 °C 90 s, 1.0 pl cDNA
GTACTCGAGATGTCAG;/ [94 °C 30 s, 65/63/60 °C 30's, | 2.5 pl buffer
CCGGGAGCCGTGTAA | 68°C 90 s] x40 0.5 pl of each primer
r: (20uM)
GTACTCGAGCTACTGT] 0.1 pl AccuPrime
CCAGTAAAGAGCATTG] 20.4 yl HO

SgHCB (fulklength)

f: 94 °C 90 s, 1.0 ul cDNA
TAACATATEICGTCAAG( [94 °C 30 s, 54/57 °C 30 s, 70 °( 5.0 plbuffer
TCAAAGAGTCTA 90 s] x39, 3.0uL Mgdd (25mM)

I
TAGGATCCTTAAATATC

94 °C 60 s, 54/57 °C 30s, 70 °C

0.5ul dNTPs (1enM)

600 s 0.5 pl of each primer

AGAAAAACTTCTGGAAT (100 puMm)

0.1 yul GoTaq

14.4 ul HO
SgCYP98A235 (fuéngth)
f: 94 °C 120 s, 1.0 pl cDNA
ATGGCTTTCTCTCTCCA [94 °C 30 s, 64/62/60 °C 30's, | 5.0 pl buffer
CTCTCTCC 72°C 90 s] x40, 3.0 pIMgCt (25mM)
r: 72°C210s 0.5 pl dNTPs (1@&M)
TCAGCACATACGCTTG] 0.5 pl of each primer
AGCTCC (10 M)

0.1 pyl GoTaq

14.4 ul HO

{3/ .t py 'RAGECRY p Q

46




Il Material and methodsMolecular Biology

Primers

PCR conditions

Composition

f: 10x Universal primer A
mix
TAATACGACTCACTATA
GCAAGCAGTGGTATCA|
CAGAGT and
CTAATACGACTCACTAT
GG
r:
TTACATATCAACAGTCA
CGTTTGAAC

[94°C30s,70°C30s,72°C
120s] x5,
[94°C30s,68°C30s,72°C
120s] x5,
[94°C30s,66°C30s,72°C
120s] x5,

[94 °C 30 s, 60/58/56 °C 30 s,
72°C 120 s] x25

M PN -RACHead
cDNA

12.5 pl buffer |

0.5 pl primer (10QM)
2.5 pl 10X UPM

0.5 yl SegAmp

8.0 ul HO

7.1.10.6Analysis ofenomic sequences

PCR were conducted using gDNA as template to analyze the genomic sequences of the

enzymes covered in this report. TRERCompositiorsand conditions are depicted ifable5.

¢l optSNRA YSNI aSljdzSy 0S4
YR O2YId2 FNo FPAND | NR

F2NJ 35b! |yl feaara
LINA YSNE NX¥ NBOSNHS

Primers

PCR conditions

PCR composition

SgHST (partial)
f:
GCGGCGCAGACGCCTA
AT
r: TTAAATATCGTAGAAA
CTTCTGGAATCGTAGCH
TG

[RAS] Cluster

f:
GTACTCGAGATGTCAG
CCGGGAGCCGTGTAA
r:
GTACTCGAGCTACTGT]
CCAGTAAAGAGCATTG]
SgCYP98A235
f:
ATGGCTTTCTCTCTCCA
CTCTCTCC
r:
TCAGCACATACGCTTG]
AGCTCC
SgCYP98A234
f:
ATGGCTCTCCCTCTCC]

AA

94 °C 180 s,

[94°C 305s,63°C60s,72°C
120s] 40x,

70°C 180 s

1.0 ul gDNA

5.0 yl GoTaq buffer
3.0l MgCt (25mM)
0.5 pl dNTPs (10 mM)
0.5 pl of each primer
(10 M)

0.1pul GoTaq

14.4 ul HO
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Primers PCR conditions PCR composition
r:
TTACATATCAACAGTCA
CGTTTGAAC
SgHQT1 94 °C 180 s, 1.0 ul gDNA
f: TAACATATATI CGTCAA( [94 °C 30,57 °C60s, 72 °C | 5.0 ul GoTaq buffer
CTCAAAGAGTCTA 120s] 40x, 3.0l MgCt (25mM)
rr TAGGATATCAAAGATC 70°C 180 s 0.5 ul dNTPs (10 mM)
TAGAAAATCTTCTTAAA 0.5 pl of each primer
ACG (10puM)

0.1ul GoTaq

14.4 ul HO
SgRAS
f: TAACARTGGCGACCA] 1.0 pl gDNA
AAGACTTCC 5.0 yl GoTaq buffer
rr TAGGAT@IAGAGAC( [94°C 30s,68°C60s,72°C | 3.0u MgCt(25mM)
TGGTAAAAAAATTGCTT| 180s] 40X, 0.5 pl dNTPs (10 mM)
SgHCF [94°C 30,59 °C 60 s, 0.5 pl of each primer
f: TAACATATGGCCTCT1 70 °C 180 s] 5x (100uM)
TTAGTATTCTCA 0.1ul GoTaq
r: TAACATATGCTAAAG( 14.4 pl HO
AGATATGATGAA

7.1.10.7Colony PCR

Only yeast strains harboring plasmids that enable the production of uracil can grow on
medium plates lacking uracil, f@xample SCLra Colony PCR was conducteal ¢onfirm
whether colonies contain plasmiagth or without the sequence of interest

After transformed yeast strains were grown for four days, several individual colonies were
isolated with a sterileoothpick and transferredto SCLyraplates. The plates were again
incubated until a thin layer of colonies was visible. A group of colonies from each isolated
single colony was taken with an inoculation loop and resuspended in 100 gbaitaon with

1 % (w/v) sodium dodecyl sulfa(€DS) andl00 mM lithium acetate. The cells weneated to

70 °C for 5 min, 300 pl ethanelas added, and themixture was mixed vigorously. The
supernatant was then removedfter centrifugation at 15000y for 3 min, and the pellet
washed twice with 400 ul 7@ (v/v) ethanol. The pellet was then dried at 37 °C for about 20
min and resuspended in 590 demineralized watefTheisolated nucleic acidsontain plasmids

as well as yeast DNe#hdwas used as template for PCR.

ColonyPCR ssaysvere composed as described belowaple6) and sterile water was added
to a final volume of 2pl. PCR was conductagsing primers specifically designed for the
multiple cloning sites (MC8) pES&Jra Theannealing temperatur€Tm) for MCSI was50 °C
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and 60 °C for MG8. Assays were analyzeafterwards byagarose gel electrophoresiSince
the primers bind shortlyup- and downstream ofMCSI andl, the size of theamplified
fragmentdepends orthe insered sequences the MCSsFragments from unconverted peSC
Ura for MCSI and -ll were 336 and 486 bp, respectively. Wheaodonoptimized
SgCYPI®35 SgCYP@234and PsCPR were inserted, thepectedbands were 1854, 1863
and 2622 bp, respectively.

Table6. Gycling progranand compositiorof a standarccolonyPCR

Primers Cycling program Composition

MCSI 94 °C 120 s, 2.0 ul DNA template
f: CTGAAAGTTCCAAAG/ [94 °C 30 £0/60°C30 s, 72 °C | 5.0 pl GoTaq buffer |
AAG 150 s] x40, 3.0 pl MgGi(25 mM)
rr TTTCTGGCAAGGTAG, hold at 4 to 10°C 0.5 pl dNTPs (10 mM)
AAG 0.5 pl of each primer
MCSII (20uMm)

f: GCCTTATTTCTGGGG] 0.1 plGoTaq G2
TTAATCAGCG polymerase (5 U/ul)
rr GTCCCAAAACCTTCT( 13.9ul O
GCAAGG

7.2 Molecular ¢doning

7.2.1 Plasmid vectors
7.2.1.1 pDrive

The vector pDrive (Qiage(@hapter 28.) has a size of about 3.9 kb, contanestriction sites

for several enzymes (EcoRI, BamHI, Sall, Xhol), ampicillin and kanamycin resistance genes, an
origin of replication and is suitable for bhwehite screeling. It was mainly used to prepare

PCR fragments for DNA sequenciAtiernatively, transformantsvere used to multiply the
plasmidsby growing thenovernight.

7.2.1.2 pEF15b

For heterologous expression of enzymes, ikl was the plasmid of choi¢ehapter 28.2.

This plasmid has a size of about 5.7 kb and is equipped with an ampicillin resistance gene,
AmpR and lacl promotor, MCSwith restriction sites for BamHI, Xhol, and Ndel. Due to its
high expression level, atterminal thrombin cleavage site, aidtterminally attached 6xHis

tag wasutilizedfor the expression of soluble proteins.

7.2.1.3 pES@Jra

The plasmid pES@a (chapter 28.4 instead was used for expression of membrdoind

proteins in S cerevisiae It hasa length of about 6.6 kland MCSI and -Il are arranged
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downstream of galactose promoters GAL1 and GAL10, respectively. EcoRtbrad in MCS

I in front of asequence encoding aN-terminaly attached FLAG® epitope (DYKDDDDK),
whereas BamHI and Sall cut in M@OB front ofa sequence encoding &terminaly attached
c-Mycepitope (EQKLISEEDL). Additionally, pE&Contains an ampicillin resistangenefor
selectionin bacteria, two origins of replication (pUC and 2u), HrelURA3 selection marker.

7.2.2 Ligation
7.2.2.1 UA-Ligation

Non-proofreading DNAdolymerasessuch as Tagolymerase replicat®NA doublestrands
and add ®A overhang. The linearized piive vector is supplied witla 3QJ overhang, which
hybridizes with 8A from the PCR product. Thieserted DNAs then ligatednto the plasmid

by a ligase.Ligation of PCR fragments in pDrive were performed withPCR Cloninkjit
(Qiagen) Ligation assays consisted of 0.55(l ng/pllinearized pDive, 2.5 pl 2x buffer and
were started by adding 24 purified PCR product. Incubation took place at room
temperature for 30 min, but the process wasuallyprolongedup to 16 hat 8 °Csince
concentratiors of PCR productsaeve low.

7.2.2.2 Ligation withT4DNA ligase

PCR products and plasmi@sEF15b or pES@ra) with fitting overhangs from restriction
enzyme digestvere connected by treatment with HDNA ligaseAssays consisted of 1.0 pl
10x T4 ligase buffer (with Mg{;10.5 ul TADNA ligasel.25to 7.0 pl purifiedand restricted
PCR productndrestrictedpEF15bup to a final volume of 1Ql. Ligation took place at room
temperature for 30 min, or, ifhe concentration of the insert was low, for up to 24 h&tC.
Since transformation of E coli with ligation mixes may be inhibited by ligagksmid
complexes the ligase reaction assay was heated@® °C forl0 min. Ligation efficiency
depended strongly on the concentration bbth insert and plasmidTherefore,a three to
tenfold excess of insert was used.

7.2.3 p-Bephosphorylation with calf intestine alkaline phosphatase

Digest with calintestinal alkalindJK 2 & LK G+ &S o/ L!' t 0 &1 & LISNF 2N
ends of plasmids, digested with restriction enzymaiich hinders seliigation of the plasmid

and increases ligation with an inse@lAPreaction mixe consist of 3.0 ul 10x CIAP buffer,

10.5 pl restricted plasmid, and the digest was started by addingUl3BAP. The incubation

took place at 37 °C for 1 tol8and the reaction stopped by heating to 85 for 15 min. The

assay was then ready to use figgation. CIAP dephosphorylation was conducteefdre an

insert possessing the same restriction sitebaith ends was inserted into pEGb.
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7.2.4 Production of competenEscherichia coli

Cell competence describes the ability of bacteria to take up nucleic acids, mainly DNA, from
their environment. Competenk. coliEZ were used for transformation with plasmids for
sequencing or with finished plasmids. coliSoluBL21 (Amsbio), instead, were transformed
with suitable plasmids for expression of proteins.

Overnight cultures were prepared from glycerol stock&otoliEZ or SoluBL21. Two 250
Erlenmeyer flasks, containing @ LB medium, were inoculated withn2l each of the
respective overnight culture. Tetracycline, dissolved in ethanol, was added beforehand to a
final concentration of 12.5 ug/ml, E. coliEZ were used. The cultures were shaken at 37 °C
and 220 rpm until an optical density at 6ah of 0.4 to 0.6 was achieved, which was after
about 1.5 to 2 h. Cell suspensions were distributed tarb@ubes, and cells were harvested
by centrifugation at 300@ and 4 °C for 20 min. The pellet was rinsed withdokl 10ml
100mM CaGl followed by combination of the suspensions. The supernatant, containing
residues of the medium, was removed after centrifugation at 2@@d 4 °C for 12 min. The
cells were resuspended in B3 100 mM Cagand incubated on ice for 20 min. Centrifugation
at 2500g and 4 °C for 12 min yielded a pellet, which was resuspended in chiléd @0 mM
CaCGl with 15 % (v/v)glycerol. Finally, aliquots of 150 pl were frozen in liquid nitrogen and
immediately stored at80 °C until usage for transformation as describedhapter7.2.5

7.2.5 Transformation ofscherichia coli

Transformation is described as the process of prokaryotic cells taking up exodeNdasd
incorporating it. Transformation was startetyy thawing competent E. coli(EZ, SoluBL21)
carefully on ice and adding 70to 0.1 pl plasmid (5@g/ul) or 5.0to 10.0 pl ligation mix. After

30 min of incubation on ice, the cells were subjected to a heat shock at 42 °C for 90 s and were
subsequently stored on ice for 5 min. For recovery of the cellsuLlS@®C medium was added
followed byincubation at 37 °C for 30 min. Finally, the whole mixture was apietedium

plates, and carefully distributed with a Drigalski spatula, until the liquid was absorbed by the
medium. The plates were incubated at 37 °C for 16 h and afterwards stored at 4 TGrtiveil

use.

The choice of medium depended on the plasmid ugsgdays wittpDriveweretransferred to
LB medium platesvith ampicillin IPTG and -§al for blue-white screefng, whereas assays
with pET15b and pESOra were distributed on LBmpicillin plates.

7.2.6 Transformation oSaccharomyces cerevisiae

Plasmids containing the codaptimized genes were introduced th S cerevisiaefor
heterologous expression of the protein& pinheaesized group of colonies & cerevisiae
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from a YPD plate, not older than one week, Wasvestedwith a sterile inoculation loop
resuspended in inl water and spun down for 30 s at 80§0The supernatant was discarded,
and the cell pellet was carefully resuspended in 240 pl $@849 polyethylene glycod000 to
increase the viscosity. Catlembraneswere damaged by adding 36 pl 1 M lithium acetate.
50 pl 20 mg/ml carrier DNA (fish sperm) and 3454 ng/ul pES®ra, harboring inserts in MGS

I and MCSI, were addedand the suspensiorwas mixedcarefully with the pipette tipThe
cells were then subjected to a heat shock at’@Xor at least 1 h and afterwards harvested by
centrifugaton at 8000g for 1 min. The cell pellet was resuspended in 200 ul water and the
suspension was spread out on a Sekplate, where onlyuracitproducing, transformed
strains containing pES@asurvived.Yeast cells were cultivated at 30 °C for 3 to 4 days, until
a thin film of colonies was visibl&he plateswvere subsequentlystored at 4 °C fofurther
processing foup to four weeks Transformation was repeated every four weeks to ensure
comparable conditions for expression.

Carrier DNA solution was prepared digsolving 200 mg carrier DNA (fish sperm) inml0
10 mM Tris-HCI pH 8.0 containing 1 mM EDTA. The solution was sto&0 &€ in aliquots of
500ul. Fior to using, the carrier DNA was denatured at 95 °C for 5 min.

7.2.7 Digestion of DNA withestriction endonucleases

Digests with estriction endonucleases were used to confirm successful ligation of inserts into
plasmids or to provide inserts and plasmids Wticky endQDigests were performed at 3T

for at least 1 h, if plasmids were tested for successful ligation, or up to 16 h, to ensure
complete restriction of plasmids or insertBartial digests were only incubated for up to

45 min. Composition of restriction enzyme digests depended onittsert and theplasmid

that was usedTable 7) Agarose gel electrophesis was used to verify successful digestion
and fragments were eventually cut out and purified.

Table7. Composition of standard restriction digestisvariousplasmids Restriction enzyme
arewritten in bold.

Composition Plasmid
3.0 ul pDrive pDrive
1.5 pl 10x EcoRI Buffer (Thermo Scientific)
0.5 plIEcoR(10 U/ul) (Thermo Scientific)
10.0 pl sterile bO

3.0 pl pET15b pETF15b
3.0 pl 10x Buffer Tango (TherrBaentific)

0.5 to 0.75 pXhol(10 U/ul) (Thermdientific)
8.25 to 8.5 pkterile HO

3.0 pl pET15b pETF15b
1.5 pl 10x Buffer R (Thermo scientific)

0.5 to 0.75 pXhol (10 U/ul) (Thermo scientific)
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Composition Plasmid
9.75 to 10 pkterile HO
3.0 pl pETLSb pET15b

3.0 ul 10x Buffer Tango (TherrSaentific)
0.75 pINdel (20 U/ul) (Thermdéxientific)
8.25 ulsterile HO

5.0 pl pET15b pEF15b
1.0 pl 10x BamHI Buffer (TherrBaientific)
0.5 pIBamHI(10 U/ul) (Thermdientific)
0.5 pINdel (20 U/ul) (Thermdientific)
8.0 plsterile HO

3.0 ul pESTra pES&Jra
1.5 pl 10x Buffer O (Thermo Scientific)
0.3 plEcoR(10 U/pl) (Thermo Scientific)
0.3 pINotl (10 U/ul) (Thermo Scientific)
9.9 plsterile HO

3.0 pl pESTra pES&Jra
3.0 ul 10x Buffer Tangd@hermo Scientific)
0.3 plBamHI(10 U/ul) (Thermo Scientific)
0.3 plSall(10 U/ul) (Thermo Scientific)
8.4 plsterile HO

7.2.8 Bluewhite screeing

Bluewhite screefingis based on the concept of ligation of a sequence of interest intdeitie
geneof plasmidscarryingan antibioticresistance genelf the sequence of interest is ligated

& dzO O S A -Gafadibsiiaseis not expressed in the transforriedolistrain which leads to
white colonies. Colonies turn blue, if the vector does not contain the sequence of interest and
I -galactosidase is expressed. This enzgareforma bluecolored compoundy cleavage of
X-galfollowed by spontaneous oxidatn and dimerizationThis method allows discrimination
betweencolonies containing plasmids with or without an inserted sequence.

CompetentE. colicells were transformed accordinto chapter7.2.5and cultivated on solid

LB plates containing 1 (/v) agar, 0.1 mghl ampicillin, 0.08 mghl X-gal and 0.05 mM IPTG
at 37°C for 16h. Plates were stored at 4C for another 8o 24 h, if no blue colonies were
seen

7.2.9 Overnight cultures

Overnight cultureswere used as a preculture for heterologous expression or to amplify
plasmids. Initially, 4nl LB medium waplaced in autoclaved 1@l glass tubes with aluminum

caps. Ampicillin was added from a 20 mmfyj/stock solution to a final concentration of
0.1 mg/ml. Overnight cultures for multiplication of untransformédcoli EZ or SoluBL21 did
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not contain ampicillin, as they are sensitivettbe antibiotic. Instead, foE coliEZ, tetracycline

was added to a final concentration of 121§/ml, and forE coli SoluBL2ho antibiotic was
added If overnight cultures were prepared from plates, a single colony was picked with a
steriletoothpickand transferred, including the stick, to tineedium When overnightultures

were started from bacterial glycerol stocks, a sterile toothpick was used to scrape particles of
the surface of the frozen bactetiauspensiorand transferred to the mediunmAll tubes wee

then placed in a rotary shaker and incubated for 16 h at 37 °C and 220 rpmin&fibation,

the cultures were used directly but could b@std at 4 °C for up toneweek.

7.2.10 Isolationof plasmids from overnight cultures

After harvestinge. colicells from overnight cultureshe plasmids were isolatefllowingthe
protocol of QlAprep Spin Miniprep Kit (Qiage@vernight cultureswere harvested by
transferring 1.5ml of the cultures ito a sterile 2.0ml reaction tube and centrifugation at 3000

g for 3 min. The supernatant was discard@ad the process was repeated onc&incethe
cultures need to remain sterile, transferring the cell suspension was performed asdptic
conditiors. The pellet was resuspended in 250 pl buffer P1 (50 MMHCI pH 8.0, 10 mM
EDTA, 100 pgil RNase A) and 250 @il buffer P2 (200 mM NaOH, 1 % (w/v) SB&eadded.

The tubes were inverted six timeBuffer P2 destroys the cell wallsdbacterial DNA as well

as plasmidsvere released350 piBuffer N3(4.2M guanidinium HCI, 08I potassium acetate
pH4.8)were added and ahite or yellowish preipitate wasformed. The tubes were directly
mixed by inverting them six times and the aasidueswere collected by centrifugation at
16000g for 10 min. The supernatant was applied to silica gel columns, which were placed in
2 ml colledion tubes. Plasmids bind to the silica gel during centrifugation at 1§0601 min,

and the flow through was discarded. The resin was then washed by applying 500 ul buffer PB
(5 M guanidiniunHC] 30 % (v/v) isopropanol) and centrifugation under the same conditions.
This step was repeated with 750 ul buffer PE 1 Tris-HCI pH 7.5, 80 $/v) ethanol). The
column was dried by spinning at 1608@or 2 min, and afterwards, it was placed in a fresh
1.5ml reaction tube. Plasmid DNA was eluted by incubatingditiea gel resin with 25 pl
sterile water for 5 min, with subsequent centrifugation at 16@J0r 2 min. Higher DNA yields
were achieved by repeating this step once. The concentration of the plasmid solution was
analyzedphotometrically(chapter7.1.6. Theplasmidwas stored at20 °C.Afterwards, the
columns were washed by centrifugation with 7@water and dried at 37Cfor re-use

7.2.11 DNA sequencing

DNA sequencing was conducted externféilycrosynthSeqglab Gmb}JHo ensurewhetherthe

desired sequence waaccurate andsuccessfully introducedPlasmids, which were obtained

by plasmid isolation, were preselected through agarose gel electrophoresis following
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restriction digests.Plasmids contaiimg a putatively interesting sequenceere diluted to
100ng/ul and 2 pl of it were transferred to a sterile 1..l reaction tubefor sequencing
Standard primers were used for pDrive (M13, M13rfl @ET15b (T7, T7term)Since no
standard primers for sequencing were available for pE&C individually designed primers
were usedFor sequencing pl of eachpESEMCSI-f and-r, or pESEMCSII-f and-r (Tablev),
were addedo a final concentration oft UM to the plasmid, respectively.

7.2.12 Bacterialglycerol stocks

An overnightculture (chapter7.2.9 was preparedf the E. colistrainto be preserved From

this culture 425 pl weretransferred to a sterilized reaction tubA.final concentration of 1%

(v/v) glycerol was achieved by adding pd5autoclaved glycerpland the mixture was
intensively mixed for 18to achieve a homogeneous distribution of the glyceiidie cultures
were immediately frozen in liquid nitrogen and storedZa0 °C.The strainsould bestored
under these conditions for several years without a significant impact on growth or expression.
The bacterial strains were reactivated pyeparation ofovernight cultures(chapter7.2.9.
Some frozen particles of the glycerol stock were picked with a sterdéhpick without
allowing the stock to thawThe stick was transferred to the prepared tube, while the glycerol
stock was quickly storegigainat 280 °C.

7.3 General nolecularworkflow

CKS FTAY 2F GKS 3ISYSNIf Y2f SOdz I NJ LINPGO SORHEZNE  F
{® OSHBEGBXKAMNES NA Yy INS ERMS BENERYRRAMY 3 (KSCAKY S&

GKAALIE Fyd YIFGSNAOKI LEGSEI Kib NI SzaRIRONE | o/d K 12 LIS
GOKILI®BM™E YR OBYIKSERTOK | dLSBMBPS T NS adzf oyd O5b
dzZAaSROBYLI FGS F2NJ t/ wX dzAAY3 LINAYSNE 6AGK | gt
0KS 11 Bzl K HDOKIzIIOBSM nt / w aalea SNBE Iyl fel
St SO0 NP LIK 2 NeBtawA@ar Fo2AKI2080SSNJ o0& SEGNI Oa2y | YR Lk
SELISOGSR andd8@y b ireP NBIN (KS ydzO0t SAO I OAR& |
G0KS NBaLISOa@S o6FyRA ¢ SNBOHGBIEDMNT R A FLON2E AR N B¢
G6OKITLIBEBNpl & F2f{f26SR 08 AyOdzmle2y 2y @{Ff @ I
L E&8AGS AONBSYyAy3d g1 & dzaSR F2NJ 0KS wXRSJYyYaARO!I o
O2yaliNUzOGT 0 ®ORKISAEBNIE s KAGS O2f2yASa ogSNB &St
[ . OOKOEBMMWRI GKS LI I &aYARA& ToMSHIEM K 22 ANKEBORE S NIK2 \[.
0KS 3ISySa 2F AyIdSNEFARA ®BESBA NBBRNIRKISS RR AGASEKI
FylFrfel SR o0& | K2NBAS a7 SOES L B@EMNMRIRaY Ay 3T (KS ol
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O2NNBOG &aAi Sa 6SNB OKS yoidh&mmims F O R TEE & SNIK ly 4158
LI I AaYAR g Bay RABKS NIRNBROSaa S@Sydldz-f e NBLISIHGSH
7.3.1 Molecular workflowfor SQHCTs

2 KSy aSljdzSyOAay3a NBGSIfSR (KS O2NNBOG AyaSNIa
RAIS&GSR sAGKBAKRN OB2YISOyDEYSaz | a odpd | &
GOKITLIBIdF ySOSHEG NBlF & RSLIK2AaLIK2NE {1 GBBK S DS NB
RAISald ol a adzoaSlidsSydate |y yRSRI vRa AT NRBRS
AYyasSNI FyR LXIFAaYAR 6SNB SEH®N @AY [6y2R KLIAZNRASC
NE&GNROR2YS NI (ISERmipOY FISNET $R ALIBSREIIGKS 530 OKISL.
TOHWR PAKS O2yaidNUz0Ga ¢SKHBE DBIKBOK DA E MB RJzO SIS |
Ydzf o LXX AQOF a2y 2y [ . LHSASND 02020t 20WWMS/E  d SN OO d
6 OKITLIBDIHE KS o OGSNR I ¢ BNBK S KBIY I 6BOKNIB Aaekismm R € | ()
0ST2NB O2yRdz0a2y 2F NBaUNAOs2y RAISEAGAEA HAGK
TOH DT LT YA ENREASE oS St S 66 NIKBIKIZKNS 43 B LISOI2S6RS Ra
NE&ALISOa @S LA I AYARE og OBH ded V i MR B OBES RA B FHRE O2
GSNBE GKSYy &aStSOGSR FyR Od#Zf adlF SR 2@SNYAIKI
{dzo ASHBHSY (G NBaiGNROsa2y RAISAG ol a O2yRdzOGSR |
TOADPTCAYlFft&Y LIXIF&aAYARA O2yiGlAysSkyR BKBOSRRIEOA
GSNBE LINBLI NBR FTNRBY (KS 2N 3®WbiKKENDSNB A 3KF dz
SELINBaairzy 2F GKS LINRGiSAyao

7.3.2 Molecular workflow for SgCYP98s

After sequencing had revealed the correct sequence for the insert, codon optimization was
conducted externally for expression $1cerevisiagd OK I MIGBINI ¢ KS & S1j dzSy OS |
LY /mpaF NBYR 41 a | YL DBSR NI P NBMNMBRD2AY R2 ®dz0 4 S| d
2O0SNYAIKG 6 TKIENMNDORD e KS LIABRRYFBRSBEIASR o0& NBa
RAISasadi 902wWIOKIHYRAMER (ALKS al YS oiWNI>Z £S YALJGRRA 390
gAGK GKS alYS aSi ot 2yike YRIAE Sadikal LGNS | y I £ &
YR GKS NBALISOa@S ol yRA ¢ S NI orids BRI SYYIR2EBR
G2A3F30S (KS mA yABINTIOKY iL& SdA PHY R GKS NBadz sy 3
AYVOINRRIDOERDAVAOKPBIPH WRONIfI2YyASa 6SNB OKz2aSy 7
2OSNYAIKGZ |'yR GKS av2dezflcidst RulSRodE & GNBWIRGE 8 NS A
9 O02rwWIR2 & DK I LIMNIa F2€ f 29I R @A ai S, Iy |3+ Npas
O2y GHANMYBSNI 2F 66 8S &S EWSE DR/ NVIOR NAR NI G Sa
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0KS LF VIBY{A/RE ND 2 NA Yy 3 RA A58 . SIRGIKER & QK I 7L NI
ta/tw KFER 0SSynAy 2FNI S rapSNYr (N (58 LR E/ NS NILINSE Wik 2
6YSY NI (K ¢deSLIkAyASHNISIRISEO 21090{ /Ay Ay 3 G(KS &SI dzS
NEBEAGNAOGSR t&a/tw 6SNB SESRI OOSBROMIFBRI A3 H BS R
¢ A3l &S 16h@ e Bk 8 I CORYERYINGZO fitydRb & A Y (I NDORMzERR AA Y
9% e UGNIYAF2MIVY AR FLIE AOlF a2y | YRS &GSy RA B8S .
CFYIL FYR {FfL &1 & ®LISNH 2N [6yARI KI Vol fyaRIaSS R F
ta/tw gSNB &aSldzay QSRR hagf S(HBEROMRY I NBOSIE SR A
4S51jdzSy O0S AyF aNy[RSNAYA tmdHf ¢ OSNRBE 420148 6SNB YI |
YR NI LAR F&¥KBAWOFa&Y¥ RAGMOHCIKLSG SLK) | oVARE y K I ND 2
aSdzSgDOAXKBYW I NP RAzZDOR OB W& HApanm ST2NJ KSGSNRE 232
6 OK I chabir® NJ

8 Semiguantitative expression analysis

Information about the expression levels génes encoding thénvestigatedenzymesin
Sarcandra glabravas obtained by senquantitative expression analysiBor this RNA was
isolated, reverse transcribed to cDNA and analyzed by PCRatéhsity of the bands from
the PCReactiors on agarose gels was evaluated using ImageJ.

Pant parts of Sarcandra glabravere collected from winter 2023 to spring 2024. After
harvesting flowerdruits, young and old leaves, young and old stems, and young and old roots,
the material was frozen in liquid nitrogen and storedZa® °C for up to 6 months. Directly
before isolation of RNA, the plant parts were lyophilized and stored in sealed tubes with silica
gel. Highquality total RNA wassolatedaccording to the protocol designed Bearson et al.
(2006)(chapter7.1.2. RNAvaschecked for itegrity on agarose gels, and spectrophotometric
analysis was performed to evaluate concentration and purity. DNase | digest was performed
to remove gDNA remnan{ghapter7.1.5. The samplewere subsequently purified using the
same method, starting with 50l of the DNAfree RNA and using only a tenth of the volumes
mentioned (Pearson et al. 2006)The purified RNA was repeatedly checked for impurities
spectrophotometricallyand the concentrations were determinedh yf & wb! ¥ KI @Ay
luckihy®@ SUGGSSYYy ROy AN 61 & TN GiSlcg@abrBplicatdaB) OfS NIb
RNA from each tissue were reveittsanscribed into cDNA in parallel by us@280ng andthe
RevertAid First Strand cDNA Synthesis kit (Thermo Scientific).
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I Material and methodsSemiquantitative expression analysis

The cDNA was used as a templagePCR Table8). Specialexpression analysis primer pairs

were designedor SQHCTs, SgCYR@8&l SgAei. with the help of theqPCRPrimer& Probe

DesignTool. All SQgHCTs and SgCP98s, respectively, were checked for homologous regions.

Primer pairs were then designed based on disperse regions to increase the specificity. Primer

parameters were set to guarantee identical conditions in the R&iRtiors (length: 18 to

25bp; melting temperature 55 to 65C; difference in meltig temperature < °C; G&ontent

40 to 60%; amplicon size: 180 to 2BP). RNAfold and RNAcofold was used to predict

eventual interfering secondary structures of primers, which were avoide®l*@mo), if
0SSY ARSYyasN$R BENIKSNEBfREZ2EAS 8D
NB & dzf { ¢

possible{ I MO UK | R

(NI yatlhdsSR

G20l €

2 ¢Fl o@i® KKIA Likia $HWliree individual PCRreactiors were performed to

G{NE NOE FOYNER NiEA. 2 (S0 H OB n 6 K & OK

obtain final results. To achieve highly comparable results, all PCR components, except cDNA

template and primers, were addddom a master mix.

In a first PCR, primer pairs were testd@lfle8). The resulting bands at about 200 bp were

cut out and purified byNucleospin gel extraction. If there was more than one band, the

corresponding primer pair was discarded and a new pair was designed. After ligating the

fragments into pDrive, competenE. coliEZs were transformed with the vectors. The

transformants were incubated on plates for bludite screefing and some white colonies

were multiplied overnight. Plasmid isolation was performed, the plasmidre digested with

EcoRI and checked for the insert by agarose gel electrophoresis. Plasmids including an insert

with the correct size were then sequencébable xv) This PCR was also used to confirm the
presence of all tested sequences in total RNA.

Cl oyt NRA YSNI aS1ljdzSyO0Sa FyR t/w O2yRAa2Yya
{3/ ,tpy MRt ROYOKHE 6SNBE RSaA3IySR
i KPCRPrimer & ProbeDesignTool® R2 LJGSR 'y R YRRS
OHn@apPpbK | RRAa2Yy It AYT2NXNI a2y d
Sequence | Amplified | Primers Cycling program and
region composition
[op]
SgHST 57 to 256 | f: GCCTAACCATAGCCTGTGGAAQ _, .
r: TCTCTATCCGTCCATCTTCGTC] 24 “C 1208
SgHQT1 | 651 to 838| . ATGCCAACCAGATCCCGCAG 29045 C7;’0 3’250927)(/2?
rr GGCCGTCAGTGGCGATAAATAC ’
SgHQT2 | 3921t0 590| f: CGTTGCTTTTGGTGCAGTACAC 1.0 LIcDNA from all
r TCTCTTCCCTTCAGAACCGTCC ti;':,sues diluted 1-10
SgRAS 295 to 502| f: GAGGGCGTGATGTTCATTGAGA 5.0 ul GoTag bu;‘fer |
rr TTATGGTGTGGTTGAGGCGGA( 3.0 ul MGl (25 mM)
SgHCF | 956to f: TGGAGGAAGCAGGATTGGGAC 0.5 ul dNTPs (10 mM)
1127 r AACACAACGCCATAGGCAGAC
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I Material and methodsSemiquantitative expression analysis

[RAS] 553 to 768| f: GCTAGATTGTCGCTAGGGAAG( 0.5 pl of each primer
Cluster r: CATAATTGCTCTCGACACTCGA] (10uM)
SgCYP98A 624 to 814| f: GGCAATCGTATCCAATGGTTTG] 0.1 pl GoTaq
235 rr AATGTTGCTTGGCCCCACTC 14.4ul O
SgCYP984 288 to 477| f: CCGAGTAGCTCCAGAAGAACAT
234 r: GTCACCAGAATCCAGCACAATA
SgActl 411 to 608| f: GCCATGCCCGTTGCTATTAATT(
r: GGAGGTTTACGAGCACGAAGG

The second PCR was performed in ordedeterminethe number of cycles in which a linear
amplification of all sequences can be obsernvie kK S Ay G Sy aAride 2F (GKS ot yl
Ad RANBOGfE RSLISYRSyld 2y GKS lFyYzdzyd 2F G20l
| 26 SOSNE GKS YIFEAYdzY ydzYoSNI 2F | YL AUOLF a2y &
alloAfAle 2FYRKB2 LEKE YEHNI RER 256 RSSO B PIlDo 2 Y
FILAYG o yRYI yeKONRBK Sadd SIR (2 RoytRs\28,80/FdzA a K| 0
and 40 cycles were chosehaple9). A mixture of all tissues was taken as template to simulate

I WYISAFya dzSQd C2NJ Fff yAyS &Sl dzSy Ofomiifferent RA TF SN
numbers of reaction cycleshould be distinguisiible, which implies linear amplificatiokach

1 % (w/v) agarose gel was run under the same conditions (120 V, 25 min, 0.5 pg/ml EtOBr),
using 7.00 pl sample and exactly 4.00 pl GeneRuler DNArladdnarker on each gel. Thus,

gels were made comparable, and the intensity of the bamds calculateés described in the

following. A black and whitephotographof the gelswas taken ImageJ was employed to

outline the band as wellas an area of the gel at the same height as backgraamdito
determinethe average intensityThe absolute intensityd) was then calculated by

0 b 0 28 = 6n
where b is the mean grey value (the average intensip? 6 NA 3)KofityeDand &nd the
background, respectively, artdd the area of theband A band with a size of 200 bp of the
marker (GeneRuler DNA ladddfigure7) was used as referencé& of each band was
relativized to'o of the 200 bp band, which resulted in the relative Intensitf%]).0[%]was

calculated by
0 —3 opt

with 0  being the absolute intensity of the respective band, eamd being the absolute
intensity of the band of the standard DNA ladder at 2p0(Figurer). Using this method, the
intensity of the bands was quantified. Negatizavas observed, when bubbles or particles
increased
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¢l oginSa a8y LIz aiAo2y YR t/w O2yRAsa2ya F2NJ OSNRU
Cycling program Composition
94 °C 120 s, 1.0 pl cDNA from all tissues diluted 1:10
[94°C 30s,59°C 30 s, 72 °C 20 s] x25 to 5.0 pl GoTaq buffer |

3.0 pl MgGl (25 mM)

0.5 pIdNTPs (10 mM)

0.5 ul of each primer (1AM)

0.1 yl GoTaq

14.4pl O

Finally, the semiquantitative expression analysis was executed as a third &I&.0). ¢ K S
O2yRAoa2ya oSNB daSaaSR Ay G(GKS LINBOSRAY3I t/ w
Fa 6Sftf a4 op O@0fSa 2F | YL AUOI &2 yvass NBK St dzA
Fddzy RFyOS 2F {3l venw GNFyaONRLIIa ¢l a o0St2¢ I
GKSNBEF2NB Fylfeara 2F GKAA 3ISyAS sedehSarcahdBalIS | ( SF
glabratissue cDNAwere tested withthe sameprimer pairs.

The relative expressiofo ) was determined using ImageJ by

0 s 0ct

where'0 is the'oof the band ando compared to the intensity oo in each

tissue.0 indicates the transcript abundance in % of the transcript abundance of Sg8irtce

SgActiv g & O2YyaARSNEBRI NEPENEYOESIGVEME dzy RSNI |
expression of equal levels in each tissue

¢ oMMB aalé& O02YLR2aAa2y FYR OEONB FaA AINBEWE fryd & A
.1 YS1TS YRBHNBWBNESAILI SYSYGSR 6AGK F RRAa2Y I

Sequence Cycling program Composition
SgHST 1.0 pl cDNA diluted 1:10
SgHQT1 5.0 pl GoTagq buffer |
SgRAS o 3.0 ul MgGl(25 mM)
94 °Cl20 s
SgHCF [94°C30's, 59°C 30's, 72 § 0.5 ul dNTPs (1Q mM)
[RAS] Cluster 20 s] 35 0.5 pl of each primer
SgCYP98A235 (10pm)
SgCYP98A234 0.1 yl GoTaq
SgActl 14.4ul RO
SgHQT2 94 °C120s 1.0 ul cDNA
[94°C 30 s,59°C 30's, 72 4 5.0 pl GoTaq buffer |
20 s] x40 3.0 ul MgGl(25 mM)
0.5 pul dNTPs (10 mM)
0.5 pl of each primer
(10uM)
0.1 ul GoTaq
14.4pl HO
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[l Material and methodsProtein biochemistry

9 Protein hochemistry

9.1 Heterologous protein expression lEscherichia coli

E coliis well known for its high reproduction rates and easy handllig ability to express
proteins from circular DNA makes it suitalile heterologouslyproduce proteins After
plasmids carryingucleotide sequences ¢iCTdrom S glabrahad beenintroduced irio E
coli SoluBL2Xchapter7.3.1), the respective strain was multiplied overnigfahapter7.2.9.
For heterologous expression, 160 TB medium containing Orhg/ml ampicillin were
inoculated with 2ml of these overnight cultures. While incubating at €7 and 220pm, the
optical densityat 600nm was checked regularly until avptical densityof 0.4to 0.6 was
reached. Expression of the insertgdneswas induced by adding IPTG to a final concentration
of 1 mM. Thecultures were incubated at 258C and 180@pm for 20h. Bacteria were harvested
by centrifugation at £C and 10006 for 10min. The cell pellet was frozen liquid nitrogen
and stored for at least i at -80°C or until furtherprocessingAfterwards, the pelletas
thawed andresuspended in 4nl 50mM KR pH8.0 per 1g bacteria Before ell lysis the
bacteria were incubated fd30 min onice with 50mg lysozymeTriple ultrasonication for 3@

at 100% amplitude and 0.5 cycles with intermediate 36oolingfollowed. The supernatant
of a 10min centrifugation at #C and 1000 was further used as crude protein extract (CE)
for preliminary enzyme essays or further purification

9.2 Metal-affinity chromatography

For the purification of heterologously expressed enzyn@s was purifiethy metal-affinity
chromatographywith help of the N-terminally attached 6xHidgag. HCT sequences encoding
enzymes of interest were introduced into pE3b in front of a CATCATCATCATCATCAC
sequence, which codes for six histidine residues. The purification was conducted by adding
imidazole and NaCl to the CE to a final concentration ahDand 300mM, respectively.
After 1h of incubation on ice with finl Ni-NTAresinin a disposable column, the matrix settled
down andthe liquid was drainedThe 6xHigag binds the proteins to the Riicontaining resin,

and unwanted proteinglrain off The column was washefive times with2 ml 50mM KR

pH 8.0 containin20 mM imidazole and 30@hM NaCl. Elution took place with the same buffer
but 250 mM imidazole in three rhl steps(Ni-eluate)by displacing the proteins from the Ni

with high imidazole concentration§Samples from each stepere collectedand stored at
2Z20°C for later analyses.The NiNTA columnwas reused after washing with 10ml
demineralized water, 1l 0.5M NaOH and 2. NaCl, 10nl demineralized water, and
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finally 10ml 20% (v/v) ethanol. The columns were storecbveredwith 2ml 20% (v/v)
ethanol at 4 °C afterwards.

9.3 Gel permeation chromatography

A reusable prepackedPD10 columnGEHealthcarg was prepared byquilibrating it with
30ml 0.1M KR pH7.0 to 8.0 beforehandrFor desalting and changing the buffer conditions,
2.5ml of thethree 1 ml Ni-eluates (chapter9.2) were transferredto the PZLO column. After
the solutionhad enteed the matrixthe proteins were eluted andesaltedwith 3.5ml| 0.1 M

KR (HisPDLO-eluate) The pH of the 0.M KPi was chosen, depending on the expressed

enzyme Tablell). Thus, the influence of imidazole and NaCl on the activity of the enzymes

was avoidedThe purified protein extract was aliquoted and stored until further usearcC.
A sample ofthe HisPDeluate wastaken for subsequentanalysis The PD10 columns were
rinsed with 30ml demineralized waterstored at 4°Candeventually reused

Cl oMRES dzO SNR F2NJ 0KS Sfdze2y 2F GKS LJzZNAUSR

Enzyme Buffer

SgHST 0.1M KRpH 7.5
SgHQT1 0.1M KRpH 70
SgHQT?2 0.1M KRpH 7.5
SgRAS 0.1M KRpH8.0
SgHCF 0.1M KRpH 70
[RAS] Cluster 0.1M KRpH 70

9.4 Heterologougrotein expression irSaccharomyces cerevisiae

S cerevisiaavas used for heterologous expression sigbgosylation and incorporation into
the cell membranare enabledFresh yeast transformantsarboringa pES@ra plasmid with
inserts in MC$and MCSI (chapter 7.3.2)were picked from SCGlpaplates were spreal on
fresh medium and incubatefibr 48to 72 h at 30°C, until enough colonies were grown. For
heterologous expression, the plates were stored at 4 °Cofdy up to one weekand
transferred to new plates regularlterilized 500nl baffled Erlenmeyer flasks wefidled with

90 ml liquid SCDra medium and inoculated with groups of yeasbloniesthe size of a
pinhead. To achieve a high number of cahie cultures were incubated for 48 h at 30 °C and
140 rpm.Yeast cells were harvestafterwardsin 50ml tubesby5 min centrifugation at 3000
g and 4 °CThe cell pellet was resuspended in 80 SGyrasupplemented with12.5 mg/l
FeS®@and 200 pM Bsaminolevulinic acidor induction of expressianThe suspension was
transferred into sterilized 50l baffled Erlenmeyer flasks and incubated for anotB&rto
24 h at 30 °C and 14(@m. Galactose induced the eexpression of both introduced enzymes.
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The cells were harvested by spinning them down at 398Ad 4 °C for 5 min. The pellet was
resuspended in10 ml 0.1 M Trig¢dCl pH 75, 1 mM DTT and 1 mM sodium
diethyldithiocarbamate (DIECA), incubated on ice fomi® and again harvested by
centrifugation. Afterwards, cells were resuspended Irbmlof the same buffer and
transferred to 7ml tubes, filled with 2.5 g glass beadBisruption of the yeastellstook place

in a benchtop homogenizer (Minilys) for 8x30 s at 4000 rpm with intermediate codliteg.
the glass beads had settled, the supernatant was collected. Washing the glass beads with
additional 0.5ml of the stated buffer led to higher yieldsCEwas obtained from the
supernatant of a subsequent centrifugation for 20 min at 5@@d 4 °C. To perforiwestern
blots, samples of the pellet and tii@Ewvere taken and stored aB0 °CAfter CEwvas harvested
the preparation of microsomes containing the enzyme of inteves$ conducted

9.5 Preparation of microsomes

SinceCYPsre usually associated to the membraokthe endoplasmic reticulupformation

of microsomesand separatiorirom solubleproteins was conductedlicrosomes precipitated
while stirring yeastCHchapter9.4) at mediumspeed at 4 °@ndslowly adjusing the solution

to 50 mMMgCk from a 1M stock solutio. After mixing for 20 min, centrifugation at 60060
wasconductedfor 20 min at 4 °C. The supernatant, contairsofubleproteins, was removed
anda sample wasollected forlater analysis Thepellet wasresuspended in D.ml 0.1 MTris-
HCI pH 7.5, 1 mM DTT and 1 mM DIECA and transferred to a-Bbitdjem glass
homogenizer. Any residues were washed with @l2f the same buffer and transferred as
well. ThePotter-Elvehjem glass homogenizer was cooled on ice, and the suspension was
homogenizedive times during intense mixinghearing forces, occurring between the glass
surfaces while resuspending, ensdreven microsome size® sample of the microsoah
fraction (MF) was stored separately for Western blot analyie protein concentration was
determined(chapter9.6), and after adjustingMFto a protein concetration of 1 mg/ml, the
microsomes were either flash frozen with liquid nitrogen and stored-80&C freezer or used
for enzyme assays directly.

9.6 Determination of protein concentrations accordingBoadford(1976)

Theprotein concentration ofall protein preparationsvas determined according tBradford
(1976) Coomassie Brilliant Blue is a triphenyl methaneahanging absorbandeom 465nm
to 595 when interacting with proteinswhich can be measured photometricallp. a 1ml
polystyrenecuvette 10 ul ofa protein solution was mixed with 990 pl Bradford solution. A
blank, consisting of 10 |©i.1M KR pH 7.0, and a standard of 10 pl 1 mm/bovine serum

albumin(BSAjvere treated equally. Three replicateteach were prepad, and after 15 min,
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the absorbance was determined at 595 nm. The concentration of the pretdutionswas
calculatedwith help ofthe BSAstandard after subtraction of the blank. Protein extracts with
a concentration below 0.5ng/ml were determinedin triplicatesby interpolation from aBSA
calibration curve

9.7 Sodium dodecydulfate-polyacrylamide gel electrophoresis

Extracts from heterologous expression were subjected sodium dodecyl sulfate
polyacrylamide gel electrophoresSHSPAGE a methodfor separation oproteins according
to the length of the amino acid chain

Several fractions of the heterologous expression of proteins and their consecutive purification
were separated on a polyacrylamide gel essentially accortiing.aemmli (1970) An
electrophoresis chamber was prepared atested for leakage The components for wo
separation gels werenixed in a leaker. 3.1ml 1.5M Tris-HCIpH8.8, 3.6ml water, 5.1ml
ROTIPHORESE®Gel 30 (37.5:1ml01®% (w/v) SDS 20l tetramethylethylenediamine,
87ul 10% (w/v) ammonium persulfatd APS).Directly after the addition of ARShe
polymerizationstarter, the gel solution wasnixed and 5ml per gelwere poured between
glass platesl ml isopropanolwasgently pipetted onto the gelto flatten the surfaceandto
excludeair. Thegelpolymerizd for 20to 40 min, thenthe isopropanol was carefully removed
with filter paper. The components for twostacking ged were mixed analogously 1.25ml
0.5M Tris-HCIpH 6.8, 2.8nl water, 375ul ROTIPHORESE®Gel 30 (37.5:1)nl@A % (w/v)
SDS, 1@l tetramethylethylenediaming40ul 10 % (w/v)APS 5l 15.75mg/ml bromophenol
blue. After addingAPSabout2 ml of the mixwere pipettedbetween the glass platemnto the
separation gel, and theamplecombwasinserted. The stacking gel hardened fort@@0 min.

In the meantime protein samples were prepared. 15 af a protein solution, equivalent to
0.5 to 20ug protein, wereplaced in a reaction tubeand 5 pl Laemmli-buffer, consisting of
2.4ml 1 M Tris-HClpH 6.8, 4ml glycerol, 2.5ml H,O, 1mli -mercaptoethanol, 0.0%6 (w/v)
bromophenol blug and8 % (w/v) SDSwereadded Cell pellets from heterologous expression
in yeast were resuspended in 75 pl 04ITris-HCI pH 7.5 before adding gbLaenmli buffer.
Soluble poteins weredenatured at 95 °C for 5 miwhereas membrarndound proteins were
denatured at55 °Cfor 5 min. The reaction tubes were shorthpun dowrbefore applying the
contentsto the gel.

The gels were transferredo the electrophoresischamber, which wasalf filled with
electrophoresis buffercomposedof 25 mM Tris-HCIpH 8.5, 192mM glycineand 0.1 % (w/v)
SDSThesamplecomb was removed, the pockets equilibrated with buffer amérged with
20 pl of the sampls. RotiMark® TricoldiFigure8 A and Bwas used as a standasizeladder

64



[l Material and methodsProtein biochemistry

to estimate the protein size. Electrophoresis was performed at 200 V, 80 mA and 100 W for
1.5h. When applying the electric field, the protein mixture is separated, based on
polyacrylamide acting as a molecular sie&#ierwards, the chamber was disassembled, and
the stacking gel cut off.

A: | 245 kDa B:
: - 180 kDa : 100 kDa
140 kDa 75 kDa

100 kDa
75 kDa

To visualize the bands on the SBSGEHjel, it was stained
60 kDa

on a shalg platform until the gel was deep bluéhe

| 60kDa ‘ | 45kDa

staining solution consisted of 0.25 (w/v) Coomassie
Brilliant Blue R250, 4% (v/v) methanol, 186 (v/v) acetic
acid.Stainingcould beaccelerated by microwaving for 30
at 600W. The color was removedvith 45% (v/v)
methanol, 10 (v/v) acetic acid with intermittent

45 kDa | 35kDa

35 kDa
25 kDa
25 kDa 20kba
20 kDa

15 kDa
15 kDa

exchange of the solution until the background wi _ _
Figure 8. RotiMark® Tricolor

A: on a SDS gel ar8: on a
were documentedyy photographyandstored at 4°C Western blot

colorless, but the bands were still blue and shaipe cels

9.8 Western blot

As an alternative to staining, SDS gels were used for Westerm\blmt Gterminally attached

tags were used for selective binding by primary antibodies from mice. Mansbody
epitopes were then bound by secondary antibodies with coupled alkaline phosphatase. This
enables formation of dibromodichloroindigo and a formazan derivative during staining
(Altman 1976)

Trays werefilled with the necessanpuffersto equilibrate the membrane, the polyacrylamide
gel and Whatman filter papersAfter disassembling the SEFAGE chamber, the
polyacrylamide gel was shaken in transfer buffer for 5 tar2@, until the other materials
were prepared. Transfer buffer was freshly made and consisted of3risHCI pHB.3 and
20% (v/v)(Towbin et al. 1979)A discontinuous buffer system was used for the sdryi
transfer since different pialues on the anode and cathode sides increases the efficiency of
the protein transfer (compositioruser guideof the Immobilon® membrane)Two Whatman
filter papers wee soaked in anode buffer(A-l: 300mM TrisHCI pHLO0.4 and 106 (v/v)
methano)). Athird filter paper was soaked in anode buffer AH{: 25mM Tris-HCI pHLO.4,
10% (v/v) methangl Thepolyvinylidene fluoridemnembrane was activated in methanol for
15s and washed with water for i2in before incubation in transfer buffer. Three additional
filter papers were moistened with cathode buffé€: 5 mM Tris-HCI pHd.4, 40 mM glycine
and10 % (v/v) methanglFinally, the blot was carefully assembled, staghkhme first two filter
papers(A-l) on the anode, followed by the third filter pap€A-Il) and the membraneAir

between the layerswas removed The gel was placed on top without sliding over the
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membrane which could lead to

_— _ cathode electrode plate
unwanted binding of the proteins.
:I- 3x cathode buffer

| polyacrylamide gel
were stacked on the gel, and th : ' PVDF membrane

1x anode buffer Il

cathode was placed on top, afte } 2xanode buffer |

removing liquid remaingFigure 9). s . _ anode electrode plate

The blotting chamber wadinally Figure9. Schematic structure of the assembly of tt
Western blot

The three remaining filter pape(€)

closed, and pressure was even
applied. Proteins were transferrddom the polyacrylamide gel to the polyvinylidene fluoride
membrane, where they were immobilizedlring 40to 45min at 2.5mA/c?, 200V and
100W.

Afterwards, the blot was disassembled, and the membrane prepared for immunodetection
(https://www.sysy.com/protocols/blot.php)All following washing and incubation steps were
performed under shaking on a rocking platforiine membrane was washekree timesfor

5 min with TBST (10 mM Tris-HCI pH 7.40.9% (w/v) NaCland 0.05% (w/v) Tween 20. Free
binding sites were blocked with% (w/v) skimmed milk powder in TBGfor at least 2 at
room temperatureor 16h at 4°C. After washing two times for rbin with TBST, the
membrane was incubatedith primary antibodies for h at room temperatureFor detection

of the 6xHistagged proteins,mouse anti6xHistag antibodieswere chosen which were
diluted 1:2500with 1% (v/v) skimmed milk powder in TBB Antic-Myc or antiFLAGag
antibodies were diluteddenticallyand were used for the detection ofMdyc or FLAG epitopes,
respectively.Following eight times washing forngin, the membrane was incubated with
secondangoat antimouseantibodeswith coupled alkaline phosphatasehich were diluted
1:2500with 1 %(w/v) BSANn TBST. Before staininghe membrane was washed five times for

5 min with TBS and equilibrated for 5 min with substrate buff@@00mM Tris-HCI pHD.5,
100mM NaCland 5mM MgC}). In the meantimethe staining solution was prepare&-
bromo-4-chloro-3-indolylphosphate (BCIP) and nitro blue tetrazolium chloride (NBT) were
dissolved in substrate buffer to a final concentration of Oxg/ml and 0.3mg/ml,
respectively.Stock solutions 020 mg/ml BCIPin dimethylsulfoxide DMSQ and 50 mg/ml
NBTin 70% (v/v) DMS@ere stored at £#C.The membrane wascubated with 10ml staining
solutionfor 5 to 15 min under exclusion of light, untiear purple bands were visibl€olored
bands at the expected size are proof for successful protein expregsiihsl 2F ( KS LINE (i S
gla SasYFiSR o0& O2 WUIMA YAY liKFROOE ORI 6BERGKS
6 C A &.dZRdBlonged staining did not result in strondsnds, buin a dark red background
instead Bywashing the membrane three times Witistilled waterstaining was stoppedrhe
finished blots were documentedy photography dried and stored in the darkThe
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polyacrylamide gel was always stained with CoomaafiErwards to confirm quantitative
transfer of the proteins.

10 Determinationof enzyme activities

10.1 Generalberformance of enzymassays

Enzyme assays were in general performed inndl.Beaction tubes on a thermal cycler or a
water bath, to keep a constant temperaturéhese enzyme assays consisteddfM KR or
TrisHClbuffer, substratsand purified enzyme solution, and had a volume of iR he tests
were at leastpreparedin duplicates(n =2) and werestarted by adding enzyme solution and
intensive mixing. After incubation at a constant temperature, the tests were stopped by
addition of 6M HCI, intensive shaking, and cooling o&. Negative controls were performed
under identical conditions, but were either stopped before adding enzyme, or purified enzyme
extracts ofan empty vector controlvere appliedinstead of the active enzym&nzyme assays
were extracted twice with 500l ethyl acetate. The organic solvent was addéeé tubes were
intensively mixed for 5, and subjected to centrifugation a6Q00g for 5min. Ethyl acetate
phases were combined and evaporated to dryness in a vacuum concentrator for abmirn 45

at 35°C and 7.0nbar. Dried extracts of enzyme assays were either storédtC or directly
processed further to analysis.

Activity tests were performedfeer verifying the expression of the recombinant proteins.
Different substrate combinations were testednd the reaction conditions were adjusted
towards strong product formation by usirgptimizedsubstrate concentrationgyptimal pH
values,a moderate temperature, high amounts of protein and prolonged incubation.

Determination of linear substrate turnover was always performieefore biochemical
characterzation to avoid a false decrease or increase of AUC andaadérived thereof
Duringthe reaction the concentration of substragecan be reduced significantlyhis could
lead to a restriction of accessibility which limits the maximal turnoverTherefore,initial
enzyme assays were observed over a tonarseof 5 to 60min. Consequentlyassays were
stopped before the turnover began levelling.

Analysis of the optimal pH conditions were conducted similarly, exceppkh@nge of the
buffer system was varied. The pH optimum was only determined for one substrate with high
acceptancan 0.1M KR or Tris-HCI| The absolute pH was measured from maskays with
doublethe total volume. Instead of purified enzyme, buffer was taken. Assays were incubated
at a moderate temperatureip to 1h with purified enzymereparatiors, andthree replicates
(n=3)were analyzed.
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After assuring linearity under the adapted pH conditiohg optimal incubation temperature
was tested in a thermal cycler triplicates(n = 3). Theexacttemperature wasdetermined by
measuing the temperature in a 1.Bl tube filled with 125ul water. Dependence on
temperature was only determined for one substrate combination for each of the tested
enzymes.

To determine catalytic properties or MichaelMgenten kinetics of the enzymes, such asdk

Vmax, Up to nine replicategn = 9) were analyzed. The assays were performed as close as
possible to the optimal pH and temperature conditioffe range of substrate concentration
was tested beforehand, and linearity was accessed for the lowest and highest concentration
of the varied substrateAs reactions of HCTs, as well as CYP98, are both dependent on two
substrates, Michaelitenten kinetics were always recaed for both substrates, while
keeping the other at a constant and high level of abtemttimes k.

The compositions of the individual determinations are listed below and are sorted by enzyme
class and homolog.

10.2 Composition of assays wWiBtHCTSs

To test for activity of the heterologously expressed HCTs, enzyme assays were carried out.
DSYSNIffes |aae @ddtoayil ¥y SROeAPWREYL2RRT a4l 086¢E
4dzo AaMISH S RRAA & p2F LIIZNAUSR 1/ ¢ aAGFNIOSRE GKS
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AYizp o W6 @K E YORATRA US R: GAKEKOSHOMIM /[ f@{NJ | y I f 2aAaod
C2NJ GKS AyAalf aSINDK F2N Lldzil o 9DR2ALYINRENI &
[ 21 5 | OO0S LI 208 yaQISHINEVERBV MK S | O Af I & fokabe | yR
I fA&ad 2F Fff Llzil oa@S &adzoadN)»GSa |yRABKS | C
LINE & § yf (iGN dloStNb yf di 2 YS ©Oh aS8ygraala (SaGSR &
T2NXI a2y 257 (IS NI SoWiRe? SaRtdnfadivity was verified, the best accepted

acceptor was taken ang-coumaroylCoA wa exchanged by cinnamoyl, caffeoyl, feruloyl,
sinapoyl, benzoyl, or anthraoyl-CoA.

¢l oMAR2Z YLI2AA a2y 2F allyRINR laaléa gAGK {31/ ¢2

Conditions Composition

30 °C 0.1 MKPpH 7.0

t=3h 200 pM (hydroxy)cinnaoyl-CoA
negative control: t = 0 min 0.8 to 8 mM acceptor substrate
n=2 5ug SgHCT
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CoA esters were usually dissolved in wateKRPpH 7.0, whereas some acceptossibstrates
had to be dissolved in 3 (v/v) methanol or special stock solutions were prepared
depending ontheir solubility. 3Hydroxyanthranit and 5Shydroxyanthranic acid were
dissolved in M HC| whereas 2,5lihydroxybenze and 3,4dihydroxybenza acidwere
dissolved in M NaOH In assays, where these solutions were used, an equal amounifof 1
NaOHor HClwas applied to neutralize theH of thesolvent.

Kinetics were recordecdhainly with p-coumaroytiCoAashydroxycinnamoytonor. Cafeoyk
CoA was also testad combination vith the acceptor with thebest acceptance

The exact conditions for the determination of the optimal buffenditions,temperature

conditions and for the kinetic determinationare displayed ithe following. SQHSTrablel3,

SgHQT1: Tablkl, SQHQT2: Tabls, SgRAS: Tahlé.

¢l oMdb & aG28Y LJ2 alAyaRR YNB I Os 2%2 NIRF RS NN VAl B1Be/Y I ZFF LIIK S
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recorded for the variable substrate.

Parameter Conditions Composition
pHoptimum 25°C 0.1 M KIPpH 6.00 to 8.50
t=5min 200 pMcaffeoytCoA
negative control: t=0 | 400 uM shikimic acid
min 2.88 ug SgHST
n=3

YSI & dzNER ¢ ON
chbyp2z T1TDPOpZZ

temperature optimum 0to 60 °C 0.1 MKPpH 7.5
t=5min 200 puM caffeoylCoA
negative control: t=0 | 400 uM shikimic acid
min 1.44 yg SgHST
n=3

Y S| & deNpeRatures:
nénx mMnoénz
HO®PHZ HY Pp2Z
nyonx/pt1v ®H

Variable Constant Conditions Composition

substrate substrate

p-coumaroyt | shikimic acid | 25 °C 0.1 MKPpH 7.5

CoA t = 6 min, negative 2.5 to 400 pMp-coumaroyt
control: t =0 min CoA
n=9 16 mM shikimic acid

0.04 ug/0.01 pg SgHST

caffeoytCoA | shikimic acid | 25 °C 0.1 MKPpH 7.5
t = 2.5 min, negative 30 mM shikimic acid
control: t = 0 min 5 to 150 uM caffeoyCoA
n=9 0.32 ug SgHST

69



Il Material and methodsDetermination of enzyme activities

p-coumaroyt | quinicacid | 25°C 0.1 M KipH 7.5
CoA t = 10 min, negative 1 to 200 pMp-coumaroyi
control: t = 0 min CoA
n=9 160 mM quinic acid pH 7.0
0.2 pg SgHST
p-coumaroyt | 3-hydroxy 25 °C 0.1 MKPpH 7.5
CoA anthranilic t = 10 min, negative 0.5 to 20 pMp-coumaroyt
acid control: empty vector CoA

n=9

6 mM 3hydroxyanthranilic
acid in1 MHCI+7.96 pl 1
NaOH)

0.08 ug SgHST
shikimic acid | p-coumaroy} | 25 °C 0.1 MKPpH 7.5
CoA t = 10 min, negative 200 pMp-coumaroyiCoA
control: t = 0 min 0.125 to 12 mM shikimic aci
n=9 0.03 ug SgHST
shikimic acid | caffeoylCoA | 25 °C 0,1 M KPpH 7.5
t = 2.5 min, negative 300 puM caffeoylCoA
control: t =0 min 1.25 to 40 mM shikimic acid
n=9 0.32 pg SgHST
quinic acid p-coumaroyt | 25 °C 0.1 MKPpH 7.5
CoA t = 10 min, negative 200 pMp-coumaroytCoA
control: t =0 min 2 to 160 mM quinic acid pH
n=9 7.0
0.33/1.0 pg SgHST
3-hydroxy p-coumaroyt | 25 °C 0.1 MKPpH 7.5
anthranilic CoA t = 30 min, negative 80 uMp-coumaroyiCoA
acid control: empty vector 0.125 to 12 mM3-hydroxy

n=9

anthranilic acid (in 1 M HCI -
15.93 ul 1 M NaOH)
0.08 ug SgHST

¢l oMasaale O2YLIl2aAsz2ya YR NBIFIOs2y O2YyRA82VY A
GKS 2LIYlt GSYLSNh SWANEY T ¥ RS @K End Sifdverd 31 v e m
recorded for the variable substrate.
Parameter Conditions Composition
pHoptimum 40 °C 0.1 M KiPpH 6.00 to 8.50
t=10 min 25 puMp-coumaroytCoA
negative control: t=0 | 20 mM quinic acid
min 0.32 ug SgHQT1
n=3
YSI Aa@NBIR n &
p®Tcz cdnyz
TONd
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temperature optimum

0to 60 °C

t=2.5min
negativecontrol: t =0
min

n=3

Y S| a deNpeRatures:
nens:y Mnoémz
HpPPTEZ ondc
npednx/cnodn

0.1 M KlPpH 7.0
80 uM caffeoyiCoA
40 mM quinic acid
0.72 pg SgHQT1

Variable Constant Conditions Composition

substrate substrate

p-coumaroyt | quinicacid |40 °C 0.1 MKPpH 7.0

CoA t =10 min 5to 200 pMp-coumaroyiCoA
negative control: t=0 | 80 mM quinic acid pH 7.0
min 0.25 ug SgHQT1
n=9

p-coumaroyt | shikimic acid | 40 °C 0.1 MKPpH 7.0

CoA t =10 min 10 to 400 pMp-coumaroyt
negative control: t=0 | CoA
min 320 mM shikimic acid pH 7.(
n=3 0.25 pg SgHQT1

caffeoytCoA | quinicacid |40 °C 0.1 MKPpH 7.0
t=5min 80 mM quinic acid, pH 7.0
negative control: t=0 | 5to 100 uM caffeoyCoA
min 0.25pug SgHQT1
n=9

guinic acid p-coumaroyt | 40 °C 0.1 MKPpH 7.0

CoA t =10 min 200 pMp-coumaroyiCoA

negative control: t=0 | 1 to 80 mM quinic acid pH 7
min 0.25 ug SgHQT1
n=9

guinic acid caffeoylCoA | 40 °C 0.1 MKPpH 7.0
t=5min 100 puMcaffeoytCoA
negative control: t=0 | 1 to 80 mM quinic acid pH 7
min 0.25 pg SgHQT1
n=9

shikimic acid | p-coumaroyt | 40 °C 0.1 MKPpH 7.0

CoA t=5min 400 pMp-coumaroyiCoA

negative control: t =0
min
n=23

10 to 320 mM shikimic aci
pH 7.0
0.5 pg SgHQT1
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¢l oMpbaalre O2YL}RRaAoz2yad YR NBIOaz2y O2yYyRAa2Yya
GKS 2LIYIf GSYLSNh §YANSYE 1 VRS aaG K knkd Sifverd 31 v ¢ H
recorded for the variable substrate.
Parameter Conditions Composition
pHoptimum (KK 30 °C 0.1 M KIPpH 6.00 to 8.50
t=10 min 80 uMp-coumaroyiCoA

negative control: t =0
min

8 mM quinic acid
0.65 pug SgHQT?2

n=3
YSI Aa@NBRA M
CPYyTZ TOMT Z
pHoptimum (TrisHC) 30° 0.1 MTrisHCIpH 7.00 to
t=10 min 9.50

negativecontrol: t =0
min

n=3

YSI & (dNB Ru M=
TPTO0O2Z ybdmMy 2

80 UM p-coumaroyiCoA
8 mM quinic acid
0.65 pug SgHQT?2

temperature optimum

5t050°C

t =10 min

negative control: t =0
min

0.1 M KIPpH 7.5

80 uMp-coumaroyiCoA
8 mM quinic acid

3.26 ug SgHQT2

n=3
Y S| & deNpeRatures:
pody 2 wmndc 2
Hn ®oX HMPPp
npednx/npdm
Variable Constant Conditions Composition
substrate substrate
p-coumaroyt | quinicacid |30 °C 0.1 MKPpH 7.5
CoA t =15 min 25 to 400 puMp-coumaroyi
negative control: t=0 | CoA
min 160 mM quinic acid pH 7.0
n=9 0.65 ug SgHQT2
caffeoyFCoA | quinicacid |30 °C 0.1 MKPpH 7.5
t =30 min 50 to 800 pM caffeoyCoA
negative control: t=0 | 160 mM quinic acid pH 7.0
min 1.0 pg SgHQT?2
n=9
quinic acid p-coumaroyt | 30 °C 0.1 M KPpH 7.5
CoA t=15min 400 pMp-coumaroyiCoA

negative control: t =0
min
n=9

1 to 160 mM quinic acid pH
7.0
0.65 pg SgHQT?2
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quinic acid caffeoylCoA

30 °C

t=15min
negativecontrol: t =0
min

n=9

0.1 M KIPpH 7.5
800 uM caffeoylCoA

1 to 160 mM quinic acid pH

7.0
1.0 pg SgHQT2

¢l oMdBaal e
GKS 2L Yl f

recorded for the variable substrate. 2 ((iISKS2

O2YL2aArs2ya
G SYLIS N § gziB
Y

YR
¥

e

NBI Osa2y O2YRAa?2
} ¥ RS aa@Odndh %6 Wedie{ I w!
SyYy&aeNd dAWER WNIBTFS NI 2

-

02 y OSy i NIvaSyyF y2oR YISKNS NIA € 8¥zND
Parameter Conditions Composition
pH optimum 30 °C 0.1 M KIPpH 6.0 to 8.5
t =10 min 200 pMcaffeoytCoA

negative control: t =0
min

n=3

YSI AqNBRT n =

4 mMpHPL
7.38 ug SgRAS

CPTO0O2Z TOMNZ
temperature optimum Oto 70 °C 0.1 M KPPpH 8.0
t =20 min 200 uM caffeoylCoA

negative control: t =0
min

4 mMpHPL
3.69 ug SgRAS

n=3
Y S| & deNpeRatures:
N®HE MNoOdmZ
HNndPCcZ HPDPp Z
nnodmZ n pda/z
Variable Constant Conditions Composition
substrate substrate
p-coumaroyt | 4-hydroxy 25 °C 0.1 M KiPpH 8.0
CoA phenyllactic |t =15 min 2.5 to 300 pMp-coumaroyt
acid negative control: t=0 | CoA
min 4 mMpHPL
n=9 0.19/0.38 pg SgRAS
p-coumaroyt | 3,4 25°C 0.1 M KFPpH 8.0
CoA dihydroxy t =5 min 2.5 to 100 pMp-coumaroyi
phenyllactic | negative control: t=0 | CoA
acid min 4 mMDHPL
n=9 0.2ug SgRAS
caffeoytCoA | 4-hydroxy 25°C 0.1 M KIPpH 8.0
phenyllactic | t = 60 min 10 to 640 uM caffeoyCoA
acid negative control: t=0 | 4 mMpHPL

min
n=9

1.84/1.28 pg SgRAS
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pHPL p-coumaroyt | 25 °C 0.1 M KiPpH 8.0
CoA t =20 min 200puM p-coumaroytCoA
negative control: t=0 | 0.1 to 7 mMpHPL
min 1.0 ug SgRAS
n=9
pHPL caffeoylCoA | 25 °C 0.1 M KPPpH 8.0
t =40 min 400uM caffeoylCoA
negative control: t=0 | 0.1 to 7mM pHPL
min 0.38 ug SgRAS
n=9
3,4-dihydroxy | p-coumaroyt | 25 °C 0.1 M KPPpH 8.0
phenyllactic CoA t =20 min 100uM p-coumaroyiCoA
acid negative control: t=0 | 0.1 to 7 mM 3,4dihydroxy
min phenyllactic acid
n=9 1.0pg SgRAS

10.2.1.1Special substrate searétr SQHCF

After standard assaysad beenperformed(chapter10.2), no activity was detectedith any

of the substrates usedTlhus,conditions forthe search of substrates were adjusted. Sincer
KERNRE&LI f YAaO | OAR maAYiaLRRiINE B a3 fddast 23/ &A Yo SINE
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10.3 Composition of assays widCYP98

The activity of inS cerevisiaeheterologously expressed SgCP¥@&s tested in enzyme
assays. Standard activity tests consisted of M.Tris-HCI pH7.5, 400pM NADPH, or
nicotinamide adenine dinucleotide (NADH) alternatiyalyd1to 40 uM substate, which was
usuallydissolved in 506 (v/v) methanol. The reaction was started by adding i98gCYP98
MF. Al assays were incubated in a thermal cycler at a temperature 6€26r up td h while
shaking with 120@0pm (Tablel7). The reaction was stopped by the addition offB&® M HCI,
followed by intensive mixing and storing the tubes on ice. For negative coritblsf yeasts
transformed with empty pESGrawere used. By adding 5@0 ethyl acetate to the assays,
shaking them intensively, and centrifuging the tubes for 5 min6@00 g, reaction products
were extracted. The extraction was repeated once and the organic phases were combined.
Ethyl acetate was evaporated and the dry assays were store@CiC. Forsubsequent
analysis, the assays were subjected to HPLC aM& @fter dissolving in 3t 50% (v/v)
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methanol, acidified with 0.0% HsPQ, and centrifugation at @000g for 10min. pure

SgCYP98. The following substrates were used for standard agsaysnaroyts-O-shikimic
acid,p-coumaroyt3-O-quinic acidp-coumaroyi4-O-quinic acidp-coumaroyt5-O-quinic acid,
p-coumaroyin -Qydroxyphenyllactic acid, caffeegl-fydroxyphenyllactic acigg-coumaroyt

o Q-Hilmyd@oxyphenyllactic acigg-coumaroyiN-tyramine, p-coumaroyi2-N-anthranilic acid,
p-coumaroyt2-N-3-hydroxyanthranilic acidp-coumaroyt2-N-5-hydroxyanthranilic acidp-

coumaroylthreonine, and-¢oumaric acid.

¢l oMeR2 YLI2AAa2yY 2F aildlyRINR lFaaleéa ¢gAGK {3/,

Conditions Composition

1200rpm 0.1 M TrisHCI pH 7.5

20 °C 1 to 40 uM substrate

t=3h 400 uM NADPIdr NADH

negative control: t = 0 min 100pug SgCYP98 MF (including PsCPR)
n=2

After activity was proven, different buffer conditions were tested to achieve high turnover
rates. For this the volume of enzyme was reduced and theffer volume increased. An
acceptor substrate, which was readily hydroxylated, was used to monitor aanatynearity

was estimated beforehandsix different 0.M KR and 05 M Tris-HCI buffers were used to
cover a range of pd.0 to 8.5 and pH.0 to 9.5, respectivelfTable 18)Sincecomponents of

the assay could possibly influence pH, grecisepHwasdetermined(Table 18)For this the
volume of the assay was doubleahdthe substratewas substituted by0 % (v/v) methanb

The buffershowingthe highest activityvas used in subsequent tests

Determination of the optimal temperature was approached similarly. The condjtiass
mentioned abovewere chosen, but the temperature for incubation was varied fitm 50 °C
(Table 18) Theexacttemperaturein the reaction tubesvas determinedTable 18) Ehzyme
assays were started aft@reincubation at thesettemperature.

MichaelisMenten kinetics weredetermined by keeping NADPH at a constaatturating
concentration(Table 18)The concentration of theydroxycinnamoyl ester/amide was varied,
while sticking close to the optimal pH and temperature. The linearity was always checked
beforehand. After determination of the Kof the hydroxycinnamoyl ester/amide, the
concentration of this substrate was increased to abtmuttimes k, and kept constant, while
varying the NADPH concentratigifable 18) Thus, k for both reaction partnerswas
determined.

In comparison to the biochemical characterization of SQHCTS, only.thrdktheactivity of
SgCYP9®ere determined. Extracts from the preparation of microsomes from crude yeast
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extracts containedrariousmembranebound proteins Thus, MFould not be considered as

pure SgCYP98.
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recorded for the variable substrate.

Parameter Conditions Composition
pH-optimum (KB 1200rpm 0.1 M KiPpH 6.00 to 8.50
20 °C 40 uMp-coumaroyin -Q
t =30 min hydroxyphenyllactic acid

negative control: t =0
min

n=3

YSI & gtBS Ro n =
TOPMYy 2 T DCp2Z

400 uM NADPH
2519 SgCYP98A23BF
(including PSCPR)

pHoptimum (Tris-HCI)

1200rpm

20 °C

t=15min

negative control: t =0
min

n=3

YSI A@NBRoy =
ydHCc X ydpnz

0.5 MTris-HCI pH 7.00 to
9.50

40 UM p-coumaroyin -Q
hydroxyphenyllactic acid
400 uM NADPH

55 g SgCYP98A238F
(including PsCPR)

temperature optimum

1200 rpm

5t050 °C

t=15min

negative control: t =0
min

n=3

Y S| & deNpeRatures:
pPPE PpPcZI wM™

0.1 MTrisHCIpH 7.50
40 uMp-coumaroyin -Q
hydroxyphenyllactic acid
400 uM NADPH

100ug SgCYP9O8A23BF
(including PSCPR)

HPPTZ ondc i
nopoh
Variable Constant Conditions Composition
substrate substrate
NADPH p-coumaroyt | 1200 rpm 0.1 MTrisHCIpH 7.00
n-Q 20 °C 80 uMp-coumaroyin -Q
hydroxyphen | t = 10 min hydroxyphenyllactic acid
yl-lactic acid | negative control:t=0 | 2.5 to 400 uM NADPH

min
n=9

50 ug SgCYP98A23BF
(including PsCPR)
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p-coumaroyt | NADPH 1200 rpm 0.1 MTrisHCIpH 7.00
n -fydroxy 20 °C 2.5 t0 120 pMp-coumaroyt
phenyllactic t =20 min n -Qydroxyphenyllactic acid
acid negative control: t =0 | (substitution with 50% (v/v)
min methano)
n=9 400 uM NADPH
50 ug SgCYP98A23BF
(including PsCPR)

11 Analytical and chemical methods

11.1 Highperformance liquid chromatography

11.1.1 Analysis of enzyme assays
11.1.1.2VWRHitachi Chromaster

Qualitative and gantitative analysis of mzyme assaysvere performed by extracting the
enzyme assays, evaporating the organic phaseatidsolvinghe residuen solvent for HPLC
analysis AVWRHitachi Chromaster system was utilized with an isocratic eluf@®to 65 %
(v/v) methanol acidified with 0.0% (v/v) HsPQ at a flow rate of Iml/min and 35°C on a
Hypersil ODS column (2%@ mm with a particle sizef 5 um and a 2x4 mm pre-column;
Dr. Maisch GmbHT.he methanol concentration in the solvent and the specific wavelength for
detection depended on the expected produdiaplel9). Since the device wasguipped with

a diode array detector, additional wavelengths were analyzed and cemesld To identify
product peaks20 ul of 25 to 10QuM of authentic standardsdissolved in 5@6(v/v) methanol
and 0.01%(v/v) HsPQ, were injected prior to enzyme assays. Retention tired AU®f the
standards were then compared to those frassaysThe autosampler allowed a volume for
injections from 5 to 10Qul.

¢l oMdh OSNIBASSE 2F (KS &2t @8yd dzaSR Ay I1t[/
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Resulting product Solvent Acyl donor Wavelength [nm]
caffeoylshikimic acid 30% (v/v) methanol H benzoylCoA 230

derivatives 0.01% HPG

chlorogenic acid 30% (v/v) methanol + cinnamoylCoA 280

derivatives 0.01% HPG

rosmarinic acid 45% (v/v) methanol H p-coumaroytCoA | 312

derivatives 0.01% HPG

(hydroxy)anthranilic 45% (v/v) methanol H caffeoytCoA 333

esters or amides 0.01% HPG
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Resulting product Solvent Acyl donor Wavelength [nm]
(hydroxy)benzoic acid | 45% (v/v) methanol + feruloy-CoA 333

esters or amides 0.01% HPQG

benzyl benzoate 65 % (v/v) methanol H sinapoylCoA 333

derivatives 0.01% HPG

16-hydroxyhexanedioic | 65% (v/v)methanol + | anthraniloytCoA | 280

acid derivatives 0.01% HPG

11.1.1.2Merck-Hitachi

In the beginning of this work, a second HPLC system was uskut bests with SgHST, a
Merck-Hitachi system with an Equisil ODS RP18 columnxX2%0m with a particle size of
5pumand a 20«4 mm pre-column;Dr. Maisch GmbH) artte isocratic elutiorwith 35% (v/v)
methanol acidified with 0.0% (v/v) HPQy was utilized. Sample loops for the exact injection
of 200r 100l were installed, depending on the volume needed. The detector was adjusted
to 333nm for the detection of caffeoghikimic acidThe determination of the ptptimum,
temperature optimum, and the substrate saturation kinetic t@ffeoyFCoA with a constant
shikimic acicconcentration were analyzed under these conditions

11.1.2 Analysis oSarcandra glabraxtracts

Plant parts ofSarcandra glabravere extracted andquantitatively analyzedy HPLCThe
aforementionedvVWRHitachi Chromaster system was ugetapter11.1.1.3, with 30% (v/v)
methanol acidified with 0.0% (v/v) HPQ. The run time was set to 7#in and 2Qul of the
ethanolic extracts or authentic standardb(to 100 uM) were injected.

11.1.3 Semipreparative HPLC

For the identification and purification of substances, which were the products of enzyme
assays the aforementionedMerck-Hitachi system was used with 30 (v/v) methanol
acidified with 0.3% (v/v) acetic aci(chapter11.1.12). A semipreparative Equisil ODS RP18
column (25x 8 mm with a particle size of Bm and a 20x4 mm pre column;Dr. Maisch
GmbH) was installed and the flow rate was increased mal/fin to achieve an adequate
pressure andgeparation efficiency

11.2 Liquid chromatography with coupled mass spectrometry

Verification of compounds fromenzyme assay®thanolicS glabra extractsand authentic
standardswvas conductedby liquid chromatographyvith coupledmass spectrometnyLCMS).
Liquid chromatography was performaasing an Agilent Technologies HPLC 1260 with a
Multospher 120 RP18 column (2%@ mm, particle size f.um; CS Chromatographie Service
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GmbH) and two different method$ong method and short methodyere conducted, using a
solvent system of 0.% (v/v) formic acid (solvent A) and 04l(v/v) formic acid in acetonitrile
(solvent B).

Detection was performed with a diode array detector at 190 to Ai0and a micrOTO® Il
with ESI source (Bruker Daltonics), calibrated withNd sodium formate under application of
the negative or the positivéonization mode A sample volume of 5 ul was injected in the
positive mode, whereas the negative mode utilized lOThe massspectrometer was
calibrated for masses ranging fraemassto-charge ratio i1/ z) 100 to 1000.

Qualitative analysis of ethanol& glabraextracts was performed by separating the extracts

in the long LC method and detecting the peaks in the negative MS mode. Verification of
product formation in enzyme assays with SQHCTs or SgCYP98s utilized the short LC method
and either the negative, or t positive MS mode, depending on tlexpected product
Expected masses were calculated using the Compass DataAnalysis software 4.2 (Bruker),
based on the molecular formula.

LCMS analyses were thankfully handled by theMl€team (L. LudwiBadtke and A. Schraub)
from the group of Prof. Dr. Li (Marburg), who also kindly provided thtM&Gnstruments
which were financially supported lige DFG grant INST 160/620

11.2.1 Long method

For the longmethod, a flow rate of 0.25nl/min, a temperature of 20C and the following
linear gradientwaset:0n 1 YAY p 23 .-45Pmyn 100 % B, 485.1EmIinm 60 % B
M p 22 -5%mim5Hp%bBa n

n

11.2.2 Short method

The short method applied a flow rate of 0.5 ml/min at a temperature of@5and the
following linear gradient: @ n YA Y p 23 .-15Hfyn 100 9% B 355.1GminM.@0 %
F p. 2 w™Mp @omin504B/ TIbh

11.3 Spectrootometric analysisrecordingUV-Visspectra

A Specord 200 Plus (Analytik Jena) photometer was tsadcord spectra from 200 to
500nm. Quartz cuvettes were always employed, and thmperature was controlled by a
water bath. The wavelength scan mode was used to record spagaimstreference cuvette.
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11.4 Synthesis of (hydroxy)cinnameRbA

Cinnamoy, pG, caf, feruloyl and sinapoyCoA play an important role as activated
(hydroxy)cinnamic acids and substrates for BAHI3 these substances were commercially
not available, they were synthesized from the respective (hydroxy)cinnamoyl succinimides
basically according to Stockigt and Zenk(1975) Synthesis of corresponding
(hydroxy)cinnamoytoenzyme A derivatives was performed accortii@tockigt and Zenk
1975) whereas the purification of the coenzyme A thioesters was performetesasribedn
Beuerle and PichersK2002)

For (hydroxy)cinnamoyl succinimides, 5.0 mmol (hydroxy)cinnamic acid I&nd
hydroxysuccinimide weredded to a 250ml Erlenmeyer flask and dissolved in a 60 °C
ultrasonic bath in about 10l absolute ethyl acetate (dried with sodium sulfate). The
following steps were performed under a fume hotmr safety reasonsAfter cooling the
reaction mix to 36 °C, 5.7 mmol liquid dicyclohexyl carbodiimide was added with an Eppendorf
pipette. Dicyclohexyl carbodiimide was liquefied by carefully heating to 40 °C. rHighe
temperaturemaylead to disintegration and toxic vapors. The reaction mix was gently mixed
and shaken. Chemical reaction took place while incubating at room temperature in the dark
for 16 to 24 h. The insoluble residue was filtered off and the organic phase was extracted
several times witilOOml 1 M NaHC@ Phase gsgaration was accelerated by centrifugation

at 20000g for 20 min, the ethyl acetate phase was dried witlaSQ and subsequently
evaporated at 50 °C and 145 mbar. The residue was then redessol 1ml acetone and
applied to quantitative silica gel ®RAs4plates 20*20cm, 2000micron(Analtech. Thin layer
plates were developed in 5 % (v/v) methanol in chloroform for about 1.5 h. Bandkseor
respective (hydroxy)cinnamoyl succinimides were compared to liteeatualues and
standards. Thesilica gel containing theubstanceof interest was scraped dfcompletely,
without taking adjacent bands, and extracted with ethyl acetate. Centrifugati@d@®d0g for

20 min helped clearing the organic phase from silica gel residues. The extract was first dried
in a rotay evaporatorat 50 °C and 145 mbaand second, in a beaker for about one week at
room temperature in a vacuurexsiccator filled with silica gelntil constant mass was
observed. (Hydroxy)cinnamoyl succinimide was pulverized and stor@@ acC.

Synthesis of (hydroxy)cinname§bA was started by dissolving 300 pumol Nakl@O6mi
demineralizedvater in an Erlenmeyer flask. After gassing the solution for 15 min witl3M
pmol CoAwere added and treatment with Nwas continued200 pmol fiydroxy)cinnamoyl
succinimidewas dissolvedn 1ml acetone and aded drop by dropleading to a white
precipitate The reaction mix was stirred during addition of acetone, until the precipitate
nearly vanished and the solution cleared. After storing the flas&@nh temperaturefor 24 h,
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the organic phase wasvaporated in a vacuum concentrator. Ammonium acetate was added
to a final concentration of 4 % (w/v) and the solution centrifuge@@00g for 10 min to get

a clearsolution. In the meantime, solid phase extraction columi@hromabond® C18 ec

6 ml/1000 mg were preconditioned by washing with 30l each demineralizedwater,
methanol and 4 % (w/v) ammonium acetate, respectively. After applyingstilationto the
column, the resin was rinsetivelve timeswith 2ml 4 % (w/v) ammoniumacetate.
(Hydroxy)cinnamoyCoA waseluted with 12x2 ml demineralizedvater.

Analysisof the fractionswas performed in quartz cuvettes & spectrophotometer Rinsing
with ammonium acetate showed removal of fr&&A whereaselution fractions with an
absorbance spectrum according to literatug8tockigt and Zenk 197%)ere lyophilized at
0.01mbar. for 24 h. A second purification step followed, in case purity was not giarthis
the (hydroxy)cinnamoytoenzyme Aolutions were applied to cellulose2B x 20cm (Merck)
thin layer chromatography platesnd developed imcetic acidiater/1-butanol (2:3:5)Bands
were scraped offand eluted twice with demineralizedwater. Remaining particles were
removed by centrifugation a20000g for 10 min. Lyophilization at 0.01 mbar for 24 h was
followed by adjusting the concentraticafter spectrophotometic measurements

12 Bioinformatics

12.1 BLAST homoloqgy search

Basic Local Alignment Search T@ILASTis a bioinformatic software, which findgmilar
sequencedy alignments with a query sequencestandard or custom nucleotide (BLASTN)

or protein (BLASTP) dataséfdtschul et al. 1990Default parametersefvalue: <10; Matrix:
BLOSUMG62; Gap cost: Existence: 11, Extension: 1; conditional compbagexhadjustment;

no SEG) were used to identify putative enzyme sequencethdntranslated de novo
transcriptome assemblyf Sarcandraglabré i EARY ¢H pH T =2 4% IYYEISS D2 RIS
TNR Y )faRllAs8&ida rubricauli® G EARY HHcCcTOZXY Bd UK BSRBREY
RSLI2AAGSR Ay @KISNINMY I RNIGS DmIBEOP Siiim BB lsefit $131am3p0:
sequences for the identification of RAS and CYP98 homologs were the protein sequences of
PlectranthusscutellarioidedPsRAS (CAK551§6pnder and Petersen 201dnd PsCYP98A14
(CAD20576)Eberle et al. 2009}he bait for an actin homologp Sarcandra glabravast S NE& S |

I Y S NRAtOH yedmi! H T HAuditionally, BLASTBearctes (protein-protein BLASTyvere

conducted in standard databasésy NY mXE RdzywRlYYy 0 LINRGSAya Ay DSy.
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t5t {H6AEAtNRGSZ tLwZ twCE SEOf dzRA yoddenfify JA N2 y
similarities with already identified or characterized proteins. This was used eslicatorfor

the putative function ofproteins translated from identifiedequences.

12.2 HMMer-search finding additionalsequences

HMMer is a bioinformatic software tool, which is based on Hidden Markov Models (HMMs).
These HMMs arereatedusing a multiple sequence alignment, which serves as a basis for an
algorithm, that models the probability of conserved or variable domains wiahsequence
family. A translated transcriptome is then used as a database for amino acid sequences and
HMMer-search compares each sequence to the HMM. The resultingddg score reflects

the likelihood of homology and is then related to the statistiéghgicance. AnExpect valu®
(e-value) is used to describe the expected number of random matches in the given database.

The transcriptoms of Sarcandra glabra (G EARY &H pHT = ) anb Asedtind O2 RS
rubricauliso G EARY HHcc T o ZwetetrarslafeSintadte Re§p¥ctive aan® acid
sequences and downloaded from the 1kP datab@3arpenter et al. 2019; LeebeMack et

al. 2019) An alignment of HCTs or CYP98s gvaated using Clustal Omega, saved in the

Stockholm formatand used as input datd G241 f 2F wmy .1 15 &aSldz
NEGNRSOSR FTNRY (KY¥ NAGZISOIKS SN @426t MNP o RihAilbtod Fo St €
Fa FRRAa2Yy U | VaBHj dz @I BmR 1 1 pCy ¥ A Wrdef & NB

6C2S@dzt | / ¢ mY | CAAD dzf YoM f Goli2aNTONBIAYUdZa 0 1:.J3 NEnA1@ 4 mp o hp
ctygnnTHMBYPKES @FINF2yAE¢mSE aSyt2y! ¢ns aSyf :
. YodzA |l  Y¥dzl 9 Wr BE c T / | BE Kb Y yzb ® 2 @ 0§ '2 M0y dedbn c 0 =

Df SOKBRISNI/GDpcHpnZ | ANRAEHPBETECRRBYMPOUOLSE 6 SNB
6¢lwABS SEOSLI &6 NSy asiayRERDE BANY I 0 MHz6 RINOF dzf g &
Ft A3y YSyid o1 a ol asm m2)\8EOS LAS Indgd (B Saay Fasner

I &0 NA Yy I 0 ®HkdeNseaichedzfwkrd started offline after downloading several
recommended software packagés

12.3 Sequence similarity calculatioagad pairwise comparison

Sequence similarity calculations famino acid sequences of HCTs and CYR@de
performed with EMBOSS Needlig pairwise comparison in order to evaluate the percentual
identity and similarity of the sequences (www.bioinformatics.nHemi/emboss/needle)
(Madeira et al. 2024)

82



Il Material and methodsBioinformatics

12.4 Sequence alignments

CLC Sequence ViewedD®was used for alignmentsf amino acid sequences from HCTs and
CYP98sstandard settingggap open cost: 10; gap extension cost: 1; end gap cost: as any other;
alignment: very accuratayere chosen and the very accurate alignment mode was executed
By aligning several amino acid sequences from honaoisgnzymes, conserved single amino
acid residues or regions can be observed.

12.5 Phylogenetic analysis

In this work, a number diCT and CYP88quences was analyzed with MEGA version 11, using
the Maximum Likelihood method with 1000 bootstraps and the JTT rAadised mode{Jones

et al. 1992; Tamura et al. 2021NeighborJoin and BioNJ algorithms were applied
automatically to a matrix of pairwise distances estimated using the JTT model for the heuristic
search for initial trees, and the topology with superior log likelihood was selected. A high
number of bootstrag is associated with the robustness of tinee. Only the tree with the
highest log likelihood (LogL) is shown here. Numbers next to the branches represent the
percentage of trees, in which the associated taxa clustered together. The length of the
branches refers to the number @mino acidsubstitutions per site which correlates with
evolutionary distanceAlignments were performedsingthe ClustalW algorithniThompson

et al. 1994)andin the following,positionscontaining gap®r missing data were eliminated.

HCT or CYP98 amino acid sequences were collected from databanks, such as Genbank,
Uniprot, Phytozome, the 1kP database and other genome or transcriptome asseriiées.
dataset mainly included characterized HCTs andenzoylCoAbenzylalcohol
benzoytransferases (BBT$ or CYP98s.nlthe following, accession numbers, which were
retrieved from Genbank, Uniprot or Phytozome, names of the enzynmeduding the
numbering of CYRthe abbreviations for species, accepted substrates and the family are listed
(Tables20and21). Selected literature, which either deals with the respective enzyme in form

of a biochemical characterization, or from which the sequence data originate, is depicted.
Whenever sequences were not available in named collections, scaffold numbers from
transcriptome sequencing, such as data from 1kP, or names, as suggested in the
corresponding literature, were used. Substrates, that could not be experimentally verified or
were only poorly accepted, are shown in brackets. The acceptance of certain substrates is
shown only to get an impression of the function of characterized enzymes. The list of HCTs
and BBTs, which are phylogenetically analyzed here is displayleable20, whereas the set

of CYP98s is shown in TaBle
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Additional sequences of putative HCTs fr8arcandra glabrand Ascarina rubricaulig/ere
obtained from BLASTRnd HMMersearchesin the translated transcriptomes. Only full
length sequences were taken into consideration for phylogenetic analgisglabra
scaffold_ OSHQ 2008674, scaffold OSHQ 2048702, scaffold OSHQ_2009048¢aulis
scaffold WZFE_2009497, scaffold WZFE_2014443, scaffold_ WZFE_21bal3@3Vifi). It

was assumed that in the case of ArHE Tscaffolds WZFE_2001106 (front part) and
WZFE_2001107 (rear part) were part of the same original sequence, as the mid part was
identical. For phylogenetic analysis, the sequences were aligned, and a theoretit=aidthi

was used.

Table20. Sequences used for phylogenetic analysis of H@Glsiding the accession number,

the chosen abbreviation, species and family, and the literature, which covers or mentions the
sequene. Abbreviations of the hydroxycinnamoyl acceptor substrates:aithranilic acid,
hydroxyanthranilic acid, Ag agmatine, B¢ benzyl alcohol, F fatty acid derivatives, @§
glycerol, Hq tetrahydroxyhexanedioic acid, L& L-amino acids, M¢ malic acid, Pg 4-
hydroxyphenyllactior 3,4dihydroxyphenyllactic acid®i¢ piscidic acid, Pt pseudotropine,

Q ¢ quinic acid, ¥ shikimic acid, Sp spermidine, spermine, q tartaric acid, +¢ additional
substrates

Accession_name_substrate Abbreviation | Species and Literature
family

QAA12830_ActracHPT1_Pi Actrac Actaearacemosa | Werner and
(Ranunculaceae) | Petersen 2019

MW248389 AntagrHCT6_SA Antagr Anthoceros Ernst et al.
agrestis 2022
(Anthocerotaceae

NP_179497 ArathaSHT_Sp Aratha Arabidopsis Grienenberger
thaliana et al. 2009
(Brassicaceae)

scaffoldWZFE2020003 Ascrub Ascarina This work

AscrubHCT rubricaulis

scaffoldWZFE2195511 (Chloranthaceae)

AscrubHCPR

scaffoldWZFE20011062001107

AscrubHCB

scaffoldWZFE2009497 Ascrub
scaffoldWZFE2014443 Ascrub
scaffoldWZFE2195393 Ascrub

WPF47615 AtrbelTS Pt Atrbel Atropa belladonng Zeng et al. 2024
(Solanaceae)

AB076980_ AvesatHHT1 A Avesat Avena sativa Yang et al. 2004
(Poaceae)

BCY27076_BammulHQT1_Q Bammul Bambusa Nomura et al.

BDR61289 BammulHCT1_S multiplex 2022
(Poaceae)
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Accession_name_substrate Abbreviation | Species and Literature
family

scaffold TZNS Canind Canna indica Bauerbach,

2022568 CanindHCT_B (Cannaceae) unpublished

results

scaffoldLUCG Cartin Carthamus Fan et al. 2021,

283946 CartinHCT_SQ tinctorius Liu et al. 2024
(Asteraceae)

KT222891 CicintHCT1_SQ Cicint Cichorium intybus| Legrand et al.

KT222892_ CicintHCT2_SQ (Asteraceae) 2016; Delporte

KT222893_CicintHQT1_QS et al. 2018

KT222894 CicintHQT2_QS

KT222895 CicintHQT3_QS

MG457243_CicintSHT1_Sp

MG457244_CicintSHT2_Sp

AF500200 ClabreBEBT_B Clabre Clarkia breweri D'Auria et al.
(Onagraceae) 2002

EF137954 CofcanHCT_SQ Cofcan Coffea canephora| Lallemand et al

EF153931 CofcanHQT_Q (Rubiaceae) 2012

KAA0066341_ CucmelAAT3 B Cucmel Cucumis melo var| EFSharkawy et
Cantalupensis al. 2005
(Cucurbitaceae)

EU839580 CyncarHQT2_QS Cyncar Cynara Comino et al.
cardunculus 2007
(Asteraceae)

Z84386_DiacarHCBT2_A Diacar Dianthus Yang et al. 199¢
caryophyllus
(Caryophyllaceae

MT936803_EchpurHHT_T Echpur Echinacea Fu et al. 2021

MT936805_ EchpurHCT_SQ purpurea
(Asteraceae)

JQ413187_ErycocHQT_(Q) Erycoc Erythroxylum cocg Schmidt et al.
(Erythroxylaceae)| 2015

FoevulHCT1_SQ Foewvul Foeniculum Marschner,

FoevulHCT2_SQ vulgare(Apiaceae) unpublished

results

CDG56250_GlehedRAS1 Glehed Glechoma Sander and

CDG56251 GlehedRAS2 hederacea Petersen 2011
(Lamiaceae)

BAF97626 HorvulACTLAg Horvul Hordeum vulgare | Burhenne et al.
(Poaceae) 2003

DQ886904 LavangAATl1l P Lavang Lavandula Landmann et
angustifolia al. 2011
(Lamiaceae)

Marema_MeHFT_F Marema Marchantia Wang et al.
emarginata 2017
(Marchantiaceae)
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Accession_name_substrate Abbreviation | Species and Literature
family
AXN55971 MarpalHCT_SQ Marpal Marchantia Wu et al. 2018
paleacea
(Marchantiaceae)
OAE34410_ MarpolHCT_SQ+ Marpol Marchantia Kriegshauser et
polymorpha al. 2021
(Marchantiaceae)
FR670523 MeloffRAS_P Meloff Melissa officinalis | Weitzel and
(Lamiaceae) Petersen 2011
MenlonAT1_SPQ Menlon Mentha longifolia | Zhou et al.
MenlonAT2_S(P) (Lamiaceae) 2024a
MenlonAT4_SP
MenlonAT6_SPQ
AF500202_NictabBBT_B Nictab Nicotiana Hoffmann et al.
AJ507825_ NictabHCT_S tabacum 2003;
AJ582651 NictabHQT_Q (Solanaceae) Hoffmann et al.
MN787045_ NictabSHT_(Sp) 2004;
Niggeweg et al.
2004; Taguchi
et al. 2005;
Onkokesung et
al. 2012
MN542659 OcitenRAS Ociten Ocimum Suthar et al.
tenuiflorum 2021
(Lamiaceae)
XM_015786263 OrysatHCT4_SG Orysat Oryza sativa Kim et al. 2011
(Poaceae)
AB723827 PanvirHCT120 Panvir Panicum virgatum| (Escamilla
AFY17066_ PanvirH@GRel Q (Poaceae) Trevifio et al.
KC696573_ PanvirHCT2aASQ 2014)
AGH61997 PerfruRAS Perfru Perilla frutescens | Lu et al. 2013
(Lamiaceae)
MH878831_PhacamHST_S(QP) | Phacam Phacelia Levsh et al.
MH878832_PhacamHQT_Q(SP) campanularia 2019
MH878833_PhacamRARQS) (Boraginaceae)
MH878834_PhacamSHT_Sp
KX443573 PhavulHHHT _H Phavul Phaseolus vulgariy Sullivan 2017,
(Fabaceae) Fanelli et al.
2025
XP_024361034_PhypatHCT_SA(Q Phypat Physcomitrium Kriegshauser et
patens al. 2021
(Funariaceae)
AXN55972 PlaappHCT_SQ Plaapp Plagiochasma Wu et al. 2018

appendiculatum

(Aytoniaceae)
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Accession_name_substrate Abbreviation | Species and Literature
family
EF121452 PinradHCT_S Pinrad Pinus radiata Wagner et al.
(Pinaceae) 2007
CAK55166_ PlescuRAS P Plescu Plectranthus Sander and
FN647681 PlescuHCT2_S scutellarioides Petersen 2011
(Lamiaceae)
EU603313 PoptriHCT1_(QS) Poptri Populus Yu et al. 2009
KP228019 PoptriBBT_B trichocarpa
XM_006368430_PoptriHCT6_(QS (Salicaceae)
XP_007215395 PruperHCT4 Pruper Prunus persica Su et al. 2023
XP_007215396 PruperHCT5 (Rosaceae)
MN787043_RiccomAHT_(Sp) Riccom Ricinus communig Perrin et al.
(Euphorbiaceae) | 2021
MN787046_RoscanSHT_(Sp) Roscan Rosa canina Perrin et al.
(Rosaceae) 2021
ADA60182_SalmilRAS_(P) Salmil Salvia miltiorrhiza| Di et al. 2013;
(Lamiaceae) Wang et al.
2015
PP449349 SarglaHST SAQ+ Sargla Sarcandra glabra | this work,Xie
PP449350 SarglaHQT1 QSA+ (Chloranthaceae) | et al. 2020; Li e
PP449351_ SarglaRAS_P al. 2024,
PP449352 SarglaHQT2_Q(S)+ Bomeke and

PQ336776_SarglaHCT_F _(B)
cluster_ 22883 29589 Sargla

scaffoldOSH@008674 Sargla
scaffoldOSH@048702_Sargla
scaffoldOSH@2009048 Sargla

Petersen 2025

XM_002979015 SelmoeHCT1a_§ Selmoe Selaginella Wu et al. 2018
moellendorffii
(Selaginellaceae)
AJ582652_ SollycHQT_Q Sollyc Solanum Niggeweg et al.
XP_004235891 SollycHCT_(S) lycopersicum 2004; Perrin et
MN787044 SollycSHT_(Sp) (Solanaceae) al. 2021
XM_002452390_SorbicHCT_SQ | Sorbic Sorghum bicolor | Walker et al.
(Poaceae) 2013
AXB87812 TripraHDT1 La Tripra Trifolium pratense| Sullivan 2009;
EU861218 TripraHCT1A_S(Q) (Fabaceae) Sullivan and
EU861219 TripraHCT2_M Zarnowski
FJ151489 TripraHCT1B_S 2011; Sullivan
and
Knollenberg
2021
MN787047 _VitvinSHT _(Sp) Vitvin Vitis vinifera Perrin et al.
(Vitaceae) 2021
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Table 21. Sequences used for phylogenetic analysis of CYP98s, including the accession
number, the chosen abbreviation, species and family, and the literature, which covers or
mentions the sequence Abbreviations ofaccepted substrates: A ¢ p-coumaroyi2-N-
anthranilic acid, O - p-coumaroyi2-N-3-hydroxyanthranilic acid,P ¢ p-coumaroyin -Q
hydroxyphenyllactic acid, p-coumaroyio Q-Hilmy@oxyphenyllactic acid, caffeaylQ
hydroxyphenyllactic acidl ¢ p-coumaroyi3-O-quinic acid,p-coumaroyi4-O-quinic acid,p-
coumaroyt5-O-quinic acid S¢ p-coumaroyt3-O-shikimic acidp-coumaroyt4-O-shikimic acid,

p-coumaroyt5-O-shikimic acid,T ¢ p-coumaroyi2-threonic acid, Ya ¢ p-coumaroyi2-N-

tyramine, +¢ other substrates

Accession_name_substrate Abbreviation | Species and Literature
family

XP_011625941 AmbtriCYP98A84 AS( Ambtri Amborella Alber et al.

XP_006836224_AmbtriCYP98A85_Ya trichopoda 2019
(Amborellaceae)

QPI170542_AntagrCYP98A147 _SAQOYa Antagr Anthoceros Ernst et al.
agrestis 2022
(Anthocerota
ceae)

OAP09214 ArathaCYP98A3 SQ Aratha Arabidopsis Matsuno

OAP19075_ArathaCYP98AS8 thaliana et al. 2009;

OAP16063_ArathaCYP98A9 (Brassicaceae) | Zapata et

al. 2016

scaffoldWZFE2004614 Ascrub_CYPR28 Ascrub Ascarina This work

scaffoldWZFE2019035 Ascrub_CYPRQ28 rubricaulis
(Chloranthaceae

XP_003568200 BradisCYP98A4 SQ+| Bradis Brachypodium |! £ 6 S NJ
distachyon HN Mo
(Poaceae)

KAG0602175 CerpurCYP98 Cerpur Ceratodon Genbank
purpureus submission
(Ditrichaceae)

ABB83676_CofcanCYP98A35 SQ Cofcan Coffea Mahesh et

ABB83677_CofcanCYP98A36_S canephora al. 2007
(Rubiaceae)

ACO025188 CyncarCYP98A49 SQ Cyncar Cynara Moglia et
cardunculus al. 2008
(Asteraceae)

AAY54293 GinbilC3H Ginbil Ginkgo biloba Genbank
(Ginkgoaceae) | submission

NP_001235563 GlymaxCYP98A2 Glymax Glycine max (Siminszky
(Fabaceae) et al. 1999)

BAC44836_LiteryCYP98A6 P Litery Lithospermum Matsuno
erythrorhizon et al. 2002
(Boraginaceae)
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Accession_name_substrate Abbreviation | Species and Literature
family
AGQ48118 LonjapC3H_SQ Lonjap Lonicera japonicg Pu et al.
(Caprifoliaceae) | 2013
UwWV81047_ManescC3H_SQ Manesc Manihot Xu et al.
esculenta 2015
(Euphorbiaceae)
PTQ40913 MarpolCYP98 Marpol Marchantia Genbank
polymorpha submission
(Marchantiaceae
ABC59086 MedtruCYP98A37 Medtru Medicago Reddy et
truncatula al. 2005; Li
(Fabaceae) et al. 2007
AAL99200_OcibasCYP98A13Q Ocibas Ocimum Gang et al.
AAL99201 OcibasCYP98A£LFQ basilicum 2002
(Lamiaceae)
BAO20879_ PanvirC3H13Q Panvir Panicum Shen et al.
BAO20880_PanvirC3HZQ virgatum 2013;
(Poaceae) Escamilla
Trevifio et
al. 2014
QDF44409 PhacamCYP98A111 S Phacam Phacelia Levsh et al
QDF44410 PhacamCYP98A112 P campanularia 2019
QDF44411 PhacamCYP98A113 P (Boraginaceae)
XP_024360823 PhypatCYP98A34 AS Phypat Physcomitrium | Renault et
patens al. 2017;
(Funariaceae) Alber et al.
2019
AAL47685 PintaeCYP98A19 SQA+ | Pintae Pinus taeda Anterola et
(Pinaceae) al. 2002;
Alber et al.
2019
CAD20576_PlescuCYP98A14 P Plescu Plectranthus Eberle et
scutellarioides | al. 2009
(Lamiaceae)
ABY85195 PopalbxgranC3H Popalbxgran | Populus alba x | Coleman
Populus et al.
grandidentata 2008a

(Salicaceae)
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AJD25231_SalmilCYP98AT77
ADP00279 SalmilCYP98A14 P

(Lamiaceae)

Accession_name_substrate Abbreviation | Species and Literature
family
XP_006373687_PoptriCYP98A23_SQ1 Poptri Populus Coleman
KAI5560160_PoptriCYP98A25 trichocarpa et al.
XP_002308860_PoptriCYP98A27_SQ (Salicaceae) 2008b;
Coleman
et al.
2008a;
Chen et al.
2011,
Alber et al.
2019
POP:2000876_PtevitCYP98A104 A Ptevit Pteris vittata Alber et al.
(Pteridaceae) 2019
AEG19446_RutgraCYP98A22_SQ Rutagra Ruta graveolens | Karamat et
(Rutaceae) al. 2012
AJD25229 SalmilCYP98A75 P Salmil Salvia Di et al.
AJD25230_SalmilCYP98A76 miltiorrhiza 2013

-/ b ddpH p pHagaGYRIR35 PSQ Sargla Sarcandra glabra This work,
t £ 0 o dSalaGyP3234 (Chloranthaceae] Li et al.
2024
XP_002981149 SelmoeCYP98A38 AS Selmoe Selaginella Alber et al.
moellendorffii 2019
(Selaginellaceae
AAC39316_SorbicCYP98A1 Sorbic Sorghum bicolor | Bak et al.
(Poaceae) 1998
ACV91106_ TripraCYP98A44 S Tripra Trifolium Sullivan
pratense 2009
(Fabaceae)
CAE47489 TriaesCYP98A10 SQYa | Triaes Triticum Morant et
CAE47490 TriaesCYP98A11l SQYa aestivum al. 2007
CAE47491 TriaesCYP98A12 SQYa (Poaceae)

12.6 Codon optimizatiorand synthesized genes

Codon optimization is the processakfanginga coding nucleotide sequence without changing
the resulting amino acidequence in order to adjust the codons to the presence and
concentrations of aminoacyRNAs in a heterologous organig@hung and Lee 2012; Fu et al.

2020) The basishereforeis the different utilization of aminoacyRNA by organismsvhich

is promoted by the possibility tase different codons for the same amino adir example,

the eucaryoticS cerevisiaauses the codotJGUto code for the incorporation ofhe amino
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acidcysteine whereasPhyscomitriumpatensprefers the codorJGQSzoveényi et al. 20174
nucleotide sequence, adjusted to the codon usage of the host organism leads to an
enhancement oprotein formation

Depending on the heterologous expression system, different codon usage was considered
Codon optimization was performed externally by BioCatGmbH
(https://www.biocat.com/genesynthesis), when purchasing gerfesm Sarcandraglabrato

be expressed is cerevisiae The sequenceof interest was sent to the manufacturer, with
additional information, such as restriction sites, additional amino acids or sequences to avoid.
The sequences were then codoptimized, synthesized and inserted into the plasmid pUC57.
The plasmid arrived lyophilized, was resuspended ipl5@emineralized water for further
processing, and stored a20 °C.
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Il Results

13 BAHDhydroxycinnamoyltransferases fror®arcandra glabra

13.1 Fishing for HCT sequenaasSarcandra glabréandAscarina rubricaul}s

il KS 0S3AAYYAYyT 2F (163 46 AN A | EREK §m {0 tHIS RAADIKD KK S
{ I NOI yRNE2INA®E 6 Bl K2 Y2 (pBNE BF KAIKSFAYyRY k ODNRA
4SljdzSy OBt BBl RKSOKI Ny OGSNAT SR taw!{ 4+a dzaSR
GKS . [!'{¢t IfIA2NAIGKYSOEKEBSVY2R¥AYIRRDDARSAST 828
of I &0raNIAYY R NINB 3 @32 MIyS R 0 S0k yooKSaEids & 3G K 2F O
KaY2X @& Ay 2 | OAR aS1jdz2Sy0Ss (KBRS &l KAS/ LINFR
yIEYySaz a ¢Stf Fa (GKS SyileyvyS yrySa AyOf dzRAy
NBadzZ 6GSR Ay nn aO0Old2fRa SPY{ d8 moh B PZaBANS aille SyF
AyiG2 FdzNHIKSNI O2y&aARSNI a2yrd @& K SEXAE GHR { (RS 4ISSNWE
1KSaS &SIdsSy0Sa O NARBERoHPSK oSG YA RByYdA §FtRR W !pmd
O2@SNBR Lidzil o S =14 INE ISERFEIAHRI AK26SR YSi
0KS 60S3IAyyAy3a 2F GKS aSljdzsSyO0S a ¢Sttt la Gel
Fad O2YLX ®OGDBOIFTR2AKRYh{ | vyHANdy p d-oySR AKYFaRI SyF 2R 24 (G
YSOUKA2YAYSd ¢CKSNBEFT2NB>S GKS &4SljdzSyO0S glma O2y a
SYR g6l & | aaddzySRo . I -Aa8R &i/ndkk Obbiiti i Oh w2y T 081 4
GF1SYy Ayild2 TdzNEESNE ORIV a & RS NLBRYIRAZ2SIRS YUK Sidl A1 58S
¢CKS &SIjdz2Sy OtSao I'T 2RPB49330 1 ¢ {tIT/ ¢{ IPPA493BA > {ed | / ¢

6 31 vRP440358 = {11 ¢ 1t PREBSH S | Yy R1€{ BII'/ 1CPH)BIBTT6

SNE RSLBEV.IBRYI WYYKKSEG DY 00 A O yFH{yWRD yIAKEETRE A 2ySa/
ol AYySR®

N o

¢ KS (NI yaloNRLNRYWIST RIEENDRI| d4 2 al f 32 RSLIZ2aAGSR
aSFNODKSR F2NJ alOl d2f Ras .J2!'R@ENID RNNS @ Ririfl SRISn d /3
GAGK Kz2Y2A WL OAMRAGKOE 02f Ra ¢ SINBy mipSy @K ninyuR 6 S
pie A RSyBRIOW!I{ ®

13.2 Bringing the sequences into conteB:ASTPimilarity searches with HCTs

SINOKSR F2NJ LINRPGSAYya o
RMKPO L OH ANRNGE S filck G a 7

QX

¢KS afil YRIFNRol &8 41 &
4SS dBYTOSI KS §HLKE DODSR

Qx
(0p))
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ASINDKGAGK { 3T {¢T {TlvemmyR{ Bows ¢ B8 /{f BMI{SNE{ SE
Sgiuf SR WKe& L2 BRSINSO 102 ¢LANIRISINGYRQ

¢ KS KAIKSaymvmdPchvb g §I8d { ¢o o a F 2 dayKR | AOWAEGUKS |
KeRNRE&OAY Y| ¥A8 SHNE NRIVBSING & RIS Q AyndnioardanAnYefn ¢ dm o |
F2f{t26SR 08 AKRENRBXQA WY BB (ST NINRAGTSANGZSE0SF NP
Y dzZOAFRYSRIIOF RAY RIS INA TR fvACim | f 322 A B2 SR Na A dzi G2n
hiKk@ RNRE@ OAY Y| A8 SH Nlyy 2SN &F3R X K K{SAHIS{ @ NBY i A &
a Kl NBR aAYARINSNSG & KERNBREDENV YA YRE S lhyt R lj dz
KERNREGOAYY!Il YR NiIRS ya F&N2ARS a2 NI pftia 6 & K K NB R
6 A0IEzI NBEOAYS KeéRNEREES@OAYYAZRE GtREND S/VAATES N | aC8z(EF NP
K& RNR E & Ot sMyalrKMA Y § S hiKE RNB ERA YA yiyBF Y2 & flitNa2ya TS
F2AdyROKAYZ LAKP N ¢ KS BDR 5 &8 8 [ F MBSY NDKo A G K { Tw! {

I OKASOSR TG RINRAEIBAOMIYYS ¥ A 8 SU NINRPRITSIANIAL SBN2 &A Y A
KI RFAREARSYDIEKS { Tw! {[ A S izl iOfb FPRPYn MmO 4 |
0Sald KAGZI SAGK: T Yo RRCOK o XA (IRSHESHESp 2 F (&2 | YA
(AYAT | NRRa&AIAS NXYARAY S KERNRE&OAYYIl Y2&f Nk yaFTSN
I 2Y A KA1 A Y G ShikeyRRNRIERIOAIYYS YRSENE N2 ofaaFeud ik 8 & S R
IKS KAIKSAG:aRDOCYAR I OHEPRRET (N vABFRIEAE HBWNRY
6 -t gnpy msSoyl pedd dhirdif Sy R (| NINPAT ENIKESHKA RNBY YARS o
2F dzlla KST M 2L) O KNBHGSKNDEG MYK (0 KSowd $IBdz3S vf Q& 3
NBadzZ SR Ay Yy ARSYshREK PHARRB®B ME QRY ElyYoxant ( NI
FTNRBRY Ay 2T A ALYV XONVdzY YA ONI yflyiRdgY £ R G Ndar® K KNI S
LyFfelT Ay3a GKS (2L 2y SNAKEER BT RIGINAG & COKKBMIASR a6/
2 NJiwic] S a®1jdzSy 0Sa

[ RS NDKGSNE Ffaz LISNF2NYSRE OB NA K| LUAR SNBRES INHzt
G2 SasaYlFGS (GKS LR{ISyalf Fdzy Oam ya K2W SRK i KNGS &KLA
ARSYo (i@ 00yAdKn I (aF g& F SIS RRPolc Dm0 o0dzi g1 3
yie ARSYyHKNUAKBRRSREE OAY Y ¥ A8 Sh NISY AIBYNISHS ¢ KS
GSNBE |fa2 KAIKEAIKGISRE I 40 de® L2 IIKNBSA KR Glay oM R K
T#Md® ¢KS (2L 2yS KdzyRNBR . [ ! {¢t KAGaA FTNRY 02
I 2YA KA1 AYF G8&KE2RNY B2 ¢k ViR N 2585 aidNJ Lyyao 6 2 b K RIOK G 3 | |
O2YLIRASR 2F (KS TWNRBGEnIntv mwlc NIt yRT G KSI ANBGIRI LI N
HANMMANTY &aK2g6SR (KS 0K AN K KEHI AIFOSNIe fIcBH prydMdor 1 &
gl a OKI NIYORISINIY BRy Bfier yROA@nkd G2 02LIX¥S13FI VR
t SISNESY mMhKPNI &SljdzSyO0Sa AGK NI OGKSHRI KA IK
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KeRNRE&OAY Y| ¥ASi NINRAIFSIANIEE 3T NRERAGYKA :Ql 62 RISy opling
| RRAo BVIYAEd NRAoaSa (2 ALISNNYARAYS KERNBREEOAYYI Y

13.3 HMMeringBAHDsequences ilsarcandra glabréand Ascarina rubricaulls

¢CKS GNI yaONNDG R8G 1258 £ 3 SINND 6 Fdza AF2NJ |.alalSN¥d  { S|
NEJSIt SR on &XOF fi 826 R& RBKA KAPBGyOvaah 2 0 ¢S p™ HoeST 26NJ

I R YIAYIF0HRIS LINP O 0f S SyYAHRBIN a8 S 2 HEXIR o8
ASINDKAY (KS &0GXyRRNRA RERNEKY B228G0INNE Y 8AFS Se g2 |
W yy20Fa2y Q0 ® ¢ KOS 2@kl dzSNR 621 Foif 89K SEOM iiesl Bl / ¢
B I WWYROGSNE Ay | O0O2NRIYyOS gAGK (GKS G2L) KAG?2
@l XA ¢ KS Lizil e @S LINR G S Adya MyESH 2453 DS 54 SISNIBK I Ay
RIFEGlIr®Dd QI wa@MIaz2ald 2F (GKS aSljdsSyoSa ntRIR &A"
0NJ yaFSNI 253 31 KSSavt (S NS fA(02Y LI SGSd ¢KS a0l a2t
O2@SNBR AY (KA& 62N] I 4IEBOWNZIEHESRI GBI OLER
Fyy2GFG6SR a4 ALISNNYARAYS 2N LziNBaOAYS KE@RNRE
GSNBE 2yfeé ARSYyaUSR |ad Llzila@S .!150

¢CKS GNIyafl iSRADNNKF ONNED NX BRAANLE NASOSR FTNRY
YR GKS aly$S asSad 27F .1 1534 mKEa NIvH &RI HaNIBKRI gl a
LISNF2NXYSR | OO2NRAy3If& YR op aSljdzsSyoSa ¢SNB
SOl f dzS NI y 3 FRP ZF NRIYn mmb marGvelmlioeed e 15t qadStBND KA Yy (K S
all yRINR oBINIBAI SR ai23 ' yy2d0lF 4GS + LINRoOolFofS FdzyOe
&l oBYS yy2(it K8y wa®i LINRO I 6885 KD Kim/ma@ENDFD | aa
GSNER Yy INUSSKE (2 L[ KAESH BOK o6 foS a@maAiA 2T (GKS asSid
aAYAL I NAYOSERE BNMRIEKS LFFISWHA 283 20NNI Yy 2E/NekE 8B 5 a T S NI
GKAETS YIryeée &SljdzSy 0SammSNBo yARySINGy LBf ySyi2Sid i SN / [¢H
w! { {200 hGKSNJ a0F 02t R IXSNBWHS y2NUF aSRE | 2y f &
Lidzi I e @S .11 5®

13.4 Sequence analysis

13.4.1 Sequence similarity and pairwise comparison

' YAY2 | OAR aSldz2SyO0Sa 2F {31/ ¢cLAAGMNS | ¢gB¥ LI NBER

O2YLJ NNEASAPDPRSYOSa A0GK SIFIOK 20KSNE GKS LISH
FYAy2 | OAR& ¢l & OFfOdzZ GSRd | A3IK &aSljdsSyO0S a
{3w!{ | yRRBAGINIDSRS €6 K AYTRS @wa I{/8¢ / f dza 1 SNJ 6 SNB :
' YAY2 FOAR &aSljdzSyO0S 2% K HSHsonzNER o KNI fvE: M A 34 ac
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100 % 1 100 %
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13.4.2 Alignment of SQHCTs
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13.4.3 Alignment of BBTs with SQHET
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MHUPC dzNI K S NY2 WS SIININETR [y R IyTSeH dpz 6 KA OK Aa ySoOSaal N
I Oa@Ale 2F I O¥ fdoONEYWASHTERSINE R 6 FNBY g B TR dzyf RO A
aSldzSgOoBaB ¢S f SyadkK 2F (GKS . .Idad g NASa 0S4
¢lrofdbAdd 2F ..¢ &SljdzSyO0Sa IyR 00oNBDAlI a2y a d:

Sequence abbreviation Species and family Accession

CaAT20 Celastrus angulatu&Celastraceae) MT277444

CbBEBT Clarkia brewer{Onagraceae) AF500200

CiHCT Canna indicgCannaceae) scaffold TZNS022568

CmAAT3 Cucumis melwgar. cantalupensis AAW51125

(Cucurbitaceae)

LaHMT Lupinus albugFabaceae) AB181292

NtBEBT Nicotiana tabacun{Solanaceae) AF500202

PhBPBT Petunia x hybridg§Solanaceae) AY611496

PtBEBT Populus trichocarpéSalicaceae) KP228019

PtSABT KP228018

SgHCF Sarcandra glabréChloranthaceae) | PQ336776

13.5 Characterization of SQHCTs

13.5.1 SgHST
13.5.1.1Preparation of the expression vector and heterologous expression

¢KS ASYSNIf Y2fSOdzZ I NJ g2N)h8yIbKaaSRpaz6ZOSR2 ¥
02 LINBQIDBNIAAY &> NBI BOKKF RIGB®IE rMdng A{A2NID [1OSRNI 2 T
3t I g ANS K NIAS0oa20d30K M g8 NB 3 N2 YA/ RNPAT/S vi ATj2dEATR2 6 S R
Adaz2floa2y GAGK (KO&Ewmbd KIS G2A/U0 SOYAIKNT LIRINI g1l & OK ¢
YR wb! aK2gSR | QAYQIPAF o PrRBTFRTFAMBPKS whb!

O2yOSNISR G2 O5b! @ tA@AWbsl &4 302 BRUIDOGEER aRGK YLK
aSdz2SyO0S ¢ 0®I {3 NeaS 3ISt St SOGNRPLIK2NBaAa N
f SYZTARAMaNBE>X gKAOK gSNB I 0SN) aSljdzSyOSRsn I yR
f SYy3idK 2FoLBI oS mEMERANDSGdi2 2 F GKS f FGASNIZNB &4 S
MoU . T2ff26SR o0& &aSljdzSyOAy mnpRB &I INDSRAYEAS { ITINE
SELINBaaAzy &aiGNIAYy (GKFIG 61 a dz&aSR F2NJ KSGSNRTE 2
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Figure11. Alignment of amino acid sequences from SgHSPs SgHCT sequences
stacked and ordered by their similarity. Amino acids are abbreviated by their one |
code and kept in different colors. A bar plot (salmon colored) shows the conservation
0 to 100%.Generally accepted conserved motifs (HxxxDG and DFGWG) are supers
and highlighted with a black frame. Typically conserved single amino acids are frame
marked with an arrow.
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CaAT20 P s Q 436
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SgHCT-F
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100%

Consenation [hlj:ﬂu:l:l:ﬂ_:n::ﬂd]]:n_m:m]
o%

Figure 12. Alignment of amino acid sequences from benzOglA:benzylalcoho
transferases (BBTd)en BBT sequences are stacked and ordered by their similarity. A
acids are abbreviated by their one letter code and kept in different colors. A bar
(salmon colored) shows the conservation from 0 to ¥0@enerally accepted conserve
motifs (HDG, DWGWG) are superscripted and highlighted with a black frame. Tyf
conserved single amino acids are framed and marked with an arrow. For the abbrevi
of the sequences seEable22.

99



[l ResultsBAHD hydroxycinnamoyltransferases from Sarcandra glabra

3000 bp

3000 bp

1000 bp
| 500bp

CAIdaIT NP aS ISt 25 /SvD G IN® RIKRBIS & NIk O bYE viif R BB (
t/w 2T {{NNMB®wa LRAYyd G2 GKS oFyR&Z 6KANOK 4SH
WSAGNROo2ymMRAIOR2H BAXNVKY @ SGSNRf 232dza SELINB & aA

GKS LXFAYARIBFEBKRAOR o6& | i DRFKISERPOFRBBOG 6
DN} @SR 2dzi | NBFa NR#SNWWSING AaZdAkESENY SELISNRAYSY (aod

OELINB&&AAZY 2F NBOKNANY H[yHim {631& ¢O 28ygR dOKGELRT S NI O
YR @ASt RSR I I WRR RSFRyniTySHHin@D®a aA2ymnaglglinyikon ¢

pnnpAhcmyOf dzR AylaaE i GESBISAIENIYET (G KS  LIdzNA U0l a2y

al YLESNE O2ftf SOGSR IIyREPIA HZDS RO GSRAVRY I 582 F (K
/| 22YadaASY | o0ftdz2S oFlyR hy¢! (&BNPEiizal g8 F Ny Ao &K
O2f ditywWayot 5mnpStdzZ 6§Sv 6AGK Wl aAWEazrst Sopuzay
LINE 0 SAyMin 06 @GABYNBES5{ 3ISt o a | {&RAMEAKKSIESO i SRR U 2
LJdzNLJ S o6l YR 26 KSKENKBYSymi b®A B NBAT dif dzCGBE LINE &
2F {31 { A UIO¥ R 2 YJdzMIOBO 2 fINR @FS [y &M I K| NIs2pNah y@AS NSY LJ
ARSYEROIMNFIRG ISR | a @ SIIDSMISA O HERR XY 626 K¢ i K
OSttasx F2{ft26SR 08 AYRdAzZOa®YDFHAKNKR LT EHIINIR a
SESOdziSR | yI f 2 Ai2kd3a E(&EW{ NBIOSY A BR 2% 20SNF £ N
LINE SAYEA RAdZNAY3I GKSMBIEARUDF a2y SLMF ORS Yo OSSR I dz
2F O NA2dza &A1l Sah NS Y3 Adyr SRS ardy LUYKYSHzyc2ER SAiaS Oa 2 Yy 1
./ Lt FTYR b.¢ aK2¢6SR a2YS FIAVGlI0oRYRGKBAOKIUZRS
b2m KNRdzZAK | Y RM@PC REKENINT Os 2y

100



[l ResultsBAHD hydroxycinnamoyltransferases from Sarcandra glabra

CA JdaNFB{! D9

501 MynSik

201 BYREK

YR
SYLI ampLaod 5 ! D9
{31 PO Ppl.YdS A G SNy
NB LINB & Sy apyrip p{ [ dbrif | DHOLINEFI S A § & SDRAPKY 18 NERISRENI0

B:
- 75 kDa
50.5 kDa 25 kDa
<
D: o g
5 FE5fands
cELLLEFFSS
¢isssss3 87
FEELSSSES
S L
EELELEELELES
Q Q@ @ @ Q9 Q@ Q9 Q9 QF%
75 kDa (
- 75 kDa
-
-
25 kDa -
- 25 kDa
- 7
A LA — gL A SEO (7 =y A =
2. SaiSNJ- OLONRUU S2AFY a2 K MINDI-AyNSF WH Y
s A X e 4 v oW A
aulAyYySR gAUK [/ 22Y] aaArAso
- 4 v A AN 7 4
ot20 aulAYSR gAUK

| ZTBYEISRASNY T 0 fINE ( S by @R F MBI SNIIO0 ¢
./ Lal Ny RNIaRdNEE2YJi SRI Y82 S

13.5.1.2Initial verification of product formation and search feubstrates

Ly

€€

¢l oH@® Sa SR
LISNF 2 NY SR
oSy RR® I ODBYINSRI TEOOSRII SRt f Y y2i

idKS

GSadsSR

I O8 f

0SAAYYAYy3A:

{ a2 @ ¢oeSENTR v R &SR FRBIY 0 Olo @
I OOSLIIi 2 NB AY LO2YDIAKNEREEYO B3 GKS ¥ T 24 thl-206tAK 256G 0
YR ¢KSGKEHI CIN® R dzO

I OOS LJi 2 NA

Lddzii e S K& RNRE&BOAYYIl Y2eft
AY GlGoMERI NRI - A B & RdRO\ o @NBAHISSR  56SANIBK
G8aid SR

HNWwa
SgHST| SgHQT| SgHQT| SgRAS| SgHCT| [RAS] | Acyl acceptor
1 2 F Cluster
N N N N N N 16-hydroxypalmitic acid
N N N N N 1-butanol
N N N N 1-phenylethanol
N N N N N N 1-propanol
N N N 2-(4-hydroxyphenyh1-
ethanol

101

' YBHNB8PBNAS

F OOS LI 2 N




[l ResultsBAHD hydroxycinnamoyltransferases from Sarcandra glabra

SgHST

SgHQT

SgHQT

SgRAS

SgHCT

[RAS]
Cluster

Acyl acceptor

A

N

N

2,3-dihydroxybenzoic acid

N

N

N

2,4-dihydroxybenzoic acid

> | > >

Z |(Z|ZN

zZ | Z2|Z2

N

2,5-dihydroxybenzoic acid
(gentisic acid)

pd

2-hydroxybenzoic acid
(salicylic acid)

2-hydroxybenzyl alcohol

2-phenethylamine

2-phenylethanol

2-propanol

zZz | Z2|1Z2|Z

zZz | Z2|1Z2|Z

zZz | Z2|1Z2|1Z2|Z2| Z

3-(4-hydroxyphenyb1-
propanol

>

>

pzd

pzd

3,4-dihydroxybenzoic acid
(protocatechuic acid)

3-amino-2-hydroxybenzoic
acid (3aminosalicylic acid)

3-aminobenzoic acid

3-hydroxyanthranilic acid

Z |»|>» 2

Z | Z2|1Z2| Z

Z | Z2|1Z2| Z

3-hydroxybenzoic acidr{eta-
salicylic acid)

3-phenyt1-propanol

ZZ2 > (P> 2

>

4-hydroxybenzoic acid

ZZ2z| Z2 |1Z2|1Z2| Z2

4-hydroxybenzyl alcohol

4-isopropylbenzyl alcohol

z

Z|\Zz\zZz\Z2zZ2 Z2 |1Z2|Z2| Z2

4-phenytl-butanol

5-hydroxyanthranilic acid

agmatine

anthranilic acid

Z|1Z2|Z2\> 2

benzoic acid

benzyl alcohol

pzd

catechin

z

chlorogenic acid

coniferyl alcohol

> |Z1Z2Z2Z222Z2

Z | Z|1Z2|1Z2|1Z2|Z2|1Z2|Z2

D/ L-3,4-dihydroxyphenyllactic
acid

>

pzd

D/ L-4-hydroxy-3-
methoxyphenyllactic acid

D/ L-4-hydroxyphenyllactic
acid

D/ L-dihydroxyphenylalanine

D/ L-glutamic acid

Zz\Zzlz| Z2

D/ L-malic acid

D/ L-phenyllactic acid

pzd

Z|\x|IZ2Z/> X

Zz\zZz\z\Zz\z2 Z

D-malic acid

102



[l ResultsBAHD hydroxycinnamoyltransferases from Sarcandra glabra

SgHST| SgHQT| SgHQT| SgRAS| SgHCT| [RAS] | Acyl acceptor
1 2 F Cluster

dodecanol
dopamine
D-phenylalanine
D-tartaric acid

N D-threonic acid
D-tryptophan
D-tyrosine
ethanol
galactaric acid
glucaric acid

N glycerol
L-4-hydroxyphenyllactic acid
L-dihydroxyphenylalanine
L-malic acid
L-phenylalanine
L-phenyllactic acid
L-tartaric acid

N L-threonic acid
L-tryptophan
L-tyrosine

N methanol
m-tartaric acid
piscidic acid
putrescine

N quinic acid
serotonin

N shikimic acid

N spermidine
spermine
tryptamine
tyramine

N vanillic acid

> 22

Z\1Z2|1Z2|1Z2|1Z2|>»|1Z2|Z22
ZZ2Z2>» 222> 2

Z|\Z\Zz\Z2\Z2Z2|1Z2|1Z2|1Z2|Z2|12|Z2|12|Z2|2
pd

Z|Z2Zz|Z2

zZ\Zz1Z2Z2\>» 2

Z\Z\Zz\Z2\1Z2|1Z2|1Z2Z2|1Z2|1Z2|1Z2|1Z2|1Z2|1Z2|1Z2|1Z2|1Z2|1Z2|1Z2|Z2|Z2
Z\Z\Z2\Z2\1Z2Z21Z2Z2|12Z2|12|1Z2|12|Z2|Z2|2

Z|1Z21Z2|1Z21Z2\> 2> 2
zZ

¢Sada oAGKDEaANHORIEYRY 28 FI NIDKOSLIISR 0t | OO0S
NEBadzZ 6§SR Ay LINPRdAzOG TFedNMHe 2¢/KS &XAOKO dafl [aNJI TSN
SELISOASBRA By 1 26 Siwa SNENERGIBEIR & OKNR YIF 23N Y& 0
SSNRRAORY I f @RBRIONRGISYy o2y ¢SHEA 6AGK LINRRAzOG &
Y2AS80S4a 6SNB Fylteil SR Ay GKS yS3la@S A2YyAlL
FylFrfel SR Ay (KS LJ2aAYoSASKRERE R EMDBHNY Ho A KS2 8 K3
F2ff 26AY 1DRPINE RIMPDBEINE 2 NI | YA RO WzY dprbd@iekRA S (iASYOICS R
| OALEDR dzY lTHEDK® RNR E & | Y (i KINED 2/0%Y [ToEPeeRNPAERES0 S ylir2 A O |

103



[l ResultsBAHD hydroxycinnamoyltransferases from Sarcandra glabra

O 2 dzY ITENHA K @ R NP E & 0152 d2YALeNBERIASRRENE E & 6132 deYAINR2IeG A R
OARZ
O 2 dzY MpREKRIR N2 E & | y (i KIND 2/dk Y IHNIKNBRAYR D LD D dzR |-mnrt-£y eR

0 IFA K& RNZ E & A d2r AT RES v L2 A d2Y Ipidi &R v A 1G

l.j
a
a

A

CA JdeE ( NI
]!

KNB 2y A QR2I1a02RY0 KBS O B A BENFUABRE MASA FR &0
LINZ R dzO (i
30 YERRIANR | @INSK & L9 ISOHOSWRp A 2 CX @dzhE S NH\EHN]B@SQQS&{

OF yRHARR® §KS NBadz oy 3

Yy ®gdf S

I Y3 2 dzY [N 1&fKbA | A . Y2 dzY HiN2 18 fib

= ~ R~ S 7
I OAR KERNREel yiKNI
e
& 250000 --- Control — SgHST © 250000 ==+ Control — SgHST
o | hikimic acid g p-coumaroyl-2-N-3-
S 200000 p-coumaroyl-5-O-shikimic aci & 200000 hydroxyanthranilic acid
= I
T
= 150000 oo 2. 150000 o
= - o
~ f z
@, 100000 wé\k/\(j\ & 100000 Q[J QK/\@\
= i ™ cod
Iw o on I\—< oH
&' 50000 S 50000
S o |-
w 0 T T T T 1 & 01 T T T T 1
0 5 10 15 20 25 0 5 10 15 20 25

time [min] time [min]

5Y0D2 dzY NI i
1

QN2 dzY N2 f 5 H
RAK&ERNRE&OSY i

RAK&ERNRE&OSY

& 1500007 --. Control — SgHST & 4000007 --. Control — SgHST

=) o

I Q

—_ _, 300000

T 100000 T

= =

o < 200000

g g

= 50000 =

T

g % 100000

8 o

o R A O | e e

w 0t T T T T 1 w O~ T T T 1
0 5 10 15 20 25 0 5 10 15 20 25

time [min] time [min]

D Y 2 dzY N2 1@ fib | YO 2 dzY IINRRR f b |j d:

F'YAy20S8yT 2AC
©o
S 400009 --. Control — SgHST & 750007 — SgHST --- Control
S 2 60000 p-coumaroyl-5-O-quinic acid
2 30000 ‘f
= = 45000 oo
=' 20000 © 8
z G, 30000 o -
] T &
T 10000 & 15000 "
S o b
o oliToommmmmmommmm e w O———————opooopttotop
4 0 1 T T T T 1 T T T T T 1
w
0 5 10 15 20 25 0 5 0 1520 25
time [min] time [min]

WD 2 dzY N2 1§ K NB 2 Y Y 2 dzY IMIN2 1S NS 2

& 150009 --- Control — SgHST 5 30007 --- Control — SgHST

< o]

& &

T 10000 T 2000

= s

Q 5

£ 5000 £ 1000

6 S i ——

o VA

S} T o e

w 0 T T T 1 m o T T T T T 1
5 15 20 2% 0 5 0 15 20 25

t [min] t [min]

No

SR A2V

o)
I OOS LJG

O
Oet

2 NJ
104

NA 2 dza |

EIC C16H1,06 [M-H]" 299.06 EIC C1gH1205 [M-H]" 283.06

EIC C1gH1305N; [M-H] 299.08

asSkyRrRS

[ Y2 dzY N2 18 fib

KeERNRE&O

3 30000 --. Control — SgHST
20000
10000
0t T T T T
0 5 10 15 20
time [min]

Cl 2 dzY [iNR & f 15

RAKERNRER&DO

Sy

8000 --- Control — SgHST
6000
4000
2000
...........................
0 T T T T T 1
0 5 10 15 20

time [min]

LMD 2 dzY IIN2 1@ fib
KeERNRE&L Y{iKN

100009 --- Control — SgHST
p-coumaroyl-2-N-5-hydroxy-
8000 anthranilic acid
6000
o R
4000 W Z
124 on
2000
o T T — _I> — _I_ 1
0 5 10 15 20 25

e
I 8z&

Syl 2

o
I

KNR Yl 23N d2yanNR itk Y R
a de@ ANOYNIEE G S &25F  AGyKEH  deRdxiyK3aS

3
P

C



[l ResultsBAHD hydroxycinnamoyltransferases from Sarcandra glabra

Cf O] TtemnsSY adyf e sAGK {31 {¢X R2V2RI BKBRI 6008 O
SYLlie @SOG2N O21 2NIR NWNBBIKS (¥ §/02 i il NFRO INRA ¥ A FNB
fAPEESG T2NJ 085§ S@UMIAa2BORIITY HTEREREOA 1 A YA @ B OAR
YK oMpPNYYDNY | oLDP d2 FehBoK® RNR E& | v (i K MY H dh D 4 YOR TR
IYF2 NXY | o2KY2 d2YHTORERERINR E2 0 S Y IT2BY@ H Yy OPFDREl a2y 2 F
LB 2 dzY ITENBEA K @ RNR E & 6 St/ 8y’ A & Id8iTe2RNDY lochd ¥ d& FeNR 2 f
RAK&RNERE®20 S/ 8yl & & ploGE28NDO | ixhD ¥ d2& FoNGRRA K@ RNR E& 6
I OA Rt ®Ydat ppPDEDANN | 0 AP 2 RFITORBYBAfy 20 Sy T 2 B |
YAdHY HANCDNIY | d@F dz FprljediiA y A O 1t 1BGKAoR TOWYBRWNI | o 2 v
LB 2 dzY ITphhBKRIRNR E& | y i K NI By d dh @DWRAINR | Gldds? d2 Fiip & f
GKNB2YyAOE BYOM R M OXFA 2 N | o PIy2 d2YASNEKENES 2 v A Ot ® OA R ¢
YAHYMONnTO® | RZLESBRYNGRSY2HRBRUBBPONASY

S
O

H =

y
A
2

¢l owdbra{ lylfteara 2F SyilevyS lraaltea ¢AGK {3l {¢
gStf a GKS RSAWSOU MR WMINBSR 2@y NS T G KS Y2f SO«
RSGUSOGSR YI a# B2NB GFKASHSAY20y 20KaSy |y | dziKSya O &l
Ll2aAoaz2y 2F (KS Ke@RNRE&OAYyYylY2eétf | §NVBRBSY Y Rs|
t SGSNRSYp U
I OOSLIi2N52y 2NJ |t NBRdzO{i wSik{az2f SO/5S(S(
92y |T2NX¥dzwat B
aYS Okl 0
WY A )
AKATAYAQLD2 dzY It LD 2 dzY hphBr e §f 7 &1 |/wbuwbr [OMDPD
| 2| AKATAYAOD
oK@ RNR E&| L2 dzY Il LD 2 dzY lTebBo& § P d | /wtwbpbu| H DD
YAEAO | JQ/ 2! Ke@RNRE&!I Y
I OAR
oK @ RNR E &| LD 2 dzY Il LD 2 dzY IKRIRNE Mn &) /wkwhp |HY 0 ®J
0SyT 2A0 |/ 21 o0SyT 2A0 |
H JEOA K@ RNJ LD 2 dzY Il LD 2 dzY ITeNFRRA M n Pl /wbuhc |HDPD)
0SyT 2A0 |/ 2! Ke@RNRE&OS)
H J3pA K@ RNJ LD 2 dzY Il LD 2 dzY ITeNERA M n P /wbuhec |[HDDPDP)
o0SyiT2A0 |/ 2! KERNRE@OS)
0 IRA K& RNJ LD 2 dzY It LD 2 dzY lhoNFRB |y O | /mbwhc |[H DDD
0SyT2A0 |/ 2! KERNRE&OS)
ot YAY 20 S L2 dzY It LD 2 dzY I NRAY/T p DM | /mbwbnbu|HY H D
I OAR /| 21 0SyT12A0 |
j dZA YA O | LBD2 dzY Il LiD 2 dzY lphBe ff T dm | /ubuwfly |00 T DY
/| 21 j dzZA YA O O
prK @ R NB/ B & LI 2 dzY Il LI 2 dzY lehBpR §{ DT | /mbwbpbu| H H DD
YA @OR /| 21 K& FENR (0 K NJ
I OAR
M KNB2YA|(LD2dzY Il L2 dzY IMTNB 8 § 7 dp |/mbuhr |[HY M D)
/| 21 GKNB2YyAO
50 KNB 2 YA LDD2 dzY It LD 2 dzY [isRR @ §| T ®p |/wbuhr |[HY M D
/| 2! GKNB2YyAO

105



[l ResultsBAHD hydroxycinnamoyltransferases from Sarcandra glabra

AKAVTAYAQOAYYIMY|OAY Yl Y2t {yodd|/wbubhc |[0N0 D
/| 21 I OA R
AKATAYAQOLK 0 %222 OF 0 p@IKA 1 |T ®H |/ububy |[00p P
I OA R
AKALTAYAQFSNI22 [ FSNYzf 28€F & (1T DPp|/miuhy |ON PP
AKATAYAQaAyYy LB aAYF LRt & (T PT [/ujuhe |OT PP

¢KS alYS YSiK2R2t238 ¢l a dzabRITEKNBEMSEAYREO | I0€
6y Y@&OOSLII 2N & dda dzNIniBle BeKIAE Sa dzo & o (1izil ORE S22 OA
T S NIER 2 ¥ FELI2 I VAREERNIY 0 Sty2l eeotf SK pa G KS | OOS LI yOS

adzoaliN)GSa GRS NBiddA{OY T ¢cGldmd ITYyRfBEABR FNBYR
CAImzdB/ R WAEKS LINPRAzOGA OAYYIlI YHRBEKARINXXDO | O
FSNHzf 28f EKYRAVAY | LIORREANKE | & Kdzad A & NS 2 MRINE R dzO

T2 NY Igd Ay R SAIASHOK BRNIR2YNY (02582l | 248 f

¢ oH@ SAGSR Lizil o S Ké RNDMEI O i G Ay FRYNS NG 2 ING&ED
6¢F06fS MHO BSNB LISNF2NXYSR gA{XKI (S EXKAQAFAY:
FOARZ (HYachdAyAO | QyRE aEAyx@ IKQV¥RIm{ Iw! {

A

KERNRE@LIKSyefficQyVa bOY¥REE { Bf O2K2t yYaowh { 8 /
KERNRPERLIKSyeftftlOaO FOAR® LGFEAOAY R2YRWJ adz a
IOOS ISRy 20 TEOSRIISRE t Y y2( G(SaidsSR

SgHST| SgHQT| SgHQT| SgRAS| SgHCT| [RAS] | Acyl acceptor
1 2 F Cluster
A A A A cinnamoy{CoA
A A A A N N p-coumaroytCoA
A A A A caffeoylCoA
A A A A feruloytCoA
A A A A sinapoyiCoA
N N N N N benzoytiCoA
N N N N anthraniloytCoA
N acetylCoA

106



[l ResultsBAHD hydroxycinnamoyltransferases from Sarcandra glabra

| DAY Y YR8 tb AKA]AYA LY OmuBlz ed AKATTAYA
& 150000 --- Control — SgHST & 1500009 --- Control — SgHST

§ ﬁ caffeoyl-5-O-shikimic acid

: o

T 100000 f 100000 L

= = i

s s o o N "
s s X
£ 50000 £ 50000 "
> %

S S

Q| mmmmmmmmmeolesesommonoon Q | mmmmmmmmgmemmem oo

w 0t T T T T 1 w 0t T T T T 1

0 5 10 15 20 25 0 5 10 15 20 25
time [min] time [min]

/Y F SN2 3% KA1AYAO 5Y AAWRLIRBEAKALAYA
& 500007 --- Control — SgHST o} 150007 --- Control — SgHST

(=] o

& 40000 &

T T 10000

_§_30000 E

Q:ZOOOO OZ

E & 5000

(510000 &

| ey O | mmmmmmmmeymmmmem oo

w 0 T T T T 1 w 0t T T T T 1

0 5 10 15 20 25 0 5 10 15 20 25
time [min] time [min]

CAIoztWBE G NI OG SR y OKNRYI G23aNrYa 2F Syliey |
g NA2dza | Oef R NJ &adzo a0 N} G§Sazx AyOf dgﬁv\ymu
fAYySY SylevyS raatre gAGK {31 {¢Z R2y2N I yR
SYLlie @SOG2N) O2yiNRf |aalre o/ 2yuUNRBfOT 02fR
fAYSY 20aS8i TzNJ!\ocSzgl\Sth-Jeéyadﬂ-ﬁAbm@'@wﬁmmmaK
Ydono dNXYBDINYI o2y mia KN 10ASRD BYKOAoR PGS NI | 2 2 v
FSNHz 28 & KA BYWod p VRN a2y 2F aAyl W2t aKA|
YdoT pdMmMO @ ! R2VMLIFINSR IFyNRHYIN S P B NBE S Y

S
K
|

'Hr—DLIJO((f))

A
2

13.5.1.3pH and temperature optimum

| DSNJ G6KS I Oa@AlGe 2F LIzNAUSR {31 {¢ sFa DSNAU
LINE oS ya {628 NEI Oa2y O2yRAa2yada 6SNB | R2dzAGSR (2
LI g+ a (SadSR o0& FylftelAyda iXEB8208NBOFENOKI Qb PA
FNRY codnn G2 yopnd ¢KS ySIAl o GSPpiRKANRYYA G K2 @)
¢tKS aLISOAUO | Oa @Al e NJf[)FEifRIfREITNE‘t‘ﬁéIS(‘S@de[lJHMz@EME&bQ

MTOD® ¢KS KAIKSal Ovp@apE BYVYR RPOASNIDERRE ONBI
LJIG 1 YS1S YRHNBPBNESY

¢CKS 2LlYlIf GSYLISNI G§dzZNE O2yRAa2ya o¢SNKS 01Sads
2Ll YEFEt (GSYLISNI (dzNE /6 gah (20 & NIAIRIR FneidlisSom o' cdna | @ & |
ndey AK2¢6SR aA3ayAUOlyld YINPRADHOIZBAKABSY IHKBEO0RC
FNRYcHodayof (KS Syl evyS 4Fa NBYRSNEROAYIl Oa @S

107



[l ResultsBAHD hydroxycinnamoyltransferases from Sarcandra glabra

A: pH optimum B: temperatureoptimum

4

w
)
e
o

N
h

Bt N

o o

-
f

specific activity [mkat/kg]
o =
[9,] o

specific activity [mkat/kg]

(=}

o
=)
o4

65 7.0 75 8.0 020 30 40 50 60
oH TrC)

I
o

CA JdaBSOA UO |-c')a®7\ijé 2F {31 {¢ i KARaSNBYIO @I
LJ 2Ll YdzYY KAIKSAD rTacn_dédmmﬁ'ﬂMLdSel\l@mmﬁ\lﬁl-@LnaWszY
alLJSOAUO |-|’€Deémué) NARR 6 NB | OFDWRABI2G/a ¢ NBMAE K2 6y
l R2LIISRI Y82S YBHNBPONARSY

13.5.1.4Substrate saturation kinetics

{dzoAGNF 0SS al ldzNyea2y (1AySeada 6SNB 02y RdzO0GSR
Jf &adzoaidGN)IGSad ! DSNI NBF Os2y O2yRAs2Yya ¢
“NJ GdzNy 2 YW KAMIKIEHE S RO Tf Q& DNISa 2y 4 a O2y
BY LI2aAoa2y F2N) ff RENSWHKYES2WHaHA o p@K24a
N} 92y OdzNISa I WMEByRSFLIANSE &Rpal A ya CORWIABA &

—m<
N QX
o &
ZHJ’—Z

A: p-coumaroytCoA + shikimic B: caffeoytCoA + shikimic acid C:p-coumaroytCoA + quinic acid

acid
= 200 = 30 = 25
< = N
£ 10 g 820
E E 20 E
2 > >15
2 100 s s
g Z S 1.0
& 10 &
2 50 °© L2
£ = £ 05
2 2 ]
(2] 0 Q Q
y y y y y @ o4 T T : @ 0.0+ T T T )
00 01 0.2 03 0.4 0.00 005 010 015 000 005 010 015 020
p-coumaroyl-CoA [mM] caffeoyl-CoA [mM] p-coumaroyl-CoA [mM]
D: p-coumaroytCoA + 3 E:shikimic acid+ p-coumaroyt F: shikimic acid- caffeoy}CoA
hydroxyanthranilic acid CoA
— 6- — 100 =80
] g g
= 54 T 80 k]
g R £ i £ 60
> z 60 z
5 3 N 2%
g . g 40 ]
1 L £ 20
2 . 5 ® s
=S 4]
& & o T T , @ o4 T T T ]
®0 T T T 1 0 5 10 15 0 10 20 30 40
0000 0005 0010 0015 0020 shikimic acid [mM] shikimic acid [mM]

p-coumaroyl-CoA [mM]

108



[l ResultsBAHD hydroxycinnamoyltransferases from Sarcandra glabra

G: quinic acid+ p-coumaroytCoA H: 3hydroxyanthranilic acid+ p-
coumaroytCoA
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Variable Constant Km Vmax kcat kcat/Km
substrate substrate [uUM] [mkat/kg] [s] [l st mol?]
pC-(c):Zumarow shikinic acid 174 +4.9 137.30 +9.04 6.927 398096
caffeoytCoA shikimic acid 21.4+6.8 26.79x2.65 1.352 63158
pc-gzumarow quinic acid 6.6+0.6] 1.96+0.04 0.099 14982
-coumaroyi 3-hydroxy

P y anthranilc 22+03 6.12+0.22 0.309 140344
CoA .

acid
shikinic acid pc-gzumarow 1221.0+152.9 83.70 +2.71 4.223 3458
shikimic acid caffeoytCoA 1321223?5 77.35+4.77 3.902 295

- : p-coumaroyt 16740.0 £

quinic acid CoA 1833.0 2.92 £0.11 0.147 9
dhydroxy | p-coumaroyt | 359,194 8104011 0.409 1718
anthraniic acid | CoA

13.5.2 SgHQT1

13.5.2.1Preparation of the expression vector ahdterologous expression

RNA wasisolated from young leaves obarcandra glabraand cDNA was synthesized
subseqently (chapter7.1.9.).¢ KS O5b ! dza SR GSYymft I S
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13.5.2.2Initial verification of product formation and search for substrates
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13.5.2.3Formation of shikimic acid derivatives
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13.5.2.4pH and temperature optimum
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13.5.2.5Substratesaturation kinetics
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shaKRE FYI BOGNK &
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Variable Constant Km Vmax Kcat Kcat/ Km
substrate substrate [uUM] [mkat/kg] [s] [l st mol?]
pc'gzumamy* quinic acid 19.9+34 4.68+0.24 0.233 11711
caffeoytCoA quinic acid 9.3+25 0.83+£0.06 0.041 4444
pc'gzljmarow shikinic acid 64.4+85 6.77+0.31 0.337 5235
quinic acid pc-gzumarow 5520.0 £ 713.0  4.81 +0.18 0.239 43
o 5769.0 +
quinic acid caffeoytCoA 1187.0 0.53£0.03 0.026 5
o : p-coumaroyt 85440.0 +
shikimc acid CoA 18700.0 7.01 +£0.61 0.349 4

13.5.3 SgHQT2

13.5.3.1Preparation of the expression vector and heterologous expression
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13.5.3.2Initial verification of product formation and search for substrates
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13.5.3.4Substratesaturation kinetics
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13.5.4 SgRAS
13.5.4.1Preparation of the expression vector ahdterologous expression
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13.5.4.2Initial verification of product formation and search for substrates
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A: pH optimum B: temperature optimum
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13.5.4.4Substratesaturation kinetics
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Variable Constant K Vmax Kcat Keat/ Km

substrate substrate [UM] [mkat/kg] [s] [l sTmol?]

p-coumaroyt pHPL 146+1.7 1.53+0.04 0.079 5398

CoA

caffeoytCoA pHPL 57.2 £15.7 0.048 £ 0.004 0.002 43

p-coumaroyt DHPL 126+25 1.32+0.09 0.068 5396

CoA

pHPL p-coumaroyt 543.6+474 2.62+0.06 0.135 248
CoA

pHPL caffeoytCoA | 970.7+219.4 0.22+0.02 0.011 12

DHPL p-coumaroyt | 866.8+104.§ 0.27 £0.01 0.014 16
CoA
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13.5.5 SQHCF

13.5.5.1Preparation of theexpression vectoand heterologous expression
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13.5.5.2Analysiof product formation and search for substrates
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13.5.6 [RAS] Cluster
13.5.6.1Preparation of the expression vectand heterologous expression
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13.5.7 SQHCB

13.5.7.1Amplificationfrom cDNA
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13.6 Phylogenetic analysis
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Figure 44. Phylogenetic analysis of BAsIDAccessions, abbreviations, and additior
literature is listed inTable20. CharacterizedHCT sequences froarcandra glabrare
highlighted with a black frame. Accepted main substrates are coloredlredshikimic
acid, blueM ¢ quinic acid, greeM ¢ phenyllactic acids, purpM ¢ spermidine, orangt" ¢
benzyl alcoholldenz-alc.). Clades 5a, 5b, 5c, and 6¢ refer to the clades establiblye
D'Auria(2006)and Moghe et al(2023) and are marked by curved brackets. A second
of curved brackets gives information about the taxonomic background. Numbers ne
the branches represent robustness of the tree, while the length of the branches corre

with evolutionary distance.
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14 CYP98s frondarcandra glabra

14.1 Fishing for CYP98 sequenceSarcandra glabréand Ascarina rubricaul)s
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14.2 Bringing the sequences into context: BLASTP simikéxches with CYP98s

¢KS b/ .L RISHMNDESR 6F ANJ LINE (0 SA y{a3 /g Aty yKRA 3 KO AdRA
a Slj dzSor0B@GS & & S R dHKBEM.A HKINGBNS) KA Ga Ay 7 KSNAKS ¥ RI
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O2y aAdRSNBR
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14.3 HMMering CYP98 sequencesSarcandra glabréandAscarina rubricaulls
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AYy@Sadodl aaPy WAL &Y FHNRY! MIHR &GEISRprc M@ @i madnom 0 Odz
Gl £ dzS HehiBmMKS (62 Y2aild ISRRPOHzZ80 S2 KA SIKISIOK 8 & ¢
6{3A/! wappy moon aK2gSR (KS aryvyS aSljdsSyoSa Ia .|
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[ RS MINR O 0f A2 FdAFB2REReFSADB/ y20F i fRftoR
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RA&LI | @ SRAGMY v ¢k attk&S2 yIONRG (l6 ¢y KBS RxkSINKD T 6 A 0
AAYAT | NRoSm diRkAT/S tipyS H¥2ft 26Ay 3 AAYAY2 NAOSR &
bl g2y 2Ry 286e3Syl 4a%4IS / SyteNgBatA1K, t Syicd ama
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14.4 Sequence analysis

14.4.1 Sequence similarity and pairwise comparison

' YAY2 FOAR &SljdsSSyo0Sa 27F [/ .t dya GASNEHBDE@2 Y LI NJ
O2YLI NAy3 Fff aSljdzsSyoOSa ¢gAGK SIFOK 2GKSNE (KS
gl a OFfOdzZ  0SRd t dziil 2 @8 Ol NI vy | NyEjMeBSONEBRER & T N
OKI N} OGSNAT B8ROSHI St pENBO DI HEYipdhYy G2 O2y aAiRSNI
| A3K &aSI1jdzSy 0SS a{AavA ftl PhyarSalp N S Gd/® i YR HdAd , t dy
YR | N , g P SNE 20aSNBSRP Ly O2YLIaNAFaA2Yy S
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K L& R R Q L R QR Q
¢ o \d < 2 ed $ \d N 2 2
D N < D N <
1 L 1 I 100 % ! 1 L 1 L 100 %
SgCYP98A235-1 1000 | 699 | 89.2 | 70.9 SgCYP98A235-] 1000 | 823 | 95.1 | 830 | 77.1
80 % 80 %
SgCYP98A234 100.0 [ 722 | 933 | 750 SgCYP98A234+ 100.0 | 835 | 969 | 86.3
60 % 60 %
ArCYP98-1- 1000 | 73.4 ArCYP98-1- 1000 | 8338
40 % 40 %
ArCYP98-2+ 100.0 | 75.9 ArCYP98-2+ 100.0 | 85.6
20 % 20 %
PsCYP98A14+ 100.0 PsCYP98A14 100.0
0% 0%

Figure45. Pairwisecomparison of amino acid sequences from CYP98s imsittg Emboss
Needle A: identity, B: similarity. Light colors represent higher percentual identity/similarity.
PsCYP98Al1Riectranthus scutellarioide3YP98A143AD20576

14.4.2 Alignment of CYP98s

¢KS FYAYy2 | OAR aS|dzSydSat &F 8 KIS i @oSNS/ | Itf dhy3a
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0NAXAOKR NP RA R2 LIAMARYIIKK-2f S NPBES NISIANB §88 Ay id2 02y 4
GKAa fTAIYYS®OY iU NADEKPERRESE | NB LIKeft23SySaOl ff
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ARSYaOlf Ay (K& Dad @y R yaaSjNIEBY/RO & NE AbyBApyESS Woy i@
AYLENIFYyG F2N GKS alloAtAT obRYSEFY Vi KBl D2ty @ S
FT2dzy R AYAARS (KS/9Cwilygm@pNBEAS 2Ty aF NAYY i KNSHzo NR
[, t diyfekdS | YAY 2 | OAB/ aBipyzbN OF bl R2FS/ @K BE 3 SO2y R
LIKSyet {BYVyixrwy ! @dopNVaCOKMpYHSR, lihy DD YSNIOQp2Yy &
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OYOH[EAW , t py! Hop YO Y dp2z0d&RIpdazky 0D 2 AE/SINGS R

I' NI ot &aSYIl yy do@e & 88 MSlidupyd! Hap ¥ KADOKDPA A O2y a SN
I f A3ySR &Sljdz2Sy0Sas Aa GKS EABRAGBAAEFYVIROKEY T &
YR W2Kyd& 22 WappRONAY I GKS € Sy3IdK yR 2FSNIff
G NE FTNRY pnn G2{a@mTt by mbaipl OARIFRBFEANKI oy I 2
pnc FYR pnd FYAY®CADMRACKNIBIISOPYWSE 22 A K2 g a ,
AUNBGOK 2F o F YAYR SNIARE{ o358 ToKKYAZO Ki K8 RBSNER GA G G
0KS fAIYSRhF{EBAOSKOSERNAGKA DK $¥ P2 YLIDY¥BEKEKS Y
FYR &a2YS I YAYZ2 MmyOR RAK 24l |+ NRIdiyKRENB 288 ©2 y a S NI

¢l oofgbAdaid 2F / ,tdpy aSljdzSyoOSa dzaSR F2NJ 4SljdzSy O
Sequence Species and family Accession
abbreviation
AtCYP98A84 Amborella trichopoddAmborellaceae) XP_011625941
AtCYP98A85 Amborella trichopodg#Amborellaceae) XP_006836224
AaCYP98A147 | Anthoceros agrestiGAnthocerotaceae) QPI170542

ArCYpP9a Ascarina rubricauli@€Chloranthaceae) scaffoldWZFE2004614
ArCYP92 Ascarina rubricauli@Chloranthaceae) scaffoldWZFE2019035
AtCYP98A3 Arabidopsis thaliangBrassicaceae) OAP09214
PsCYP98A14 Plectranthus scutellarioiddkamiaceae) | CAD20576
SgCYP98A235 | Sarcandra glabréChloranthaceae) XCN99255 T214S
SgCYP98A234 | Sarcandra glabréChloranthaceae) PV339534

14.4.3 Analysis of membrane anchors
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6564 a GASIANISIRANB Y Saidzd ft 2y tHOTup 02F GKS nt1 /|t @
dza SR F2NJ 0KS LKef23SySa0O lylFlfegaia ¢SNBE LINBRA
NEOSYyid @OSNEAZ2Y gla y2i OSNE KS8KLTKS:I 2T ®RSINK I
¢tal amdn ®
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Figure46. The caption is continued from the previous page.

Alignment of amino acid sequences from SgCYRd8s. CYP98 sequences are stacked .
ordered by their similarity. Amino acids are abbreviated by their one letter code and ke
different colors. A bar plot (salmon colored) shows the conservation from 0 to%dl(C
Generally accepted conserved motifs (protmeh region, @-binding regionK-helix, EFRPER
region, hemebinding domain) are superscripted and highlighted with a black frame. Fo
abbreviations of the sequences, sd@able 35 Note: Amborella trichopodgAtCYP98A84
CYP98A85) amnfirabidopss thaliana(AtCYP98A3) are both abbreviated as At, but the C
can be distinguished by their numbers.
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14.5 Characterization of SQCYP98s

14.5.1 SgCYP98A235
14.5.1.1Preparation of the expression vectand heterologous expression
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