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Abstract

Plant acyltransferases catalyze conjugation of many plant secondary metabolites with organic acid
residues to alter their function and thereby impact chemotypic and phenotypic outcomes. Studies
with Arabidopsis thaliana allowed the identification and functional characterization of some of them.
However, the majority of the acyltransferases remains poorly studied and improving this will

enhance our understanding of plant metabolic systems.

In the first part of this thesis, the BAHD acyltransferase PMAT1 was identified as being able to
malonylate a glucosylated version of the brassinosteroid (BR) brassinolide (BL). BRs are steroid
hormones that are essential for growth control and stress responses in plants. PMAT1 knock out
mutants exposed to BL were unable to form BL-23-O-malonylglucoside (BL-23MalGlc).
Overexpression of PMAT1 in a background in which the UDP-glucosyltransferase UGT73C6 is
overexpressed, and thus BR-glucoside formation is increased, enhanced the BR-deficient
phenotypes of UGT73C6oe plants. In line, BR signaling capacities were decreased by PMAT1
overexpression in an UGT73C6oe background, as evidenced by increased expression of BR

biosynthesis genes, which are feedback repressed by BR.

In the second part of this thesis, evidence is provided that in addition to BR-glucosides PMAT1 and
its closest homologue PMAT2 can also catalyze the malonylation of scopolin, a hydroxy-coumarin
that is important for plant defenses. A PMAT1 knock out mutant failed to produce malonylscopolin.
Overexpression of PMAT1 and PMATZ2 caused hyper-accumulation of malonylscopolin and

increased resistance against externally applied scopoletin, the scopolin aglycone.

In the third part of this thesis, the acyltransferase BIA1 was characterized, which had previously
been implicated in BR homeostasis, since BIA71 overexpression gave strong BR-deficient
phenotypes. However, the substrates of BIA1 had remained unknown. It is shown that BIA1
acetylates CS (castasterone) and CS variants using acetyl-CoA as a donor substrate in vitro.
Feeding experiment with BIA1 overexpression lines revealed that monoacetylated and diacylated
versions of CS were formed in increased amounts in the overexpression lines as compared to wild
type. These products were absent in a bia7 knock out mutant confirming that BIA1 is required for

CS-acetylation.



In summary, this work characterizes the activity of several acyltransferases involved in the
catabolism of BRs and shows that additional substrates including scopolin are acceptors. How

these multiple enzymatic activities may be coordinated is discussed.



Zusammenfassung

Pflanzliche Acyltransferasen katalysieren die Modifikation Von Sekundar metaboliten mit Resten
organischer Sauren, um so ihre Funktion zu verandern, mit daraus resultierenden chemotypischen
und phanotypischen Auswirkungen. Studien mit Arabidopsis thaliana ermdoglichten die
Identifizierung und funktionale Charakterisierung einiger dieser Enzyme. Jedoch ist die Mehrzahl
an der Acyltransferasen noch immer nicht gut erforscht, weshalb Fortschritte auf diesem Gebiet

unser Verstandnis des pflanzlichen Sekundarmetabolismus erweitern werden.

Im ersten Teil dieser Dissertation wird gezeigt, dass die BAHD Acyltransferase PMAT1 die Fahigkeit
besitzt, eine glukosilierte Version des Brassinosteroids (BR) Brassinolid (BL) zu malonylieren. BRs
sind Steroidhormone, welche essentiell fir die Wachstumskontrolle und Stressantwort von
Pflanzen sind. PMAT1 knock-out Mutanten, die mit BL behandelt wurden, konnten kein BL-23-O-
Malonylglukosid (BL-23MalGlc) mehr bilden. Eine Uberexpression von PMAT1 in einer Linie, in der
die UDP-Glukosyltransferase UGT73C6 uberexprimiert und somit die Bildung von BR-Glukosid
erhoht ist, verstarkte den BR-Mangel-Phénotyp von UGT73C6oe Pflanzen. In Ubereinstimmung
damit war die Kapazitat an BR Signaliibertragung durch die PMAT1 Uberexpression in UGT73C60e
Linien verringert, was sich dadurch duflerte, dass BR Biosynthese-Gene induziert waren, welche

durch BR Feedbackregulation unterdrickt werden.

Im zweiten Teil der Dissertation werden Ergebnisse vorgestellt welche nahelegen dass PMAT1 und
sein nachster Verwandter PMAT2 zuséatzlich zu BR-Glukosiden auch Scopolin, ein Hydroxycumarin,
welches flir Abwehr-Reaktionen von Pflanzen wichtig ist, malonylieren kdnnen. Eine PMAT1 knock-
out Mutante konnte kein Malonylscopolin mehr produzieren. Uberexpression von PMAT1 und
PMAT?2 verursachte dagegen eine Uberakkumulation von Malonylscopolin und erhéhte Resistenz

gegenuber extern appliziertem Scopoletin, das Aglykon von Scopolin.

Im dritten Teil der Dissertation wurde die Acyltransferase BIA1 charakterisiert, von welcher vermutet
wurde, an der BR Homdostase beteiligt zu sein, da BIA71 Uberexpression zu starken BR-Mangel
Phanotypen flhrte. Jedoch waren die Substrate von BIA1 bis zur Beginn der Arbeit unbekannt
geblieben. Es wird gezeigt, dass BIA1 castasterone (CS) und CS Varianten unter Verwendung von
Acetyl-CoA als Donor-Substrat acetyliert. Fitterungsversuche mit BIA1 Uberexpressionslinien

offenbarten, dass mono- und di-acetylierte Formen von CS in den Uberexpressionslinien in
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verstarktem Male gebildet wurden. Diese Produkte waren in einer bia7 Knock-out Mutante nicht

vorhanden, was bestatigt, dass BIA1 fir die CS-Acetylierung benétigt wird.

Zusammenfassend charakterisiert diese Arbeit die Aktivitdt von mehreren Acyltransferasen, welche
am Katabolismus von BRs beteiligt sind und zeigt, dass zusatzliche Substrate wie Scopolin
Akzeptoren sind. Es wird diskutiert auf welche Weise diese zahlreichen enzymatischen Aktivitaten

koordiniert sein konnten.



Abbreviations

ACN Acetonitrile

BAHD BEAT, AHCT, HCBT, and DAT

BL Brassinolide

BR Brassinosteroid

CBB Coomassie Brilliant Blue

CR Campesterol

CS Castasterone

CTAB Cetyl trimethylammonium bromide
DTT Dithiothreitol

EtAc Ethyl acetate

HPLC-QTOF High performance liquid chromatography-quadrupole time-of-flight

mass spectrometry

gPCR Quantitative polymerase chain reaction
MS Murashige and Skoog

NASC Nottingham Arabidopsis Stock Center
SAAT Strawberry alcohol acyltransferase

SD Standard deviation

SDS Sodium dodecyl sulfate

SE Standard error

TLC Thin layer chromatography

wit Wild type

YFP Yellow fluorescent protein



1 Introduction

1.1 Plant acyltransferase

Plants produce a large variety of secondary metabolites with a wide range of functions. At present,
an estimated 200,000 distinct plant secondary metabolites have been isolated and identified
(Wurtzel and Kutchan, 2016; Kessler and Kalske, 2018; Pyne et al., 2019). Although many plant
natural products are present at very low levels, these chemical compounds not only play vital roles
in growth and development but are also necessary for a plant’'s ability to interact with its’
environment and thereby survive. In addition, humans benefit from plant secondary metabolites
when present in food and utilize them for non-food purposes including medical and industrial

applications.

Plant secondary metabolites exhibit great chemical diversity (Bourgaud et al., 2001). The structural
and stereochemical diversity of these compounds is largely achieved by decoration of the basic
skeletons or side chains with moieties such as sugars, organic acids, methyl, hydroxyl and prenyl
residues by modifying enzymes (Negre et al., 2003; Dudareva et al., 2004; Tholl et al., 2005; Wang
et al., 2019). From the genomic annotation of the first sequenced flowering plant Arabidopsis.
thaliana (A. thaliana), it had been estimated that approximately 4,000 enzymes may participate in
metabolism (Initiative, 2000; Mueller et al., 2003). Among them, two classes of enzymes can
catalyze acylation of small molecules in plants: BAHD (BEAT, AHCT, HCBT, and DAT)
acyltransferases and serine carboxypeptidase-like acyltransferases (Milkowski and Strack, 2004;
D'Auria, 2006). Serine carboxypeptidase-like acyltransferases use 1-O-B-glucose esters as acyl
donors, while BAHD acyltransferases utilize CoA thioesters and contribute to the formation of
diverse groups of plant metabolites including small volatile esters, modified anthocyanins, as well

as constitutive defense compounds and phytoalexins (D'Auria, 2006; Bontpart et al., 2015).

The BAHD acyltransferase superfamily was named after the first four biochemically characterized
enzymes: BEAT, AHCT, HCBT, and DAT (St-Pierre and De Luca, 2000). BEAT, benzylalcohol O-
acetyltransferase, catalyzes the formation of the floral scent volatile ester benzylacetate from the
California wildflower Clarkia breweri (Dudareva et al., 1998). AHCT, anthocyanin O-

hydroxycinnamoyltransferase, are related enzymes from Gentiana triflora or Perilla frutescens that



catalyze acylation of anthocyanin with residues of aromatic acids (Fujiwara et al., 1997; Fujiwara
et al., 1998a; Fujiwara et al., 1998b). HCBT, anthranilate hydroxycinnamoyl/benzoyl-transferase,
catalyzes the first committed reaction of phytoalexin biosynthesis in carnation (Dianthus
caryophyllus L.) (Yang et al., 1997). DAT, deacetylvindoline 4-O-acetyltransferase, is involved in the

biosynthesis of the alkaloid vindoline from Catharanthus roseus (St-Pierre et al., 1998).

1.1.1 Specifications of BAHD acyltransferase superfamily

Sequencing of the A. thaliana genome revealed that plant BAHD acyltransferases constitute a large
gene family with approximately 50-60 members (D'Auria, 2006; Yu et al., 2009). The average length
of a BAHD protein is approximately 445 amino acids with a molecular mass ranging from 48 to 55
kDa. BAHD acyltransferases display an overall low sequence identity and typically function as
monomers (Ma et al.,, 2005). Sequence alignment of BAHD family members allow for the
identification of two conserved motifs: a HxxxD motif and the less conserved DFGWG motif (St-
Pierre and De Luca, 2000; D'Auria, 2006). An additional conserved YFGNC motif serves as a
signature sequence for the members responsible for acylating anthocyanins/flavonoids (Nakayama
et al., 2003b). Structural and mutational studies of anthocyanin malonyltransferases indicated that
the HxxxD motif is involved in substrate binding while the DFGWG motif probably plays a structural
role (Unno et al., 2007).

1.1.2 Catalytic mechanism of BAHD family members

Crystal structural studies on vinorine synthase, the first representative of the BAHD superfamily to
be characterized, provide insight into the catalytic mechanism and the importance of the motifs (Ma
et al., 2005). Vinorine synthase contains 14 B-strands and 13 a-helices and consists of two domains
with nearly equal size connected with a large crossover loop. A solvent channel is formed at the
interface between the two domains. The HxxxD sequence motif is located at the interface between
the two domains, and the catalytic histidine residue is accessible from both sides of the channel.
The histidine residue in the HxxxD motif plays a key role in the proposed catalytic mechanism. This

basic residue deprotonates the oxygen or nitrogen atom on the acceptor substrate, which initiates
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nucleophilic attack of the carbonyl carbon of the CoA thioester. This results in formation of a
tetrahedral intermediate between the CoA thioester and the acceptor substrate. Finally, the
acetylated substrate and free CoASH are formed. The DFGWG maoitif is located away from the
active site of the enzyme and this conserved sequence seems to have a structural role by

maintaining the conformational integrity of the enzyme structure (Ma et al., 2005; Unno et al., 2007).

1.1.3 Catalytic versatility of BAHD enzymes

Enzyme activities can be associated with amino acid sequences. However, predication of
enzymatic functions based on sequence similarity alone has regularly proven to be problematic and
this is also the case for the BAHD acyltransferases. For example, a sequence comparison of SAAT
(strawberry alcohol acyltransferase) from the cultivated strawberry (Fragaria x ananassa) and VAAT
(wild strawberry alcohol acyltransferase) from wild strawberry (Fragaria vesca L.) showed 86%
sequence identity between the two enzymes. Nevertheless, they utilized different types of aliphatic
alcohols as acceptors (Aharoni et al., 2000; Beekwilder et al., 2004). Another example is the two
malonyl-CoA anthocyanin transferases from Salvia splendens which, although they did not share
high overall sequence homology, exhibited similar substrate specificities, with one transferring a
malonyl group to the 6’ position of cyanidin 5-O-glucoside, and the other transferring a malonyl

group to the 4’ position of the same acceptor (Suzuki et al., 2001; Suzuki et al., 2004b).

In some cases, phylogenetically related BAHD acyltransferases did display substrate similarities.
For instance, the three malonyltransferases (At1g03940, At1g03495 and At3g29590) that use
anthocyanins as acceptors are members of one subgroup (Luo et al.,, 2007; Yu et al., 2009).
Moreover, the hydroxycinnamoyl transferase At2g19070 belongs to a subclade including two other
enzymes, At5g48930 and At5g57840, that have been shown to transfer aromatic acyl groups to
various acceptors (D'Auria et al., 2007a; Grienenberger et al., 2009). Until now, over 13 different
BAHD acyltransferases from A. thaliana have been characterized by genetic and/ or biochemical
studies, and donors and/ or acceptors are known; the results of which are briefly summarized in

Table 1.
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Table 1: Characterized BAHD acyltransferases of A. thaliana.

Name TAIRID Known donor Known acceptor Reference(s)

At3AT1 At1g03940 Caffeoyl-CoA Anthocyanins (Luo et al., 2007)

At3AT2 At1g03495 Caffeoyl-CoA Anthocyanins (Luo et al., 2007)
AtSMAT At3g29590 Malonyl-CoA Anthocyanins (D'Auria et al., 2007b)
AtHCT At5g48930 Coumaroyl-CoA Shikimate and quinate (Hoffmann et al., 2005)
AtHHT  At5g41040 Feruloyl-CoA Suberin aromatics (Gou et al., 2009)

CHAT  At3g03480 Acetyl-CoA (Z2)-3-hexen-1-ol (D'Auria et al., 2007a)
COSY At1g28680 Hydroxycinnamoyl-CoA Coumarins (Vanholme et al., 2019)
DCR At5g23940 Unknown Cutin (Panikashvili et al., 2009)
FACT  At5g63560 Caffeoyl-CoA Fatty alcohol (Kosma et al., 2012)
PMAT1 At5g39050 Malonyl-CoA Naphthol malonylglucoside  (Taguchi et al., 2010)
PMAT2 At3g29670 Malonyl-CoA Phenol malonylglucoside (Taguchi et al., 2010)
PIZ At4g31910 Lauroyl-CoA BRs (Schneider et al., 2012)
SHT At2g19070 Feruloyl-CoA Spermidine (Grienenberger et al., 2009)

1.1.4 Classification of BAHD enzymes

In A. thaliana, four clades of BAHD acyltransferases have been defined based on phylogenetic
analysis (Yu et al., 2009). Clade | BAHD acyltransferases comprise the alcoholic acyltransferases
and polyamine hydroxycinnamoyl transferases. Clade Il contains members characterized as
anthocyanin/flavonoid malonyltransferases and hydroxycinnamoyl transferases. Clade Ill genes
encode four protein sequences with unknown functions and a petunia coniferyl alcohol
acetyltransferase (PhCFAT). Lastly, Clade IV encompasses several sequences encoding alcohol-

and alkaloid-acetyltransferases.

1.1.5 Acylation and malonylation catalyzed by BAHD enzymes

Acylation is the process of transferring an acyl group via an activated donor to an acceptor molecule.
BAHD acyltransferase use acyl-CoA thioesters as donors. The acceptors range from low molecular

weight chemicals such as choline and L-malate to large compounds such as anthocyanins and
11



triterpenoid glycosides (Lehfeldt et al., 2000; Shirley et al., 2001; Fraser et al., 2007; Mugford et al.,
2013). Acylation has a wide range of functions in plants. Acylation of anthocyanins affects the
solubility, stability, transportation, vacuolar uptake, storage and color properties of the compounds
(Nakayama et al., 2003a; Gomez et al., 2009; Zhao and Dixon, 2010). In oat, acylation of avenacins

contributes to plant disease resistance (Mugford et al., 2009).

Malonylation is a common modification of secondary metabolites. In their conversion, the malonyl
group is mainly transferred from malonyl-CoA to the glycosyl moiety of glucoconjugates (Taguchi
et al., 2005; Khan et al., 2016). Malonylation is thought to increase structural diversity, change
stability and solubility of metabolites and provide a means of detoxification. For example, xenobiotic
phenolic glucosides are also often modified by malonylation and stored as malonylated glucosides
in the cell vacuoles (Schmitt and Sandermann, 1982; Sandermann et al., 1991; Taguchi et al., 2010).
Malonylation of anthocyanins increases pigment stability at the pH of the intracellular milieus and
enhances resistance to B-glucosidase degradation (Suzuki et al., 2002). In addition, malonylation
increases both the affinity and transport efficiency of flavonoid glucosides (Zhao et al., 2011).
Malonylation of diterpene glycosides may play a critical role in defense against herbivores and

influence stylar development of Nicotiana attenuate (Heiling et al., 2010; Li et al., 2018).

1.2 Acylated and malonylated plant metabolites

Acylated and malonylated compounds are conjugates of plant metabolites, which can be roughly
classified into three large families: phenolics, terpenes and steroids, and alkaloids (Bourgaud et al.,
2001). Phenolic compounds in plants are synthesized from shikimate and pentose phosphate via
the phenylpropanoid pathway and are often modified by conjugation with small molecules. For
example, flavonoids are one of the most important phenolic compounds, with substitutions including
glycosyl, acyl or malonyl groups (Harborne and Williams, 2000). Scopolin, the predominant
coumarin glucoside occurring in A. thaliana, is also malonylated to some extent (Matsuda et al.,

2010).
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1.2.1 Phenolic compounds

Phenolic compounds comprise an aromatic ring bearing one or more hydroxyl groups and range
from simple phenolic molecules to complex high-molecular weight polymers (Bravo, 1998;
Balasundram et al., 2006). These molecules are involved in structural support (lignin), antioxidants
(flavonoids and carotenoids), biotic stress signaling (salicylic acid and flavonoids) and defense

responses (tannins and phytoalexins) (Lin et al., 2016).

1.2.1.1 Scopoletin and scopolin biosynthesis

Scopoletin and scopolin, which are major coumarin compounds, occur in many plants (Bertolucci
et al., 2013). Their biosynthesis was shown to depend on CYP98A3 (Kai et al., 2006), a cytochrome
P450 that catalyzes 3'-hydroxylation of p-coumarate to produce caffeoyl-CoA (Schoch et al., 2001).
Caffeoyl-CoA is then converted to feruloyl-CoA by a caffeoyl CoA 3’-O-methyltransferase encoded
by gene the CCoAOMT1 (Kai et al., 2008). The first committed step in scopoletin biosynthesis is,
hydroxylation of feruloyl-CoA to 6-hydroxyferuloyl-CoA by F6'H1, an iron (Fe) Il and 2-oxoglutarate-
dependent dioxygenase (20GD) (Kai et al., 2008). Hydroxyferuloyl-CoA is further subjected to
trans/cis isomerization of the side chain and lactonization by COSY to form scopoletin (Kai et al.,
2008; Vanholme et al., 2019). Sugar moieties are transferred to scopoletin by one or several UDP-
glucosyltransferases to produce glucosylated scopoletin, which is called scopolin that is formed in
the cytoplasm and then transferred into the vacuole (Taguchi et al., 2000; Chong et al., 2002; Lim
et al., 2003; Gachon et al., 2004). This reaction appears to be reversible since as at least three -
glucosidases (BGLU21, BGLU22 and BGLU23) are able to hydrolyze scopolin and can thereby free

the aglycon scopoletin (Ahn et al., 2010).

1.2.1.2 Scopoletin and scopolin modification

Natural variation of scopoletin and scopolin accumulation between various Arabidopsis accessions
were revealed and new loci for their biosynthesis in Arabidopsis were identified (Siwinska et al.,
2014). Interestingly, among candidates possibly involved in scopoletin and scopolin accumulation,

multiple loci encoding putative enzymes were detected, indicating that further modifications might
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be involved in scopoletin and scopolin accumulation. Recently, scopoletin 8-hydroxylase (S8H) was
reported to convert scopoletin into fraxetin, via hydroxylation at the C-8 position. Fraxetin is
glucosylated by unknown enzymes to generate fraxin (Siwinska et al., 2018; Tsai et al., 2018). A
CYP P450 enzyme (CYP82C4) further oxidizes fraxetin to produce sideretin, which can be
glucosylated by unknown enzymes to generate sideretin glucoside (Rajniak et al., 2018). These
phenolics have been widely recognized as critical components in iron acquisition of plants (Schmidt,
2019). Multiple scopoletin-derived compounds including various combinations of scopoletin and
sideretin conjugated with moieties such as pentose, hexose, acetylhexose, sulfate and malonate
were identified, evidence for a high diversity of compounds in this class of coumarins (Vanholme et

al., 2019).

1.2.2 Brassinosteroids

Brassinosteroids (BRs) are steroid hormones of plants that can be modified by acylation (Tong,
2013; Hillier and Lathe, 2019). Known acyl substituents include lauric and myristic acid moieties
(Asakawa et al., 1996; Schneider et al., 2012). Malonic acid moiety attached to BL and CS

glucosides were also identified (Husar et al., 2011).

BRs are phytohormones that are essential for multiple physiological and cellular processes,
including cell elongation and division, photomorphogenesis, generative and reproductive
development, and stress responses (Sasse, 2003; Clouse, 2011b; Lozano-Elena and Cano-
Delgado, 2019; Nolan et al., 2019). Brassinolide (BL) is the biologically most active BR in many
plant species. It was first isolated from organic extracts of Brassica napus pollen using its’ growth-
promoting effects as a readout and was named “brassin” (Mitchell et al., 1970). The chemical
structure of brassin was elucidated by extracting 4 mg of pure substance from 227 kg of bee-
collected B. napus pollen and structure elucidation using single crystal X-ray analysis (Grove et al.,
1979; Steffens, 1991). The compound was found to be a steroidal lactone and renamed
brassinolide [2a, 3a, 22a, 23a-tetrahydroxy-24a-methyl-B-homo-7-oxa-5a-cholestan-6-one]. Soon
thereafter chemical syntheses of 24-epiBL, a biologically active analogue of BL, was achieved, and

promoted BR research (Thompson et al., 1979).
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Today more than 60 BRs and several derivates are known. They are widely distributed in the plant
kingdom and endogenous BRs levels vary between plant tissue types (Fujioka, 1999; Bajguz, 2011).
According to the structure-activity relationship from natural BRs and numerous synthetic analogues,
cis-vicinal hydroxyls at C-2 and C-3 in ring A, a lactone function at C-6/C-7, cis geometry for
hydroxyls at C-22 and C-23 and a methyl substitution at C-24 are regarded as indispensable

requirements for BRs to elicit activity (Mandava, 1988).

1.2.2.1 Brassinosteroid biosynthesis

Feeding cell suspension cultures of Catharanthus roseus with deuterated and tritiated BR
intermediates and screening for sterol biosynthetic mutants have advanced our understanding of
the BR biosynthesis pathway and enabled the identification of key enzymes such as DWARF1
(DWF1), CYP90A1/CPD, DDWF1, DWF4 (DWARF4), CYP90C1/ROT3, BR60OX1 and BR60OX2
(Fujioka and Yokota, 2003; Bishop, 2007; Clouse, 2011b; Zhao and Li, 2012; Rozhon et al., 2019).

Campesterol (CR) is the main precursor of BRs biosynthesis. It is modified by hydroxylation,
epimerization and oxidation reactions to form the final products, castasterone (CS) and BL. DWF1
catalyzes the conversion of 24-methylenecholesterol to CR in Arabidopsis (Choe et al., 1999). CPD
catalyzes C-3 oxidation of the early BR intermediates (22S)-22-hydroxyCR and (22R,23R)-22,23-
dihydroxyCR, as well as of 6-deoxocathasterone (6-deoxoCT) and 6-deoxoteasterone (6-deoxoTE)
(Ohnishi et al., 2012). DDWF1, a cytochrome P450 hydroxylase from pea, catalyzes the conversion
from typhasterol (TY) and 6-deoxoTY to castasterone (CS) and 6-deoxoCS, respectively, via C-2
hydroxylation (Kang et al., 2001). While direct biochemical evidence for DWF4 being a C-22
hydroxylase is still lacking, feeding studies demonstrated that 22a-hydroxylated BR intermediates
can rescue the dwf4 phenotype (Choe et al., 1998). For ROT3 and CYP90D1 of A. thaliana direct
evidence for enzymatic activities exists. Their recombinant proteins proved to catalyze C-23
hydroxylation of various 22-hydroxylated BRs in vitro, including the conversion of 6-deoxoCT to 6-
deoxoTE and CT to TE (Ohnishi et al., 2006). Consistent with results from biochemical analysis, a
double cyp90c1/cyp90d1 mutant displayed typical BR deficiency phenotypes, which could be
rescued exclusively with C-23 hydroxylated BR intermediates. Functional expression of AtBR60X1

(CYP85A1) in yeast confirmed that it acts as C-6 oxidase, catalyzing multiple steps in BRs
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biosynthesis: 6-deoxoTE to TE, 6-deoxoTY to TY and 6-deoxoCS to CS (Bishop et al., 1999;
Shimada et al., 2001). AtBR60OX2 (CYP85A2), like AtBR60OX1, possesses C-6 oxidation activity by
mediating a Baeyer-Villiger oxidation step converting CS to BL (Kim et al., 2005). Tomato CYP85A3,
which is preferentially expressed in tomato fruits, catalyzes the conversion of 6-deoxoCS into BL

via the formation of CS (Nomura et al., 2005).

1.2.2.2 Brassinosteroid signaling

BR signaling is well defined today (Kim and Wang, 2010; Clouse, 2011a). BRs are perceived by a
subfamily of membrane-bound receptors, the best studied being BRI1, which was identified in a
screen of an EMS-mutagenized population, for A. thaliana plants with enhanced resistance against
24-epiBL. This identified the first BR-insensitive mutant allele, bri1-1 (brassinosteroid-insensitive 1-
1) (Clouse et al., 1993; Clouse et al., 1996). Positional cloning of bri1-1 revealed that BRI1 is a
leucine-rich repeat receptor-like kinase (Li and Chory, 1997). Direct evidence for BR binding came
from binding studies using a biotin-tagged photoaffinity derivative of CS (BPCS), as well as from
interaction studies using *H-labelled BL and recombinant BRI1 fragments. This showed that BRI1
binds BR via the 94 amino acids comprising ID-LRR22 in the extracellular domain (Kinoshita et al.,
2005). X-ray diffraction experiments showed that the island domain create a surface pocket for
binding of BL and initiating BR signaling (Hothorn et al., 2011; She et al., 2011). Close homologues
of BRI1 are BRL1 and BRL3, which are considered to be involved in BR perception in specialized

tissues, in particular in the vasculature (Cano-Delgado et al., 2004; Zhou et al., 2004).

Once BR is bound, BRI1 auto-phosphorylates its intracellular kinase domain and thereby
autoactivates (Wang et al., 2001; Wang et al., 2005). Activated BRI1 then phosphorylates BKI1 and
directs BKI1 release from the membrane, thus facilitating BRI1 association with BAK1 or its
homologs BKK1 and SERK1 (Li et al., 2002; Nam and Li, 2002; Karlova et al., 2006; Wang and
Chory, 2006; He et al., 2007; Jaillais et al., 2011). BRI1/BAK1 trans-phosphorylation fully activates
the kinase activity of BRI1, leading to phosphorylation and release of the membrane-anchored
cytoplasmic kinases BSK1 and CDG1 from the receptor complex (Tang et al., 2008; Wang et al.,
2008; Kim et al., 2011; Sreeramulu et al., 2013). Subsequently, BSK1 interacts with and activates

the phosphatase BSU1, which dephosphorylates and inactivates GLYCOGEN SYNTHASE
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KINASE 3 (GSK3)-like kinases, including BIN2 (Mora-Garcia et al., 2004; Yan et al., 2009; Rozhon
et al., 2010). Through an independent route, CDG1 phosphorylates BSU1 and enhances BSU1—
BIN2 binding, thus enabling BIN2 dephosphorylation and inactivation (Kim et al., 2011). In addition
to dephosphorylation, several other mechanisms also regulate BIN2 activity, such as ubiquitination,
deacetylation, oxidation and sequestration (Truernit et al., 2012; Anne et al., 2015; Hao et al., 2016;

Zhu et al., 2017; Houbaert et al., 2018; Song et al., 2019).

BIN2 and its functional homologues are major repressors of BR responses. They have many targets,
including transcription factors that control BR responsive gene expression. Besides bHLH proteins,
like the CES/BEE subfamily and certain PIFs such as PIF4 (Poppenberger et al., 2011; Bernardo-
Garcia et al., 2014), the small subfamily of BES1/BZR1-type transcription factors are important
BIN2 targets. BIN2 phosphorylates specific residues in BZR1 and BES1, which leads to an inhibition
of their DNA-binding activity, their retention in the cytoplasm by 14-3-3 proteins, and their
degradation (He et al., 2002; Li and Nam, 2002; Wang et al., 2002; Yin et al., 2002; He et al., 2005;
Yin et al.,, 2005; Vert and Chory, 2006; Gampala et al., 2007; Ryu et al., 2007). After BIN2
inactivation, BZR1 and BES1 undergo dephosphorylation by a cytoplasmic protein phosphatase 2A
(PP2A) and accumulate in the nucleus (Tang et al., 2011). BES1, BZR1, and the homologs BEH1-
BEH4 act redundantly (Wang et al., 2002; Yin et al., 2002; Yin et al., 2005; Chen et al., 2019a; Chen
et al., 2019b) to regulate BR-responsive gene expression (Sun et al., 2010; Yu et al., 2011; Oh et
al., 2012; Guo et al., 2013).

1.2.2.3 Regulation of brassinosteroid synthesis

To ensure optimal BR signaling outputs, plants utilize precise biosynthetic and metabolic systems
to maintain an intracellular homeostasis of bioactive BRs. For example, the transcription of the BR
biosynthetic genes, DWF1, DWF4, CPD, CYP90C1, CYP90D1, and CYP85A2, is feedback
repressed by BL (Mathur et al., 1998; Bancos et al., 2002; Youn et al., 2018). Active BES1/BZR1
has been shown to bind to the promoters of BR biosynthetic genes including CPD, DWF4, ROT3
and BR60X and participate in the feedback repression (He et al., 2005; Youn et al., 2018). Also a
number of transcription factors stimulating BR biosynthesis have been identified. TCP1 and CES

positively regulate the expression of DWF4 and CPD by directly binding to their promoters,
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respectively (Guo et al., 2010; Poppenberger et al., 2011). COG1, PIF4 and PIF5 cooperate to
modulate BR biosynthesis by promoting the expression of DWF4 and BR60X2 (Wei et al., 2017).
HBI1 positively regulates BR biosynthesis by stimulating the expression of the BR biosynthetic
genes CPD, DWF4, and BR60OX1 (Bai et al., 2012; Fan et al., 2014).

1.2.2.4 Inactivation of brassinosteroids

Multiple catabolic processes have been reported to inactive bioactive BRs or their biosynthetic

precursors in plants and include sulfatation, hydroxylation, glucosylation and acylation.

A sulfotransferase from Brassica napus was shown to display activity specifically against the
hydroxyl group at position C-22 of BRs. 24-epiBL sulfatation caused a loss of its biological activity
in the bean second internode elongation bioassay (Rouleau et al., 1999). A sulfotransferase from
A. thaliana, encoded by AtST4a, sulfated BRs including 24-epiBRs and the naturally occurring
(22R,23R)-28-homoBRs. A second sulfotransferase from A. thaliana, encoded by AtST1, exhibited
a substrate preference for the metabolic precursor 24-epicathasterone and additional catalytic
activity for hydroxysteroids and estrogens (Marsolais et al., 2007). However, plants overexpressing

sulfotransferases failed to produce BR deficiency phenotypes (Marsolais et al., 2007).

Hydroxylation is catalyzed by the cytochrome P450s BAS1 (phyB activation-tagged suppressor1-
dominant)/CYP72B1 (Neff et al., 1999). An activation-tagging screen for suppressors of the long
hypocotyl phenotype of the phyB-4 mutant, which is defective in the phytochrome B photoreceptor
identified the bas7-D mutant. Endogenous levels of BRs were greatly reduced in bas7-D phyB-4.
Moreover, overexpression of BAS1 in A. thaliana and tobacco plants resulted in BR-deficient
phenotypes, which correlated with enhanced production of 26-hydroxycastasterone (26-OHCS)
and 26-hydroxybrassinolide (26-OHBL) (Neff et al., 1999; Turk et al., 2003). The closest homologue
of BAS1, SOB7 may also regulate endogenous BL levels, since in A. thaliana binding studies
showed that SOB7 bind with BR precursors (Nakamura et al., 2005; Takahashi et al., 2005; Turk et

al., 2005; Thornton et al., 2010). However, the in planta substrates of SOB7 remain elusive.

Glucosylation is another means of BR inactivation. Two UDP-glycosyltransferases (UGTs) termed

UGT73C5 and UGT73C6, were found to be involved in the glucosylation of BRs at the C-23 position
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(Poppenberger et al., 2005; Husar et al., 2011). Plants overexpressing UGT73C5 or UGT73C6
displayed typical BR deficiency phenotypes, which could be rescued by external application of BR
(Poppenberger et al., 2005; Husar et al., 2011). Consistent with the morphological changes
indicating BR deficiency, the contents of the BR intermediates, typhasterol, 6-deoxocastasterone,
and CS were reduced in UGT73Cbo0e plants. Feeding experiments with BL showed a strong
increase in BL-23-0O-glucoside (BL-23Glc) formation in UGT73Cb50e plants, whereas knocking-
down expression of the gene by RNAI abolished BL-23Glc formation capacities (Poppenberger et
al., 2005). When using a LC-HRMS method to analyze BR-glucoside formation in BR-treated
UGT73C50e and UGT73C6oe lines in a time-course manner, it was found that, while BR-glucoside
contents declined over time, amounts of novel BR catabolites increased. Based on their predicted
molecular masses, these novel products were considered to be CS-23-O-malonylglucoside (CS-
23MalGlc) and BL-23-O-malonylglucoside (BL-23MalGlc) (Husar et al., 2011). However, the
biological significance of the conversion of BR-glucosides to malonylated products and the

enzyme(s) catalyzing these reactions have remained elusive.

Another mode of BR catabolism is acylation. The acyltransferase PIZ (also referred to DRL1 and
BAT1) modulates endogenous BR levels in A. thaliana by converting BL, CS and TY to the
corresponding lauroyl esters (Schneider et al., 2012; Choi et al., 2013; Zhu et al., 2013). This
conjugation is in agreement with previous reports that BRs can be modified by conjugation with
fatty acids including lauric, myristic and palmitic acid (Asakawa et al., 1994; Kolbe et al., 1995;
Soeno et al., 2000). A novel BAHD family acyltransferase, BIA1/ABS1, was proposed to inactivate
BRs probably by acylation (Roh et al., 2012; Wang et al., 2012), which was supported by several
lines of evidence: 1) the dominant bia7-1D mutant, which was identified in a screen of an activation
tagging A. thaliana population, exhibited a dwarf phenotype with dark-green, small and round
leaves, that strongly resembles BR-deficient mutants; 2) endogenous levels of 6-deoxoteasterone,
3-dehydro-6-deoxoteasterone, 6-deoxotyphasterol, 6-deoxocastasterone, TE, TY, and CS were
reduced in bia7-1D; 3) the dwarfism of bia7-1D could be rescued with BL application (Roh et al.,
2012). However, direct evidences for a role of BIA1 in BR catabolism is still lacking, since its

enzymatic activity has not been elucidated yet.
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1.3 Objectives

Since previous work in the Poppenberger group had provided evidence that BR-glucoside can be
malonylated, the objectives of this thesis were 1) to identify malonyltransferase(s) responsible for
BR-glucoside malonylation, to study their enzymatic properties in detail and to investigate their
function in plant growth and development; and 2) to characterize the enzymatic properties of BIA1
and its homologue BIA2, acyltransferases that had previously been implicated in the control of BR

homeostasis.
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2 Materials and Methods
2.1 Plant growth conditions

Arabidopsis thaliana (L.) Heynh. ecotype Columbia (Col-0) was used as the wild type. The T-DNA
insertion lines, atbmat-2 (SM_3_35619), pmat1-2 (SALK 007564, stock number N507564), pmat2-
1 (WiscDsLox508E02, stock number CS859395), and bia1-3 (WiscDsLox474E11, stock number
CS857512) were obtained from NASC. The bia1-1D mutant was obtained from Hyungmin Roh. To
generate pmat1 atbmat double knock out mutant, atbmat-2 and pmat1-2 single mutant plants were
crossed. To generate pmat1 pmat2 double knock out mutant, pmat7-2 and pmat2-1 single mutant
plants were crossed. To generate PMAT7 and UGT73C6 double overexpression plants,
35S8:PMAT10e-8 and 35S::UGT73C6:YFP-30 overexpression plants were crossed. To generate
AtSMAT and UGT73C6 double overexpression plants, 35S:At6MAToe-10.5 and
35S8::UGT73C6:YFP-30 overexpression plants were crossed. F1, F2 and F3 progenies were
analyzed by PCR or phenotype analysis. F2, F3 and F4 seeds were obtained by self-pollination.
Plants were grown in growth chambers (CLF) under (16 h white light, 80 ymol-m?2-s7'/8 h dark) at

21 °C, relative humidity 50-60%. Primers used for genotyping are listed in Table 2.

Seeds were sterilized with 70% ethanol containing 0.05% Triton X-100 for 15 min and washed with
99% ethanol. Surface sterilized seeds were sown on 1/2 strength Murashige and Skoog (MS)
medium plates containing 1% sucrose and subsequently stratified for two days in the dark at 4 °C.
Then the plates were transferred to growth incubators CLF,16 h white light, 80 umol-m2-s7'/8 h dark,
relative humidity 50-60% at 21 °C for most of the experiments or under 16 h white light, 20 pmol-m-
2.571/8 h dark, relative humidity 50-60% at 21 °C for low light condition experiments. For dark grown

experiments, plates were wrapped with aluminium foil.

Seeds were filled in 2 mL tubes and the tubes were placed in a plastic box. Four gram of sodium
bromate was wrapped in filter paper and placed into a glass beaker containing 50 mL of 25% (w/v)
hydrochloric acid. The seeds were sterilized in the chlorine gas for two to three hours. Afterwards,
the box was opened and kept in the fume hood for 20 min, prior transferring the tubes to a laminar
flow hood for plating. Seeds were sown on 1/2 MS medium plates containing 1% sucrose and

subsequently stratified for two days in the dark at 4 °C. Then the plates were incubated in growth
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incubators (CLF) under (16 h white light, 80 ymol-m?2-s'/8 h dark) at 21 °C, relative humidity 50-
60%.

2.2 DNA extraction from Arabidopsis

DNA was extracted from leaf tissues. Briefly, one leaf was frozen in liquid nitrogen and ground to a
fine powder using a MM400 Resch mill. Then 500 yL CTAB (20 mM EDTA, 1.4 M NaCl, 100 mM
TRIS/HCI pH=8.0) extraction buffer was added and incubated for 10-30 min at 65 °C. 500 pL
chloroform was added and mixed thoroughly by vortex. The mixture was centrifuged for 5 min at
13000 rpm. The supernatant was transferred into a new tube and an equal volume of isopropanol
was added and mixed. DNA was precipitated by centrifugation (13000 rpm, room temperature) for
five minutes. The pellet was washed with 70% ethanol, dried completely and resuspended in 50-

100 pL water.

2.3 Plasmid DNA isolation from E. coli

Plasmids were isolated from E. coli cultures using E.Z.N.A Plasmid DNA Mini Kit (Omega Bio-tec,
USA). Briefly, overnight grown culture from a single colony of E. coli containing desired plasmids
were transferred to a 2 mL tube. Bacterial cells were centrifuged at 13000 rpm for 30 s at room
temperature. Culture media were discarded and cell pellets were resuspended in 250 uL Solution
I/RNase A. Subsequently, 250 uL Solution Il was added. The tubes were gently rotated several
times and incubated 2-3 min to obtain a clear lysate. 350 pL Solution Il was added, mixed and
centrifuged (13000 rpm, room temperature) for 10 min. Clear supernatants were transferred to a
HiBind DNA Mini Column and centrifuged at 13000 rpm for 60 s at room temperature. Filtrates were
discarded and the HiBind DNA Mini Column were washed with HB buffer and DNA Wash buffer.
After washing, the HiBind DNA Mini Column were centrifuged for 2 min at maximum speed to dry

the column matrix. Plasmids were eluted using 50 uL Elution buffer.
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2.4 Plant RNA extraction and cDNA synthesis

RNA was isolated from plant materials using the E.Z.N.A. Plant RNA Kit (Omega Bio-tec, USA)
according to the instruction manual. DNA residues were removed by DNase | treatment (Thermo
Scientific, Waltham, MA, USA). First strand cDNA was synthesized according to the Revert Aid First
Strand cDNA Synthesis Kit (Thermo Scientific, Waltham, MA, USA). The generated cDNA was

diluted 1:10 in nuclease free water and stored at -20 °C for PCR or gPCR analysis.

2.5 PCR and qPCR

For PCR amplification of a specific DNA fragments, either GoTag G2 DNA Polymerase (Promega,
Madison, USA) or Phusion High-Fidelity DNA Polymerase (Thermo Scientific, Waltham, MA, USA)

was used according to the supplier’'s manual. Primers are listed in Table 2.

gPCR analysis was performed with a Mastercycler Realplex (Eppendorf, Hamburg, Germany). The
reactions included 10 puL 2 x gPCRBIO SyGreen gPCR master mix (Bioline, London, UK), 0.8 uL
primer mix (5 uM forward and 5 uM reverse primer) and 2 uL of each cDNA sample in a total volume
of 20 uL. For quantification eight standards (cloned cDNAs) in the range of 3x10? to 1x10° copies/uL
were included. The amplification program started with initial denaturation at 95 °C for 2 min. Next,
40 cycles of 95 °C for 10 s and 60 °C for 20 s were applied for amplification. A melting curve was
recorded by increasing the temperature linearly from 60 °C to 95 °C within 20 min. The amplification
curves were linear (r> > 0.99) and the primer pairs showed high efficiency (E = 95-105%). Melting
curves confirmed absence of unspecific by-products. Expression levels were normalized to the
internal standard GAPC2 and measured in three to four technical replicates. Primers used for g°PCR

are listed in Table 2.

Table 2: Oligonucleotides used in this thesis.

Primer name Sequence (enzyme sites are underlined) Purpose

PMAT1 ko fwd TCTCATAACACATCATGGTGAACGA Genotyping/ RT-PCR
PMAT1 ko rev TCCGCAAAAGAAATCGCTTCA Genotyping/ RT-PCR
SalkLBb1 GCGTGGACCGCTTGCTGCAACT Genotyping

At5MAT ko fwd TTAAACCCTCCGTTACCGCCGAC Genotyping/ RT-PCR
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At5MAT ko rev GGTCAAAGTCTCCACCGCCG Genotyping/ RT-PCR

dSpm LB TACGAATAAGAGCGTCCATTTTAGAGT Genotyping
PMAT2 ko fwd CTGGCCACATCACTTGGGAG Genotyping/ RT-PCR
PMAT2 ko rev CGAAAGTGTCCGCAATGGTCT Genotyping/ RT-PCR
WiscDsLOx LT6  AATAGCCTTTACTTGAGTTGGCGTAAAAG Genotyping
bia1-3 16400F1  CGAACCTTCTAAGATTGCTG Genotyping
bia1-3 WiscLB TAGCTCTTGCTAAGCTCCTC Genotyping
bia1-3 15400WR GGATCTTCATGTTGTGCATC Genotyping
At5g39090 fwd CATGCCATGGATCCATCACTAAACTTCATC Cloning of At5g39090

At5g39090 rev ATAAGAATGCGGCCGCTTTTTATCCCCTTGTGTAGCAAA  Cloning of At5g39090

BIA2 fwd CGGGATCCATGGACACCATGAAGGTAGAAACTA Cloning of BIA2
BIA2 rev CCGCTCGAGTTAGATCAATACACTTGGATTTGGG Cloning of BIA2
PMAT1 fwd TTTACGGGTTGGATTTTGGGTG gPCR
PMAT1 rev TCCGCAAAAGAAATCGCTTCA gPCR
AtSMAT fwd TAGGGATTTACGGGTCTGATTT gPCR
AtSMAT rev GAAACCGAAGCATCCTTATCAA gPCR
PMAT2 fwd ACACTTTCGTGGAAGGATTTAG gPCR
PMAT2 rev CCACCCGAAATCCGCCTC gPCR
BIA1 fwd 901 GCGGAGAGCGAGTTTGAGAT gPCR
BIA1 rev 1041 TGACACAGTTTCCGCCATCA gPCR
GAPC2 fwd TTGGTGACAACAGGTCAAGCA gPCR/ RT-PCR
GAPC2 rev AAACTTGTCGCTCAATGCAATC gPCR/ RT-PCR
CPD-1 CTTGCTCAACTCAAGGAAGAG gPCR
CPD-2 CTCGTAGCGTCTCATTAACCAC gPCR
BR60x2-1 AGCTTGTTGTGGGAACTCTATCGG gPCR
BR60x2-2 CGATGTTGTTTCTTGCTTGGACTC gPCR
ROT3-3 CTTGTAACCCGGTACAGTTGC gPCR
ROT3-4 TCCGCTTCATCTTCACAGTC gPCR
UGT73C6-fwd GTAAGTGCCGAGGTTAAAGAGG gPCR
UGT73C6g-rev.  TCTCCAAGCTCTTTGGCTCT gPCR

The restriction sites used for cloning are underlined.

2.6 Generation of various constructs

Cloning was performed using standard methods. Restriction enzymes and T4 DNA ligase used for
cloning were obtained from Thermo Scientific (Thermo Fisher Scientific, Braunschweig, Germany).

PCR products or digested DNA products were purified from agarose gels using the E.Z.N.A. Gel
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Extraction Kit (Omega Bio-tec, USA) according to the manufacturer’s protocol. E. coli strain DH5a
was used for amplification of the plasmids. Antibiotics (kanamycin 30 pg/mL, ampicillin 100 pg/mL)

for bacterial selection were used. All constructs were confirmed by DNA sequencing.
2.6.1 Generation of pTNTSP6 series malonyltransferase constructs

Coding sequences of At5g39080 (Pcil/Notl), At3g29635 (Pcil/Notl) and At5g61160 (Pcil/Notl) were
released from pGEM-T easy vector by the enzymes indicated. Coding sequences of
PMAT1/At5g39050, At5MATIAt3929590, PMAT2/At3g29670 and At39g29680 were released by
Ncol/Notl digestion from pGEX-4T2 vector. At5g39090 was amplified by PCR (primers used for
cloning are listed in Table 2) and digested with Ncol/Notl. All digested inserts were ligated with T4
DNA ligase into pTNTSP6 vector.

2.6.2 Generation of pGEX-4T2-BIA2 construct

BIA2 was amplified by PCR from Col-0 genomic DNA (primers are listed in Table 2). The amplicon
was digested and ligated into pGEX-4T2 by using the BamHI/Xhol restriction sites.

2.6.3 Generation of pPGWR8-PMAT2 construct

The PMAT2 open reading frame was released by Ncol/Notl digestion from pGEX-4T2 vector and

cloned into the plant expression vector pPGWR8 (Rozhon et al., 2010).

2.7 Plant transformation and selection

The constructs were electroporated into Agrobacterium tumefaciens GV3101/pSOUP component
cells. Positive clones were selected on MLB solid medium containing kanamycin (30 ug/mL) at
28 °C for two to three days. A single colony was used to inoculate 50 mL of MLB medium containing
kanamycin (30 pg/mL) which was incubated (28 °C, 110 rpm) for two days. The culture was
inoculated to 300 mL MLB to an ODsgo of 0.3. The culture was grown (28 °C, 110 rpm) until the
ODsoo reached 0.8. Subsequently, the bacterial cells were collected (4000 rpm, 15 min) and the
bacterial pellet was resuspended in 300 mL 5% sucrose. The bacteria suspension was transferred
to a beaker and Sylvet L-77 (final concentration: 0.05%) was added. The inflorescences of 4-5

weeks old plants were dipped in the suspension for about 30 s. The plants were covered with plastic
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bags to maintain high humidity in the dark for one night. The dipped plants were grown as usual
until the seeds were harvested. For the selection of transformants, seeds were surface sterilized
using chlorine gas and plated on 1/2 MS media supplemented with kanamycin (30 pug/mL) at
standard incubator conditions for 12-14 days. Antibiotic-resistant seedlings producing green leaves
and well-developed roots were transferred to soil until the seeds were harvested for further

confirmation.

2.8 Wheat germ protein expression

Proteins were synthesized using TNT SP6 High-Yield Wheat Germ Protein Expression System
according to the instruction (Promega, Cat.L3261). Briefly, TNT SP6 High-Yield Wheat Germ
Master Mix was removed from -80 °C and the master mix rapidly thawed on ice. Reactions were
carried out in 1.5 mL microcentrifuge tubes containing 15 yL master mix, 2 ug plasmid DNA and
water in a final volume of 25 pL. The tubes were incubated at 25 °C for 2 h. Translation were

analyzed by Western blot analysis (see section 2.10).

2.9 Recombinant protein purification

Correct pGEX-4T2-UGT73C5, PMAT1, AtSMAT, PMAT2, BIA1 and BIA2 constructs were
transformed into E. coli BL21. GST-fusion proteins were expressed using a previously described
protocol (Unterholzner et al., 2017) and purified according to manufactures instructions (GE
Healthcare) with slight modification. In brief, the bacterial pellet was suspended in 10 mL ice cold 1
x PBS (8 g/L NaCl, 0.2 g/L KCl, 1.44 g/L Na;HPOs, 0.24 g/L KH2PO., pH 7.4) containing 50 pL 400
mM PMSF (dissolved in DMSO) and 50 yL 1 M DTT by shaking until no cell clumps remained.
Resuspended bacteria were transferred to a 30 mL centrifugation tube and 200 uL of a freshly
prepared solution of lysozyme (100 mg/mL in water) was added. The mixture was kept on ice for
10 min and 500 pL 20% Triton x-100 was added. Cells were mixed by inverting the tube several
times and sonicated four times for ten seconds at an output power of 30% using a Sonoplus
HD2070 equipped with a UW 2070 probe (Bandelin, Berlin, Germany). Cells were centrifuged

(15000 rpm, 4 °C) for ten minutes and the clear supernatant was transferred to a new tube and
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again centrifuged (15000 rpm, 4 °C) for 10 min. The supernatant was transferred to a 15 mL tube
containing 200 uL GSH beads (the GSH beads were washed with 10 mL 1 x PBS containing 5 mM
DTT prior use) and incubated for 1 h at 4 °C on a shaker. The beads were precipitated by
centrifugation at 1000 rpm for 1 min. The supernatant was dumped and the beads were washed
with 50 mL of 1 x PBS containing 5 mM DTT at 4 °C on a shaker for in total 5 times (5 min interval).
After the last wash, the beads were resuspended with 1.5 mL 1 x PBS containing 5 mM DTT and
transferred to a 2 mL reaction tube. The beads were centrifuged at 1000 rpm for 1 min and the
supernatant was removed completely. Proteins were eluted by adding 500 uL elution buffer (150
mM NaCl, 5 mM DTT, 20 mM glutathione reduced form, 50 mM TRIS/HCI, pH 8.0) and incubation
at 4 °C on a shaker for 30 min. Eluates were collected by centrifugation and glycerol was added to

a final concentration of 50% and the protein stored at -20 °C.

2.10 SDS-PAGE and Protein immunoblotting

SDS-polyacrylamide-gel electrophoresis (SDS-PAGE) was performed using PerfectBlue™ System
(Peqglab Biotechnology, Erlangen, Germany). To obtain optimal resolution of proteins, either 10%
(v/v) or 15% (v/v) separation gel were casted. For electrophoresis, electrode buffer 1x (14.4 g
glycine, 3 g TRIS base, 1 g SDS sodium salt were dissolved in 1 L water) was used and a protein
ladder (Thermo Scientific, Waltham, MA, USA) was loaded as a size marker. Gels were either

stained directly or used for western blot analysis.

Proteins produced using the wheat germ expression system were mixed with 2 x loading buffer
containing 100 mM TRIS/HCI (pH 6.8), 200 mM DTT, 4% (w/v) SDS, 20% (v/v) glycerol, 0.025%
(w/v) bromophenol blue and heated for 3 min. Samples were separated by 15% SDS-PAGE gel
and transferred onto a PVDF membrane (Merck Millipore, Burlington, MA, USA). The membrane
was blocked with 5% milk, and then incubated with anti-cMyc-HRP (1:5000, Santa Cruz

Biotechnology, Santa Cruz, CA, USA) antibody. The signal was revealed by ECL (GE Healthcare).

To confirm expression of the BIA1 transgene, 8-day-old seedlings grown on 1/2 MS plates were
frozen, ground and extracted by adding one volume/fresh weight of 2 x SDS buffer containing 100

mM TRIS/HCI (pH 6.8), 200 mM DTT, 4% (w/v) SDS, 20% (v/v) glycerol, 0.025% (w/v) bromophenol
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blue and heating the homogenate (95 °C, 5 min). Protein extracts equivalent to 10 mg seedlings
were resolved on a 10% SDS-PAGE gel and transferred onto a PVDF membrane. After blocking
with 5% blocking buffer, the membrane was incubated with anti-GFP-HRP antibody overnight
(1:10000, Miltenyi Biotec, Bergisch Gladbach, Germany). Detection was done with ECL reagent
(GE Healthcare). The membrane was stained with the Coomassie Brilliant Blue R250 to confirm

loading.

To probe BES1 phosphorylation, total proteins were extracted from opened flowers from adult plants.
Samples were frozen and ground. Proteins were extracted with two volumes/fresh weight of 2 x
SDS buffer containing 125 mM TRIS/HCI (pH 6.8), 4% (w/v) SDS, 20% (v/v) glycerol, 20 mM DTT,
0.02% (w/v) bromophenol blue by heating the homogenate (95 °C, 5 min). Extracts were resolved
on 15% SDS-PAGE gel and transferred onto a PVDF membrane. After blocking with 5% milk
powder for 60 min, the membrane was incubated with BES1 antibody (1:2000, kindly provided by
Yanhai Yin, lowa State University, USA) overnight and then the HRP-conjugated anti-rabbit
antibody (1:10000) was added. The signal was developed by ECL (GE Healthcare).

2.11 Synthetic procedures

Synthesis of 24-epiBL-23Glc: The synthetic scheme used to generate 24-epiBL-23Glc from 24-
epiBL is based on the results that UDP-glycosyltransferase UGT73C5 from A. thaliana catalyzes
23-0-glucosylation of BRs (Poppenberger et al., 2005). GST-UGT73C5 recombinant proteins were
purified (see section 2.9) and glucosylation reactions performed in assay buffer (50 mM TRIS/HCI,
pH 8.0, 10 mM UDP-glucose, 0.5 mM ATP, 50 mM MgCl,, 10 mM DTT and 0.5 mM 24-epiBL) and
incubated at 30 °C for overnight. Reaction products were subjected to preparative HPLC for further
separation. A Shimadzu system, which fitted with a column (Luna, C18(2), 100A, 5 pL, 100 x 21
mm; Phenomenex) was used for preparative HPLC. Elution was carried out using mobile phases A
(10% acetonitrile) and B (100% acetonitrile). The gradient protocol was as follows: 100% A, 0% B
for 0 min, linear gradient to 20% A, 80% B for 120 min, at a constant flow rate of 2 mL/min. Fractions
were collected and aliquots were analyzed by TLC (see section 2.13). Fractions containing 24-
epiBL-23Glc were evaporated to dryness using a vacuum concentrator. 24-epiBL-23GlIc were

dissolved in DMSO for enzyme assays.

28



Synthesis of BL-23Glc and d3:BL-23Glc: The synthetic scheme and separation method were
identical to synthesis of 24-epiBL-23Glc.

Synthesis of BL-23MalGlc and d:BL-23MalGlc: The newly identified malonyltransferase (PMAT1)
was used. GST-PMAT1 recombinant proteins were purified (see section 2.9) and reactions
performed in assay buffer (50 mM diethanolamine, 1.25 mM malonyl-CoA, 10 mM DTT and
substrates) and incubated at 30 °C for overnight. Reaction products were separated by preparative
HPLC for further separation. The same system as stated above was used. Elution was carried out
using mobile phases A (10% acetonitrile plus 10 mM formic acid) and B ( 100% acetonitrile). The
gradient protocol was as follows: 100% A, 0% B for O min, linear gradient to 50% A, 50% B for 120
min, at a constant flow rate of 2 mL/min. Fractions were collected and aliquots were analyzed by
TLC (see section 2.13). Fractions containing BL-23MalGlc and ds:BL-23MalGlc were dried using a

vacuum concentrator.

Quantification of BL-23Glc and BL-23MalGlic: 200 pL BL-23Glc (in ethyl acetate) or BL-23MalGlc
(in acetonitrile) were dried using a vacuum concentrator. Samples were dissolved in ethyl acetate
and loaded on TLC plate with BL standards alongside. Plate was separated (see section 2.13) and

quantified using Image J software.

2.12 Enzyme assays
2.12.1 Enzyme assay for BL-23Glc malonylation

To screen the potential BR malonyltransferases, enzyme assays were performed with 5 uL protein
produced by wheat germ system (see section 2.8), 50 mM diethanolamine (pH 9.0), 1.25 mM
malonyl-CoA, 10 mM DTT and 2 uL 24-epiBL-23Glc (see section 2.11). Assays were performed in
a final volume of 20 uL and incubated at 30 °C overnight. Ethyl acetate extracts of the enzyme
assays were analyzed by TLC (see section 2.13). To test for BR malonyltransferases activity,
different amounts (3, 1.5, 0.75, 0.375, 0.18, 0.09, 0.045, 0.0225, 0.01, 0.005 pg in 5 pL) of purified
GST-PMAT1 or GST-AtSMAT proteins (see section 2.9) were used. Assay conditions and detection
were identical to BR malonyltransferases screening. To test for BR malonyltransferases activity,

different buffer pH levels (50 mM diethanolamine, pH 6-10.5) were used. Enzyme assays were
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carried out with 180 ng GST-PMAT1 or 750 ng GST-At5MAT proteins (see section 2.9). Assay

conditions and detection were identical to BR malonyltransferases screening.

2.12.2 Enzyme assay for BIA1 acylation

Substrates for enzyme assays (CS, 24-epiBL, 24-epiCS, 6-deoxo-24-epiCS, tris-epiCS, and 3,24-
diepiCS) were purchased from Olchemim (Olomouc, Czech Republic). The co-enzymes malonyl-
CoA and myristoyl-CoA were purchased from Sigma-Aldrich (St. Louis, MO, USA) and caffeoyl-
CoA and coumaroyl-CoA were obtained from (TransMIT GmbH, Marburg, Germany). For initial
experiments (Figure 11), enzyme assays were performed in a final volume of 20 pL containing 3 g
GST-BIA1 protein (see section 2.9), 100 mM sodium phosphate buffer (pH 8), 5 mM DTT, 1 mM
substrate and 10 mM acetyl-CoA (BioChemica, Darmstadt, Germany) or 2.5 mM of the other CoA-
thioesters. The reactions were incubated at 25 °C overnight. Products were analyzed by TLC (see

section 2.13).

For optimizing enzymatic reaction conditions assays were performed as described above except
that 25 mM diethanolamine buffer set with phosphoric acid to the desired pH was used (Figure 13
A) and different reaction times (Figure 13 B) and temperatures (Figure 13 C) were tested. The
reaction products were analyzed by HPLC using a Nucleodur 100-5 C18ec (125 x 4.6 mm,
Macherey-Nagel) column for separation. A LC-10A high performance liquid chromatography system
(Shimadzu, Kyoto, Japan) was used for analysis. The HPLC system consisted of a SCL-10A system
controller, a FCV-10AL valve for eluent selection, a LC-10AT pump equipped with DGU-14A inline
degasser, a SIL-10A autosampler, a CTO-10ASvp column oven, a SPD-10A UV detector and a RF-
10AXL fluorescence detector. Elution started with 70% solvent A (10% acetonitrile in water) and 30%
solvent B (pure acetonitrile). The concentration of B was then raised linearly to 100% B in 20 min
before reducing it to the initial conditions within 1 min. Finally, the column was equilibrated for 7 min
before injection of the next sample. The absorbance was recorded at 210 nm. The obtained
chromatograms were analyzed with the Clarity software package (DataApex, Prague, Czech

Republic).
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For enzyme kinetics (Figure 13 D) reactions were performed in a total volume of 100 pyL and
contained 25 mM diethanolamine buffer set with phosphoric acid to pH 9.0, 2 mM DTT, 2 mM acetyl-
CoA, 160 ng GST-BIA1 and 0 to 75 uM CS as a substrate. The reactions were incubated at 30 °C
for 60 min prior addition of 25 nmol testosterone as an internal standard. The samples were
extracted twice with ethyl acetate as described above. Dried residues were derivatized by addition
of 50 pL dansylhydrazine (2 mg/ml in acetonitrile) and 50 L trifluoroacetic acid (1 M in acetonitrile)
and incubation at 50 °C for 90 min. Samples were analyzed by HPLC using the system described
above except that elution started with 55.6% A and 44.4% B. The concentration of B was then
raised linearly to 77.8% B in 20 min before reducing it to the initial conditions within 1 min. Finally,
the column was equilibrated for 7 min before injection of the next sample. Fluorescence was
recorded at an excitation wavelength of 355 nm and an emission wavelength of 512 nm. Km and
Vmax were calculated using non-liner regression analysis based on the Michaelis-Menten model.

Calculations were performed in Excel using the solver add in.

2.12.3 Enzyme assay for scopolin malonylation

Proteins produced using the wheat germ expression system (see section 2.8) were assayed in
assay buffer (2 uL protein, 50 mM diethanolamine, 1.25 mM malonyl-CoA, 10 mM DTT, 0.5 mM
scopolin) and incubated at 30 °C. Assays were incubated for 1 h and stopped by adding formic acid
to final 80 mM and the reaction mixture was subjected to HPLC analysis. For in vitro enzymatic
assays detection, samples were analyzed with a Nucleosil C18HD 100-5 250 x 4.6 mm column
using 92.2% acetonitrile plus 1 mM formic acid (mobile phases A) and 7.8% acetonitrile (mobile
phase C). The flow rate was 0.8 mL/min at an oven temperature of 25 °C. The fluorescence detector
was set to a wavelength of 345/430 nm. Recombinant proteins were assayed with different
incubation times, buffers and substrate concentrations (see above). Enzyme activity assays (20 pL)
with purified proteins contained either 120 ng GST-PMAT1 or 400 ng GST-PMAT2 (see section 2.9).
Reaction conditions were as follows: 50 mM diethanolamine pH 7.5 (GST-PMAT1) or pH 8.5 (GST-
PMAT2), 10 mM DTT, 1.25 mM malonyl-CoA, and different scopolin concentrations. Reactions were

incubated for 15 min at 30 °C and stopped by adding formic acid to final 80 mM and analyzed.
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2.13 Detection of BRs and their conjugates by TLC

This method is designed for analysis of samples from: enzyme assays for BR malonyltransferases
(see section 2.12.1) and substrates screening for BIA1 acylation (see section 2.12.2). Water was
added to the in vitro reaction to a final volume of 100 pL. 10 yL 10% TCA is added as BL-23MalGlc
analyzed. 100 pL EtAc was added and the tube was shaken vigorously. Subsequently, the tube was
centrifuged for 1 min at 13000 rpm. The upper aqueous phase was transferred into a new tube and
the residue extracted with 100 pL EtAc. After centrifugation, both organic extracts were pooled and
evaporated in the vacuum. The residue was dissolved in EtAc for loading. Samples were loaded
on a silica 60 TLC plate and dried for 10 min in the fume hood. Plates were developed in solvent A
(CHCI3/EtAc/MeOH/HCOOH/H20 = 30/10/4/0.5/0.5) for analysis of free BRs and acetylated BRs or
in solvent B (CHCIs/EtAc/MeOH/HCOOH/H,O = 10/10/5/2/1) for detection of glycosylated or
malonyl-glycosylated BRs. When the solvent had traveled almost to the top of the plate, the plates
were removed and dried for 10 min in the fume hood. To visualize the spots, the plates were sprayed
with enough methanolic 1% H>SO4 and heated at 110 °C for 10 min. The BRs and their conjugates

were visualized with UV of 366 nm and pictures were recorded with Cannon digital camera.

2.14 Plant feeding and sample extraction
2.14.1 BL feeding

For quantification experiments in Figure 4, around 30-35 eleven days old seedlings of Col-0,
atbmat-2, pmat1-2, pmat1-2 atbmat-2, 35S:At5MAToe, 35S::At5MAT:cMyc oe, 35S:PMAT10e and
35S::PMAT1:cMyc oe, grown on 1/2 MS plates, were transferred to sterile flasks containing 30 mL
liquid 1/2 MS media. BL was added to a final concentration of 1 yg/mL. Plant materials were
incubated on a shaker (60 rpm) placed in an incubator for 48 h. Plant material was harvested,
ground in liquid nitrogen and stored at -80 °C freezer until extraction. 10-20 mg plant material was
extracted twice with 100 uL of aqueous methanol (50+50, v+v) and deuterium-labeled internal
standard was added. Quantification of BRs was performed by Prof. Franz Berthiller (Universitat fir

Bodenkultur, Vienna, Austria).
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2.14.2 CS feeding

30-35 eleven days old seedlings of Col-0, bia1-3, bia1-1D and 35S::BIA:YFP#4.2, grown on 1/2 MS
plates, were transferred to sterile flasks containing 30 mL liquid 1/2 MS medium. CS was added to
an end concentration of 1 ug/mL. Seedlings were incubated on a shaker (60 rpm) in incubator for
24 h. Plant material was harvested, ground in liquid nitrogen and stored in -80°C freezer until
extraction. Approximately 100 mg plant material was extracted twice with 800 puL of methanol.
Measurement of CS conjugates was performed by Prof. Franz Berthiller (Universitat fir Bodenkultur,

Vienna, Austria).

2.15 Quantification of scopolin and malonylscopolin

For metabolites detection, approximately 100 mg plant materials were ground to a fine powder and
extracted using 1 mL 10% acetonitrile supplemented with 10 pL acetic acid by shaking for 10 min
in a Thermo mixer at full speed (1400 rpm). Samples were centrifuged and filtered using syringe
filter (13 mm, Nylon 66, 0.22 um). HPLC was performed with a Nucleosil C18HD 100-5 250 x 4.6
mm column using the mobile phase A (10% acetonitrile containing 1 mM formic acid) and B (100%
acetonitrile). The flow rate was 0.8 mL/min and the column oven temperature was set to 25 °C. The
fluorescence detector was set to excitation and emission wavelength of 345 and 430 nm,

respectively.
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3 Results

3.1 PMAT1 catalyzes malonylation of BL-23Glc in planta

3.1.1 Phylogenic analysis identifies eight candidates for BR-MalGlc formation

To identify proteins involved in BR-Glc malonylation a candidate gene approach was chosen. For
this purpose, BLASTP searches using PMAT1 against the Araport11 protein sequence database
were conducted and identified 71 loci with high similarity. Manual curation was done to exclude
either loci that lack a conserved motif (HxxxD or DFGWG) or loci that are redundant. A final list of

55 unique putative A. thaliana BAHD acyltransferases was obtained (Figure 1 A), which is

consistent with the results of others (Tuominen et al., 2011).
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Figure 1: Phylogenetic analysis of A. thaliana BAHD acyltransferases. (A) Phylogeny tree of 55 A. thaliana BAHD

acyltransferases. (B) Conserved domains in members of clade II.
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A phylogenetic tree was assembled with the 55 acyltransferases and showed that the enzymes
sorted into four major groups, again being consistent with previous reports (D'Auria, 2006; Yu et al.,
2009). Members from clade Il were selected as the most promising candidates for BR-Glc
malonylation, since some of them had already been shown to use malonyl-CoA as donor substrate
(Luo et al., 2007; Taguchi et al., 2010; Khan et al., 2016). Motif analysis revealed the presence of
the conserved HxxxD, DFGWG and YFGNC motifs in those candidates (Figure 1 B), providing

further support to the notion that they may utilize the common donor malonyl-CoA.

3.1.2 PMAT1 and AtSMAT catalyze the formation of BL-23MalGlc in vitro

To test, if the candidates can catalyze BR-MalGlc formation, enzymatic activity assays with
recombinant proteins were carried out. Since previous results had shown that expression as GST-
fusion proteins in Escherichia coli (E. coli) failed for some of the selected malonyltransferases, a
wheat germ extract-based in vitro protein translation system was used for protein production. The
coding regions of the eight malonyltransferases were cloned from available pGEX or pGEM vectors
into the pTNTSP6 vector which incorporates barley yellow dwarf virus sequences flanking the
protein-coding region and cMyc tag sequences at the C-terminus (Figure 2 A). Proteins were
translated and expression was analyzed by Western blot analysis using an anti-cMyc antibody. This

showed that all proteins were successfully expressed, however, efficiencies varied (Figure 2 B).

The enzymes were incubated with malonyl-CoA as a donor and 24-epiBL-23-O-Glc (24-epiBL-
23Glc) as an acceptor substrate (see synthetic procedures in 2.11). Reaction products were
separated by thin-layer-chromatography (TLC) and visualized with UV of 365 nm after spraying
with sulfuric acid. The results showed that an additional band was obtained in the reactions with
cMyc-tagged PMAT1 and also with AtSMAT, albeit at a lower level for the latter (Figure 2 C). No
products were produced with any of the other enzymes. To verify the catalytic activities of PMAT1
and AtSMAT and investigate the enzymes in vitro activities in more detail, both proteins were
expressed in E. coli BL21. The activity assays with 24-epiBL-23Glc and malonyl-CoA were then

repeated and different buffer pH conditions and input protein amounts were tested.
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Figure 2: PMAT1 and AtSMAT showed malonyltransferase activity against 24-epiBL-23Glc. (A) lllustration of the
pTNTSP6 vector. SP6: SP6 promoter, T7: T7 promoter, BYDV 5’'UTR: barley yellow dwarf virus 5’'untranslated region,
cMyc: cMyc tag, BYDV 3'TE: barley yellow dwarf virus 3’ translation element, T7 ter: T7 terminator sequence. (B) Western
blot analysis of translated products using an anti-cMyc antibody. (C) Activity of the expressed malonyltransferases toward
24-epiBL-23Glc. Reaction products were separated by TLC. Positions of malonylated products are indicated by asterisks.
(D) 24-epiBL-23Glc were incubated with 180 ng GST-PMAT1 or 750 ng GST-At5MAT under pH levels as indicated. (E)
24-epiBL-23Glc were incubated with different amounts of GST-PMAT1 or GST-AtSMAT as indicated. Samples were
extracted and run on TLC. Positions of 24-epiBL-23Glc are indicated. Malonylated products in (D, E) are indicated by

arrows on left side.

This showed that both enzymes preferred neutral to slight alkaline conditions, with best conversion
rates at pH 7.5 to pH 8.0 (Figure 2 D). For input protein amounts, PMAT1 activity clearly increased,
when the protein amount was dropped from 3 to 0.18 pg. In contrast, AtSMAT activity decreased by

reducing input protein concentrations (Figure 2 E). In summary, there is evidence that both PMAT1
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and AtSMAT catalyzed the transfer of a malonyl moiety from malonyl-CoA to 24-epiBL-23Glc in vitro,
but PMAT1 had higher catalytic activity than AtSMAT.

3.1.3 PMAT1 and At5MAT knock out and overexpression plants do not show obvious

developmental defects

To investigate the function of the two malonyltransferases in planta, T-DNA-insertion lines with
predicated insertions in the open reading frames of the genes were ordered from NASC and the T-
DNA insertion sites were identified by PCR and sequencing. Line SALK 007564 was previously
characterized as pmat1-2 (Khan et al., 2016). In line with the previously published work, the T-DNA
was found to be integrated at position 538 bp of the PMAT1 open reading frame (Figure 3 A). Line
SM_3 35619 harbors a T-DNA in the AtSMAT gene at position 929 bp (Figure 3 A). Since one
atbmat knock out allele has already been published, but is not the same line (D'Auria et al., 2007b),
this new allele was named atbmat-2. Double pmat1-2 atbmat-2 mutants were generated by crossing

and homozygosity of the offspring was analyzed by RT-PCR in the F3 generation (Figure 3 B).

In addition to generate knock out mutants in a single and higher order setting, overexpression lines
were characterized. Wild type Col-0 plants transformed with 35S:PMAT1 or 35S:At5MAT constructs
had previously been generated in the Poppenberger lab and were obtained in the T2 generation.
Homozygous lines from independent transgenic individuals were selected and transgene
expression was determined by qPCR. This showed that 35S:PMAT7oe line -3, -6 and -8
(35S:PMAT10e-3, -6, -8) and 35S:At5MAToe line -1.2, -5.4 and -10.5 (35S:At5MAToe-1.2, -5.4, -
10.5) had high levels of transgene expression (Figure 3 C, D). These lines were selected for further

experiments.

Both knock out and overexpression lines were phenotyped and it was found that under standard
growth conditions, they did not exhibit obvious morphological differences in the adult growth stage
(Figure 3 E). Also in term of seedling hypocotyl and root elongation, as well as cotyledon areas
there were no significant differences to wild type under low light conditions (Figure 3 F, G, H). To

assess if BR responsive growth might be altered, the effect of externally applied 24-epiBL on
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hypocotyl elongation in the dark was studied. Again, no significant differences to wild type

responses were observed (Figure 3 |).
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Figure 3: A loss or gain of PMAT1 and AtSMAT function did not yield obvious morphological phenotypes. (A) lllustration
of the T-DNA insertions sites in the two genes. The insertion position is marked by triangles with the respective nucleotide
number counted from the start codon. (B) PMAT1 and AtSMAT gene expression in wild type, single- and double insertion
mutants were determined by RT-PCR analysis. Expression of GAPC2 is shown as a reference. (C, D) Expression levels
of the PMAT1 or AtSMAT in wild type and overexpression lines relative to GAPC2. (E) Representative pictures of 3-week-
old plants of the indicated genotypes. (F) Hypocotyl length of plants with altered PMAT1 expression grown for 5 DAG
(days after germination) on 1/2 MS medium under low light conditions (16 h white light, 20 pmol-m=2-s7'/8 h dark). (G)
Cotyledon area of plants grown under low light conditions for 8 DAG. (H) Root length of 5 or 8 DAG seedlings grown
under low light conditions. (I) 24-epiBL sensitivity test of 356S:PMAT10e and pmat1-2 knock out plants. Seedlings were
grown on 1/2 MS medium supplied with 10, 100, 250 nM 24-epiBL in the dark for 3 days. Plates supplemented with the
pure solvent (DMSO) served as control. The columns and bars represent the average and SD of three replicates in (C,
D) and at least 25 individuals in (F-I).
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3.1.4 A loss of PMAT1 function abolishes BL-23MalGlc formation capacities

The generated knock out and overexpression lines were used to test whether altering PMAT1 or
AtSMAT expression may impact the BR-Glc malonylation capacities of plants. For this purpose,
feeding experiments were performed with BL, since it is known that this can increase BR-GIc
concentrations to detectable amounts (endogenous levels are below the detection limit
(Poppenberger et al., 2005; Husar et al., 2011)). For the feeding experiment standards had to be
generated, since BL-23Glc and BL-23MalGlc are not commercially available. They were generated
using an enzyme catalyzed approach. First UDP-glycosyltransferase UGT73C5 from A. thaliana
was used to catalyze the formation of BL-23Glc from BL and UDP-glucose (Poppenberger et al.,
2005). Then PMAT1 was used to generate BL-23MalGlc from BL-23Glc. Synthesized BL-23Glc and

BL-23MalGlc were quantified by TLC analysis using BL as a standard (Figure 4 A).

In addition to the untagged lines also cMyc-tagged lines were used in the feeding studies. Wild type
Col-0 plants transformed with 35S::PMAT1:cMyc or 35S::AtSMAT:cMyc constructs had previously
been generated in the Poppenberger lab and were obtained in the T2 generation. Homozygous
lines from independent transgenic individuals were selected and transgene expression was
determined by Western blot analysis. This showed that 35S::PMAT1.cMyc oe line -15, -38, -43 and
35S::At6MAT:cMyc oe line -3.1, -6.3, -7.2 had high levels of transgene expression (Figure 4 B).
For the feeding experiments, 11-day-old seedlings of all lines and wild type were incubated in liquid
1/2 MS medium supplemented with 1 pg/mL BL for 48 hours. Following methanol extraction, the
samples were analyzed by HPLC-QTOF using BL-23GlIc and BL-23MalGlc as standards, which
was carried out by Prof. Franz Berthiller at the Universitat flir Bodenkultur, Vienna, Austria. The
results showed that while in the atbmat-2 mutant, BL-23MalGlc levels were comparable to wild type,
BL-23MalGlc was undetectable in the pmat1-2 single and the pmat1-2 atbmat-2 double mutant
(Figure 4 C), providing evidence that PMAT1 is required for its formation while AtSMAT is of minor
importance. In the pmatl-2 single and pmatl-2 atSmat-2 double mutants increased amounts of the
substrate, BL-23Glc, were observed (Figure 4 D), indicating that the decreased conversion to BL-
23MalGlc enriched BL-23Glc in that plants. In the PMAT1 and AtSMAT overexpression lines, similar

amounts of BL-23GIc and BL-23MalGlc were detected like in wild type (Figure 4 C, D).
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values at p < 0.05 (one way ANOVA, Tukey post hoc test) to wild type.

3.1.5 PMAT1 overexpression enhances BR deficiency in plants with increased BR-glucoside

accumulation

While PMAT1 efficiently catalyzed malonylation of BR-Glc in vitro, and a loss of PMAT1 function
abolished BL-23MalGlc formation in planta, PMAT 1o0e plants did not show increased BL-23MalGlc
levels. Several reasons may account for this fact, one being insufficient BL-23Glc acceptor
availability in these lines. To test the hypothesis that BL-23Glc substrate is the limiting factor,

PMAT10e-8 was introduced into the UGT73C6 overexpression line UGT73C6:YFP-30 (Husar et al.,
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2011) by crossing. UGT73C6o0e plants accumulated large amounts of BL-23GIlc and showed
dwarfism and other typical symptoms of BR-deficiency (Husar et al., 2011). In addition, also
At5MAToe-10.5 was crossed with UGT73C6:YFP-30 and F3 progeny homozygous for the
transgenes was selected. Since all used overexpression constructs are driven by the 35S promoter,
gPCR analysis was used to assess whether cosuppression of the transgenes occurred. When
seedlings from agarose plates were used as sample, qPCR analysis showed that no AtSMAT co-
repression occurred in line AtSMAToe-10.5 x UGT73C6:YFP-30 (Figure 5 A). Only PMAT1 co-
repression occurred to some extent, yielding approximately 30% reduction of PMAT1 mRNA as
compared to the parent line in the double over-expressor PMAT10e-8 x UGT73C6:YFP-30 (Figure
5 B). UGT73C6 expression was not cosuppressed, neither in line PMAT1o0e-8 x UGT73C6:YFP-30
nor in line AtsMAToe-10.5 x UGT73C6:YFP-30 (Figure 5 C). Seedlings were then transferred to
soil and grown for longer time. Under soil conditions, plants in line At5MAToe-10.5 X
UGT73C6:YFP-30 did not show any cosuppression effects, while plants in line PMAT1loe-8 x
UGT73C6:YFP-30 exhibited varied cosuppression phenotypes. Moreover, the cosuppressed plants
in the double over-expressor PMAT10e-8 x UGT73C6:YFP-30 can be clearly differentiated and
removed in following analysis. When opened flowers of non-cosuppression plants in line PMAT1oe-
8 x UGT73C6:YFP-30 from soil were used as sample, gPCR analysis revealed that both PMAT1
and UGT73C6 in the double over-expressor PMAT1oe-8 x UGT73C6:YFP-30 did not show co-

repression as compared to the parent lines (Figure 5 D, E).

To investigate the impact of introducing PMAT1 and AtSMAT into the UGT73C6:YFP background,
several growth parameters were investigated in the F3 progeny of the crosses and compared to
the parental lines and wild type. At 32 days post germination it was apparent that the characteristic
BR-deficient phenotype of the UGT73C6:YFP line was intensified by overexpression of PMAT1 in
PMAT1oe-8 x UGT73C6:YFP-30, since rosette size was significantly reduced (Figure 5 F, G). This
effect was not seen in the AtSMAToe-10.5 x UGT73C6:YFP-30 line (Figure 5 F, G). At 8 weeks
post germination the enhanced BR-deficient phenotype of PMAT1loe-8 x UGT73C6:YFP-30
became even more obvious: plant height and fertility were strongly compromised and senescence

was further delayed as compared to the UGT73C6:YFP-30 parent (Figure 5 H, 1).
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Figure 5: PMAT1 overexpression enhanced the BR-deficient phenotypes of UGT73C60e plants. (A-E) Expression levels
of AtSMAT (A), PMAT1 (B, D) and UGT73C6 (C, E) in the seedlings or the opened flowers of wild type, single- and double
overexpressing plants were analyzed by gqPCR. GAPC2 was used as a reference. The columns and bars indicate the
average and SD of four to eight biological replicates. (F) Representative plants of the double over-expressors, parental
lines and wild type. The plants were grown on agar medium for 11 days and then grown in soil for 21 days. (G) Rosette
diameters of plants shown in (F). (H) Representative plants of the indicated lines grown for 8 weeks in soil. (1) Plant height

of the plants shown in (H). Values are means + SD of at least 12 plants in (G, I).
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To investigate if the enhanced BR-deficient phenotype of PMAT10e-8 x UGT73C6:YFP-30 is due
to decreased BR activity in this line, two types of readouts for BR signaling capacity were measured.
On the one hand, the expression of the BR biosynthetic genes CPD, ROT3 and BR60X2, which
are feedback-induced by BR deficiency (Bancos et al., 2002; Tanaka et al., 2005), was analyzed
by gPCRs. One the other hand the phosphorylation state of BES1 was determined by Western blot
analysis, using a BES1-specific antibody (Yin et al., 2002). This showed that, when compared to
the parental lines and wild type, the expression of all analyzed BR biosynthetic genes was elevated
in the double over-expressor PMAT1oe-8 x UGT73C6:YFP-30 (Figure 6 A-C). This was correlated
with decreased levels of BES1 proteins (Figure 6 D), providing clear evidence that BR signaling

capacities are reduced in this line.
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Figure 6: Combined overexpression of PMAT1 and UGT73C6 increased the expression of BR biosynthesis genes and
decreased BES1 protein levels. (A-C) The relative expression levels of the BR marker genes of CPD, ROT3 and BR60X2
in the Col-0 wild type, parental and double overexpression lines were measured. GAPC2 was used as a reference.
Opened flowers were used for analysis. The columns and bars indicate the average and SD of four to eight biological
replicates. Different letters indicate significantly different values at p < 0.05 (one way ANOVA, Tukey post hoc test). (D)
The phosphorylation status of BES1 in the wild type, parental and double overexpression lines. Opened flowers were

used for analysis.

3.1.6 Response of PMAT1 expression to BR-treatment and coregulation with UGT73C6

Several genes encoding BR catabolizing enzymes are induced by BR (Roh et al., 2012; Schneider
et al., 2012; Wang et al., 2012; Choi et al., 2013; Zhu et al., 2013), which allows for BR signaling to
increase their expression when BR levels become too high. To investigate whether PMAT1 and/ or

AtSMAT are BR-regulated, 10-day-old wild type seedlings were treated with 24-epiBL for 24 hours
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and transcript levels determined by gPCR. Expression of both genes was significantly increased by
BR-treatment (Figure 7 A, B). To test if the BR-induction requires BR signaling the analysis was
repeated with the bril-1 mutant, which is a null allele of BRI1 in which BR signaling is severely
compromised (Li and Chory, 1997). In bril-1 both genes were down-regulated constitutively and
their expression was not responsive to external 24-epiBL (Figure 7 A, B). Thus, in summary there

is evidence that BR signaling positively regulates the expression of both PMAT1 and At5MAT.
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Figure 7: PMAT1 is induced by BL and coregulates with UGT73C6. Impact of BR-treatment on PMAT1 (A) and AtS6MAT
(B) expression. Wild type (Col-0) and bri1-1 plants were grown on 1/2 MS plates for 10 days and then transferred to liquid
1/2 MS medium supplemented with 1 yM 24-epiBL for 24 hours. Liquid 1/2 MS medium supplemented with DMSO was
control. Expression of GAPC2 was used for normalization. Values are means + SD of four biological replicates. Different
letters indicate significantly different values at p < 0.05 (one way ANOVA, Tukey post hoc test). (C) Coexpression analysis

using public transcriptome data from TAIR.

Catabolizing enzymes that cooperate in the conversion of secondary metabolites and act in
consecutive manners are often co-regulated. This is essential in particular in metabolite
biosynthesis processes, where a first catabolizing step, often glucosylation, can produce a more
reactive product that requires by a second modification, for example malonylation (D'Auria et al.,
2007b; Heiling et al., 2010; Irmisch et al., 2018; Chen et al., 2020). To assess if expression of
UGT73C6 and PMAT1 may be coordinately regulated, the publicly available transcriptome
database of the University of Toronto at http://bar.utoronto.ca/efp/cgi-bin/efpWeb.cgi was consulted.
This showed that PMAT1 was the top co-expressed gene of UGT73C6, having a Pearson
correlation coefficient (r = 0.76). In terms of developmental regulation PMAT1 was mainly
expressed in the sepals, petals and stamen of flower at stage 15, which highly overlaps with the

expression pattern of UGT73C6 (Figure 7 C). AtSMAT expression, in constitutive settings, is very
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low in these tissues, an indication that PMAT1 is of higher relevance for the conversion of products

of UGT73C6 activity.

3.2 PMAT1 catalyzes malonylation of scopolin in planta

3.2.1 PMAT1 and PMAT2 catalyze malonylation of scopolin in vitro

PMATL1 and its close homologue PMAT2 have previously been shown to be able to convert the
coumarin scopolin, a secondary metabolite that is thought to be of relevance for defense reactions
of plants (Stringlis et al., 2019) into its malonylated product (Taguchi et al., 2010). To expand the
PMAT1 work into additional acceptor substance groups, scopolin was used as an acceptor and in
vitro malonylation assays were carried out. All cloned malonyltransferases were included (Figure
2 B), to compare activities among PMAT1 relatives. The results showed that whereas the other
tested malonyltransferases displayed only marginal activity, both PMAT1 and PMAT2 were able to
catalyze formation of malonylscopolin (Figure 8 A, B). As compared to the control reaction, PMAT1
produced 3.3 nmol malonylscopolin per hour, and PMAT2 formed 0.7 nmol malonylscopolin per

hour (Figure 8 A, B).
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Figure 8: PMAT1 and PMAT2 showed malonyltransferase activities toward scopolin. (A) Eight malonyltransferases were
incubated with scopolin and malonyl-CoA. At the end of the incubation, reaction products were subjected to HPLC
analysis. Values are means + SD of two biological replicates, each of which contains two technical replicates. (B) HPLC
profiles obtained from reactions in (A). (C, D) Kinetics of PMAT1 (C) and PMAT2 (D) with scopolin as acceptor substrates.

Plot according to the Michaelis-Menten equation is represented as solid lines. Values are means + SE of three replicates.
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To further characterize the enzymes catalytic properties in vitro, the coding region of PMAT1 and
PMAT2 were fused with an N-terminal GST tag and purified from E. coli BL21 using GST-beads.
Following optimization of the reaction conditions, enzyme kinetics were established and showed
that the calculated Km value of PMAT1 on scopolin was approximately 5.5 mM, which is
comparable to the Km of PMAT2 (3 mM). However, PMAT1 displayed a much higher specific
catalytic velocity efficiency of approximately 785 ymol*h*mg?, as compared to PMAT2 with a

specific activity of approximately 111 ymol*h**mg* (Figure 8 C, D).

3.2.2 PMAT1 catalyzes scopolin malonylation in planta

Since both PMAT1 and PMAT2 could catalyze scopolin malonylation in vitro, it was decided to
generate double mutants affected in the expression of both enzymes, for investigating their
functions in planta. A PMAT2 mutant was ordered from NASC (WiscDsLox508E02) with a predicted
insertion at position 521 bp of the PMAT2 open reading frame. In this line PMAT2 expression was
not detectable (Figure 9 A, B). It was named pmat2-1, since it is the first allele to be described.
pmat2-1 was crossed with pmatl-2, homozygous lines for both insertions were selected and RT-
PCRs confirmed that the expression of both genes was below the detection limits in the pmat1-2
pmat2-1 double mutant (Figure 9 B). To complement the loss-of-function analyses, PMAT2
overexpression lines were generated. For this purpose, wild type Col-0 plants transformed with
35S:PMAT?2 construct were generated. Homozygous lines from independent transgenic individuals
were selected and transgene expression was determined by qPCRs (Figure 9 C). No obvious
phenotypic changes were observed under standard growing conditions in these overexpression

lines.

To investigate if in plants with altered PMAT1 and/or PMAT2 abundance scopolin homeostasis was
altered, scopolin and malonylscopolin quantities were determined in aerial tissues of 11-day-old
seedlings of the knock-out lines by HPLC. This showed that whereas in the pmat2-1 mutant similar
amounts of malonylscopolin were detected like in wild type, pmatl-2 was unable to form
malonylated scopolin in the tissues assessed (Figure 9 D). Correspondingly, also in the pmat1-2

pmat2-1 double mutant malonylscopolin formation was defective (Figure 9 D). While the
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differences in malonylscopolin abundance were clear, the abundance of the substrate scopolin was
not altered in neither of the analyzed lines (Figure 9 D). In addition to the knockout lines, also the
PMAT1 and PMAT2 overexpression lines were included in the analyses. This showed that
malonylscopolin abundance was strongly increased by almost 10-fold and scopolin level was
depleted by about 4-5 folds in the PMAT1oe and PMAT2oe lines (Figure 9 D). Thus in summary,
there is clear evidence that PMAT1 acts in the malonylation of scopolin and that this activity can

reduce levels of scopolin in plants.
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Figure 9: PMAT1 and PMAT2 can malonylate scopolin in planta. (A) lllustration of the T-DNA insertion in the PMAT2
gene. The insertion position is marked by a triangle with the respective nucleotide number counted from the start codon.
(B) PMAT1 and PMAT2 gene expressions in wild type (Col-0), single- and double insertion mutant were determined by
RT-PCR analysis. Expression of GAPC2 is shown as reference. (C) Expression levels of PMAT2 in wild type and
overexpression lines relative to GAPC2. (D) Levels of malonylscopolin, scopolin and scopoletin in wild type (Col-0), knock
out mutants and overexpression lines as indicated. Plants were grown on 1/2 MS plates for 11 days under standard
conditions. Approximately 100 mg aerial plant material was harvested, extracted and measured. Values are the means

of five replicates + SE; n.d., not detected.

3.2.3 PMAT1 and PMAT2 overexpression increases scopoletin tolerance

Scopoletin, the aglycon of scopolin, has phytotoxic activity in plants, which is well-documented for
A. thaliana (Grana et al., 2017). To address whether altered scopolin malonylation capacities may
impact the phytotoxic potential of scopoletin in plants, the PMAT1 and PMAT2 knock out and
overexpression lines were plated on scopoletin-containing media and the effects on primary root
elongation and over-all seedling development were evaluated. The root elongation of wild type
seedlings was inhibited by scopoletin in a dose-dependent manner, with an inhibition of close to

50% for 5 pg/mL and close to 80% for 10 ug/mL scopoletin (Figure 10 A, B). While the single and
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double pmat1 and pmat2 mutants showed the same response like wild type, the overexpression
lines were clearly resistant to scopoletin. In particular the PMAT1oe lines showed a high level of
scopoletin tolerance, with essentially no repression of primary root elongation even at 10 pyg/mL
(Figure 10 A, B) and a clearly reduced repression of over-all development at 30 ug/mL post

germination as compared to all other lines (Figure 10 C, D).
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Figure 10: Effect of scopoletin on root elongation and growth of different A. thaliana genotypes. (A) Representative
seedlings of Col-0 wild type, pmat1-2 or pmat2-1 single mutant, pmat1-2 pmat2-1 double mutant, PMAT1oe and
PMAT20e lines. Plants were vertically grown on 1/2 MS medium for 7 d. Scopoletin concentrations were 5 or 10 pg/mL.
Pure solvent (DMSO) was used as a control. (B) Quantification of the root length of the plants shown in (A). Values are
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means + SD of at least 33 individuals. (C, D) Images of representative 12-day-old seedling of the indicated genotypes.
Plants were grown on 1/2 MS medium containing scopoletin (30 pg/mL).
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3.3 BIA1 inactivates CS by acylation
3.3.1 BIA1 acylates CS and CS variants

BIA1 is an acyltransferase that had previously been implicated in the control of BR homeostasis.
However, its enzymatic activity had remained elusive. The BR profiles of the dominant bia7-1D
mutant indicated that BIA1 might acylate BR intermediates, probably including the bioactive BR
(Roh etal., 2012; Wang et al., 2012). To test this, BIA1 was expressed as GST-tagged fusion protein
in E. coli BL21 and purified by affinity chromatography. As potential substrates CS and 24-epiBL
were selected. As the most promising CoA-thioester, myristoyl-CoA was tested since all BR-acyl
conjugates described so far contains lauric acid, myristic acid or palmitic acid as acyl components
(Asakawa et al., 1994; Kolbe et al., 1995; Soeno et al., 2000; Schneider et al., 2012). In addition,
acetyl-CoA, caffeoyl-CoA, coumaroyl-CoA and malonyl-CoA served as controls. Enzymatic reaction
conditions were adapted from Schneider and collaborators, and the reaction products were
extracted and analyzed by TLC (Augustin et al., 2012; Schneider et al., 2012). Surprisingly, a
modified band was observed for the BIA1-catalyzed reaction of acetyl-CoA with CS, while no activity
was seen for the other CoA donors (Figure 11 A). For the reaction of 24-epiBL with acetyl-CoA,
activity was observed albeit at a low level as indicated by the weak band of the product (Figure 11
B). Analysis of the reaction products by HPLC-QTOF (carried out by Prof. Franz Berthiller,
Universitat fur Bodenkultur, Vienna, Austria) revealed that for both reactions mainly the diacetylation
products were obtained while only minor amounts of the monoacetylation products were detected

(Table 3).

Table 3: Analysis of acetylation products of CS and CS variants by HPLC-QTOF (carried out by Prof. Franz Berthiller,
Universitat fur Bodenkultur, Vienna, Austria).

C-2 C-3 C-22 C-23 C-24 Monoacetylation Diacetylation
OH OH OH OH CHs; product (Area%) product (Area%)

Castasterone (CS) a a R R S 1.3 98.7
24-epibrassinolide (24-epiBL) a a R R R 3.9 96.1
24-epicastasterone (24-epiCS) a a R R R 8.5 91.5
6-deoxo-24-epicastasterone (6-0x0-24-epiCS) a a R R R 3.8 96.2
tris-epicastasterone (tris-epiCS) a a S S R 46.9 53.1
3,24-diepicastasterone (3,24-diepiCS) a B R R R 100.0 0.0
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Figure 11: Activity of the purified BIA1 proteins toward CS variants. (A-F) Enzyme assays contained 3 pg of recombinant
BIA1 in a total volume of 20 yL and 1 mM CS (A), 24-epiBL (B), 24-epiCS (C), 6-deoxo-24-epiCS (D), tris-epiCS (E), or
3,24-diepiCS (F) as acceptor substrates. Lane 1 was substrate control. 10 mM acetyl-CoA (lane 2), 2.5 mM caffeoyl-CoA
(lane 3), 2.5 mM coumaroyl-CoA (lane 4), 2.5 mM malonyl-CoA (lane 5) or 2.5 mM myristoyl-CoA (lane 6) were added as
donors. (G) Caffeoyl-CoA caused a fluorescent band indicated by hashes (lanes 4 and 5). In contrast, acetyl-CoA does
not show autofluorescence (lanes 2 and 3). Positions of acetylation reaction products are indicated by asterisks (lane 3).
The assays (A-G) were incubated at 25 °C for overnight. Samples were extracted and analyzed by TLC. Positions of

reaction products are indicated by asterisks. Hashes indicates autofluorescence originating from caffeoyl-CoA.

To investigate the structural properties required for CS acetylation in more detail, the CS variants
24-epiCS, 6-deoxo-24-epiCS, tris-epiCS and 3,24-diepiCS were tested. BIA1 acetylated 24-epiCS

efficiently (Figure 11 C), indicating that the stereochemical pattern of C24 carrying a methyl group
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is of minor importance. Similar to CS and 24-epiBL, mainly the diacetylation product was obtained
(Table 3). A comparable result was also observed for 6-deoxo-24-epiCS (Figure 11 D, Table 3),
suggesting that the 6-oxo group is not required for BIA1 activity. When tris-epiCS was used as a
substrate, two bands were observed by TLC analysis (Figure 11 E), one fast migrating and a
second slow migrating one. Analysis by HPLC-QTOF (carried out by Prof. Franz Berthiller,
Universitat fur Bodenkultur, Vienna, Austria) revealed that similar amounts of mono and
diacetylation products were obtained (Table 3). This suggests that the stereochemical properties
of C22 and/or C23 carrying OH groups are critical for BIA1-mediated acetylation. Interestingly, for
3,24-diepiCS only a slow migrating band was observed by TLC analysis (Figure 11 F), indicating
that solely the monoacetylation product was formed. This assumption was fully confirmed by HPLC-
QTOF analysis (carried out by Prof. Franz Berthiller, Universitat fir Bodenkultur, Vienna, Austria)
(Table 3). Afluorescent band was also seen for all reactions when using caffeoyl-CoA as acyl donor.
However, control reactions revealed that this band originates from caffeoyl-CoA itself and is not a
conjugate (Figure 11 G). Taken together, these data suggest that CS is mainly diacetylated by BIA1.
One acetyl residue seems to be transferred to ring A, most likely to the hydroxy group on C-3, and
the second acetyl moiety to the aliphatic side chain, either to the hydroxy group on C-22 or the one

on C-23.

Recently, BIA2, a homolog of BIA1 sharing 37% identity at the amino acid level, was reported to
induce strong BR-deficiency phenotypes when over-expressed in A. thaliana (Zhang and Xu, 2018).
To investigate whether this putative BAHD acyltransferase may also acetylate CS and thus act
redundantly to BIA1, the corresponding cDNA was cloned and a GST fusion protein produced by
heterologous expression in E. coli. However, the obtained recombinant protein did not show any
activities using different CS variants and 24-epiBL as substrates and acetyl, malonyl, caffeoyl,
coumaroyl and myristoyl-CoA as co-substrates (Figure 12). These data suggest that either the

purified recombinant protein was not active or BIA1 doesn’t have acylation activity.
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Figure 12: Activity of purified BIA2 proteins toward CS variants. Enzyme assays contained recombinant BIA2 and 1 mM
CS, 24-epiBL, 24-epiCS, 6-deoxo-24-epiCS, tris-epiCS, or 3,24-diepiCS as acceptor substrates. In both panels, lane 1
was substrate control. 10 mM acetyl-CoA (lane 2), 2.5 mM caffeoyl-CoA (lane 4), 2.5 mM coumaroyl-CoA (lane 5), 2.5

mM malonyl-CoA (lane 6) or 2.5 mM myristoyl-CoA (lane 7) as donor, lane 3 was caffeoyl-CoA control. Hashes indicates
autofluorescence originating from caffeoyl-CoA.

3.3.2 Enzymatic properties of BIA1

To investigate the enzymatic properties of recombinant BIA1 in more detail, the enzymatic activity
was tested in different conditions. First the impact of the pH on BIA1 activity was analyzed using a
pH range of 6.5 to 10 (Figure 13 A). BIA1 had higher activity in a slight alkaline environment with
an optimum at pH 9. Below pH 7 hardly any activity was observed. Then the liner range for the
reaction time was determined, which was seen during the first 8 hours (Figure 13 B). Next the
impact of the reaction temperature on BIA1 activity was explored, testing a temperature range from
10 to 50 °C. This showed that BIA1 activity increased when the temperature was increased from
10 to 40 °C (Figure 13 C), reaching a peak at 40 °C and then decreasing again. Using the
established conditions (25 mM diethanolamine/phosphate buffer pH 9.0, 30 °C reaction
temperature and 1 h reaction time), an enzyme kinetic was measured. The reaction product CSAc,
was derivatized with dansylhydrazine to allow quantification of low CS concentrations by HPLC with

fluorescence detection (Winter et al., 1999). The results gave a Km value for BIA1 on CS of
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approximately 25 yM and a maximal reaction velocity Vmax of 1.3 ymol*h"*mg™ (Figure 13 D).

Thus, BIA1 shows high affinity for CS.
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Figure 13: Catalytic properties of BIA1. (A) pH. (B) Reaction time. (C) Temperature, (D) Plot according to the Michaelis-
Menten equation is represented as solid lines. Values are mean + SE of two (A, C) or three (B, D) replicates.

3.3.3 BIA1 acetylates CS in planta

To determine if acylCS and diacylCS are formed also in planta and assess if BIA1 is required, the
bia1-3 T-DNA insertional mutant was obtained and characterized. Sequencing revealed that the T-
DNA is integrated 49 bp up-stream of the STOP codon and qPCR analysis showed that the
transcript abundance in the mutant was reduced to approximately 15% of wild type (Figure 14 A).
In addition, wild type Col-0 plants transformed with 35S::BIA1:YFP construct had previously been
generated in the Poppenberger lab and were obtained in the T2 generation to be included. The
strongest symptoms of BR-deficiency were seen in line #4.2 (Figure 14 B), which also formed most
BIA1-YFP protein (Figure 14 B). BR metabolites are difficult to detect due to their low abundance
under normal conditions. However, several studies have shown that novel BRs metabolites can be
increased to detectable amounts by externally supplying BRs (Kolbe et al., 1995; Kolbe et al., 1996;
Neff et al., 1999; Husar et al., 2011). Thus a feeding experiment was conducted by using wild type
seedling, the bia71-3 knock-out line, dominant bia7-1D mutant and the 35S::BIA1-YFP#4.2
overexpression line. For this purpose, seedlings were transferred to 30 mL liquid medium containing
CS at a final concentration of 1 pg/mL and incubated for 24 hours. Samples were extracted with
methanol and analyzed by HPLC-QTOF (carried out by Prof. Franz Berthiller, Universitat fur

Bodenkultur, Vienna, Austria).
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Figure 14: BIA1 acetylates CS in vivo. (A) BIA1 transcript levels in wild type plants and the bia7-3 knock out line. Data
were normalized to GAPC2. (B) Phenotypes of wild type and BIA1 overexpression plants (left panel). Expression of the
transgene was confirmed by Western blot analysis (right panel). (C) HPLC-QTOF metabolite analysis of 12 days old A.
thaliana seedlings. The columns and bars represent the average and SD of three to four biological replicates; n.d., not
detected. Numbers are P-values of a two sided t-test with heteroscedastic variance for difference to wild type. Only
significant (<0.05) values are shown. Measurement in (C) was performed by Prof. Franz Berthiller, Universitat fir

Bodenkultur, Vienna, Austria.

In all samples, unmodified CS was detected at similar levels (Figure 14 C), which is not surprising
given that CS was added in large excess. More interestingly, a metabolite with a mass
corresponding to CSAc, was detected in wild type, bia1-1D and 35S::BIA1-YFP#4.2 plants. This
metabolite was 100-times more abundant in bia7-1D and 35S::BIA1-YFP#4.2 plants than in wild
type (Figure 14 C). However, it was undetectable in the bia7-3 knock out mutants. In addition,
peaks with a mass corresponding to monoacetylated CS were detected. Both peaks were present
in wild type, bia1-1D and 35S::BIA1-YFP#4.2 plants but absent in the bia7-3 mutant. These results

confirm that CS is acetylated in A. thaliana seedlings by BIA1.
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4 Discussion

Malonylation, the addition of a malonyl group from malonyl-CoA to the glucosyl moiety of glycosides,
is a common modification of plant metabolites. It participates in the detoxification of xenobiotics and
re-localization of secondary metabolites to specific cellular compartments. In plants, these functions
are largely achieved by BAHD acyltransferases (D'Auria, 2006; Bontpart et al., 2015). Although
these enzymes have been studies for a long time, to date only a small number of them have been
characterized. By combining phylogenetic analysis of the BAHD acyltransferases and assays of in
vitro enzymatic activities of eight candidates which sorted into one clade, PMAT1 and AtSMAT were
identified to catalyze formation of 24-epiBL-23MalGlc, while PMAT1 and PMAT2 were shown to
catalyze malonylation of scopolin. In contrast to these enzymes, other members of this clade did
not show activities against the two substrates under the tested conditions. Previously, PMAT1 has
been implicated in the modification of phenolic glucosides and N-lauroylethanolamine glucoside
(Taguchi et al., 2010; Khan et al., 2016). Similar to PMAT1, PMAT2 has been shown to exhibit a
broad substrate specificity in vitro (Taguchi et al., 2010). In contrast, AtSMAT showed strong activity
towards anthocyanin glucosides (D'Auria et al., 2007b; Luo et al., 2007). It seems that these
acyltransferases have specificity for certain acyl-acceptor substrates even though they group into
the same clade. This differences in substrate specificities suggests that although acyltransferase

sequences can give indications of enzymatic activities, experimental validation is required.

To investigate the biological function of the selected BAHD acyltransferases in more detail, in planta
studies were performed. The results of feeding experiment with BL revealed that BL-23MalGlc was
not detected in seedlings of either pmat1 mutants or pmat1 atbmat double mutants. However,
atbmat mutants had comparable BL-23MalGlc as wild type. Moreover, the depletion of BL-23MalGlc
in either pmat1 mutants or pmat1 atbmat double mutants was accompanied by an increase in the
amount of the acceptor substrate BL-23Glc. These results indicate that in seedling tissues PMAT1
is the main enzyme required for catalyzing malonylation of BL-23Glc. This is also supported by the
observations that in vitro PMAT1 had much higher catalytic activity than AtSMAT and that PMAT1
was more strongly expressed in seedling tissues as compared with At5MAT. However, both At5MAT
and PMAT1 overexpression lines had comparable levels of BL-23Glc and BL-23MalGlc as wild type
plants, indicating that the availability of the BL-23Glc substrate produced by UGT73C5 and
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UGT73C6 is a limiting factor. Genetic combination experiments with UGT73C6oe also confirmed
that PMAT1 but not AtSMAT could enhance BR deficiency in a background that hyper-accumulates
BR-Glc. Co-expression analysis using publicly available transcriptome data, provided indications
that PMAT1 expression may be co-regulated with UGT73C6, suggesting that the capability of
PMAT1 to malonylate glucosylated substrates might be dependent on the function of UGT73C6
and/or redundantly acting UGTs. This is supported by the fact that PMAT1 overexpression effects
in terms of increased BR inactivation can only be seen in the UGT73C6oe background. The
observation that the phenotypes of PMAT10e-8 x UGT73C6:YFP-30 double transgenic lines are
intensified as compared to their parental lines indicates that malonylation might prevent a re-

activation of BR glucosides and this will require verification.

The in planta studies also expand our knowledge of the functions of PMAT1 in scopolin malonylation.
In seedlings, a knock-out of PMAT1 yielded an absence of malonylscopolin. In contrast,
overexpression of PMAT1 dramatically increased the levels of malonylscopolin. These data indicate
that PMAT1 catalyzes malonylscopolin biosynthesis in planta. Also PMATZ2 overexpression plants
accumulated higher levels of malonylscopolin. However, pmat2 mutants had comparable
concentration of malonylscopolin as wild type plants, suggesting that PMAT1 can complement for
a loss of PMAT2 function in seedlings, but not vice versa. This may be due to an absence of PMAT2

expression in seedling tissues, which would need to be tested.

Scopoletin, the aglycone of scopolin, is a compound with a strong phytotoxic potential (Tal and
Robeson, 1986). For instance, Andreae found that high concentrations of scopoletin suppressed
root growth of potato plants (Andreae, 1952). This was verified by Grana and co-authors who
discovered that scopoletin also compromised root development of A. thaliana (Grana et al., 2017).
Moreover, scopoletin treatment caused growth retardation in tobacco and sunflower (Einhellig and
Kuan, 1971). The phytotoxic effects of scopoletin including retardation of root elongation and
seedling growth inhibition were also seen in this thesis. pamt1 mutant displayed comparable
inhibition phenotypes as wild type when grown on scopoletin containing media, indicating that a
lack of scopolin malonylation might not be a key process in scopoletin detoxification. However,
PMAT10e and PMATZ20e plants clearly showed less repression of growth, suggesting that the

phytotoxic potential created by scopoletin is alleviated in these overexpression plants. It is possible
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that scopoletin is taken up and converted to scopolin for detoxification. Since in this work it is shown
that increasing scopolin malonylation through PMAT1 or PMAT2 overexpression causes depletion
of scopolin, an increased flux through the scopoletin detoxification pathway may allow for resistance

against the phytotoxin.

Scopoletin was shown to possess antifungal activity in vitro and in vivo and its levels were reported
to increase in Nicotiana attenuata after Alternaria alternata infection (Sun et al., 2014; Li and Wu,
2016). Under normal growth conditions scopolin is stored in the vacuole. However, in response to
pathogen exposure, it is rapidly released into the cytosol and hydrolyzed by (B-glucosidases to free
the bioactive aglycone scopoletin (Ahn et al., 2010). Malonylscopolin might be a storage form of
scopolin, since plants need to release their defense compounds rapidly when they encounter
pathogens (Valle et al., 1997; Chong et al., 2002; Gachon et al., 2004; Carpinella et al., 2005;
Stringlis et al.,, 2019). Further research efforts are needed to clarify the contribution of
malonylscopolin to biotic stress resistance and plant-microbe interactions in a more general sense.
In this context it is interesting that plant roots excrete coumarins, such as scopoletin, fraxetin and
sideretin to facilitate iron uptake from soil (Schmid et al., 2014; Rajniak et al., 2018; Siwinska et al.,
2018; Tsai et al.,, 2018; Grillet and Schmidt, 2019; Schmidt, 2019) and thereby affect the
composition of the root microbiome (Stringlis et al., 2018; Voges et al., 2019). The importance of
PMAT1-mediated conversion of scopolin to malonylscopolin for these processes is unclear, but it
would be interesting to address, if malonylscopolin can also participate in iron uptake and may

thereby impact plant-microbe interactions.

PMAT1 has a rather broad specificity for its acyl acceptor. It has been reported to catalyze the
malonylation of xenobiotic substrates such as naphthol glucoside, kaempferol 7-O-glucoside,
kaempferol 3-O-glucoside, hydroxycoumarin glucosides, phenol-glucosides and isoflavone
glucoside (Taguchi et al., 2010) as well as N-lauroylethanolamine glucoside (Khan et al., 2016). In
this thesis, BR-Glc and scopolin are added as two novel acceptors. Since PMAT1 substrates do
not share a common core structures, it appears that it is the glucosyl moiety, only that is decisive.
Since conjugation of substrates with malonic acid introduces a negative charge, the malonylation
of these substrates could facilitate their transport into the vacuole by transporters. For instance,

malonylated 1-aminocyclopropane-1-carboxylic acid can be translocated between the cytosol and
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the vacuole by tonoplast carriers (Bouzayen et al., 1989). Likewise in parsley cells, flavonoid
glycosides are synthesized in the cytoplasm, but their malonylated forms are exclusively located to
the vacuoles and transport to this cell organelle depends on the malonylglucose moiety (Matern et
al.,, 1983; Matern et al., 1986). Thus, it is tempting to speculated that BR-MalGlc and
malonylscopolin are preferentially stored in the vacuoles, a hypothesis that needs to be addressed

in future studies.

For plant secondary metabolites, multiple studies have shown that the malonyl group is typically
transferred to the hydroxy group on the O-6 position of the glucosyl moiety. For instance, Ss5MaT1
catalyzes the transfer of the malonyl group from malonyl-CoA to the 6’-hydroxyl group of the
glucosyl moiety of anthocyanin (Suzuki et al., 2001). Malonic acid is also conjugated at the 6'-
hydroxyl group of the glucosyl moiety of N-lauroylethanolamine glucoside molecule (Khan et al.,
2016). In addition to O-6 modification, also other malonylation patterns have been described.
Ss5MaT?2 transfers the malonyl group to the 4’-hydroxyl group on the sugar of anthocyanin (Suzuki
et al., 2004b). Dm3MaT2 catalyzes the consecutive dimalonylation of anthocyanidin 3-O-glucoside
producing anthocyanidin 3-0O-3”,6”-O-dimalonylglucoside (Suzuki et al., 2004a). Unfortunately, due
to the extremely low abundance of BL-23MalGlc and malonylscopolin in plants, it is highly
challenging to purify sufficient amounts of the products to determine the exact malonyl group

position and the precise structures.

Acylation has been suggested to regulate hormone homeostasis. Acyltransferases such as BIA1,
BIA2 and PIZ have been proposed to inactivate BRs through acylation. BIA1 was first identified in
mutant screens (Roh et al., 2012; Wang et al., 2012). The dominant, activation-tagged bia7-1D and
bia1-2D mutants showed severe BR-deficient phenotypes, which could be rescued by BR, had
significantly reduced amounts of several BRs, including 6-deoxoCS and CS and displayed
molecular signatures indicative of BR depletion. In this thesis, the enzymatic activity of BIA1 against
CS and CS variants with acetyl-CoA, caffeoyl-CoA, coumaroyl-CoA, malonyl-CoA and myristoyl-
CoA as donors was analyzed in vitro. Surprisingly, novel conjugates were obtained with acetyl-CoA,
while none were formed with the other CoA donors. In comparison, PIZ modified BRs with lauroyl-
CoA but not with acetyl-CoA (Schneider et al., 2012), suggesting a donor length preference of the

fatty acid chain between the two enzymes. Although BIA1 and PIZ share the HxxxD substrate
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binding motif, it is to be expected that other amino acid residues also contribute to the donor binding
specificities. In regard to acceptor substrates, BIA1 effectively acylated CS, 24-epiBL, 24-epiCS
and 6-deoxo-24-epiCS and mainly the diacetylation products were obtained. When tris-epiCS was
used as a substrate, similar amounts of mono and diacetylation products were produced. For 3,24-
diepiCS as substrate, solely the monoacetylation product was formed. These data suggest that a
methyl group at C-24 and the 6-oxo group of the CS variants do not interfere with the reactions
catalyzed by BIA1 and that CS is mainly diacetylated. One acetyl residue seems to be transferred
toring A, most likely to the hydroxy group on C-3, and the second acetyl moiety to the aliphatic side
chain, either to the hydroxy group on C-22 or the one on C-23. Since mono- and diacetylated
versions of CS were undetectable in BIAL knock-out plants and were increased in BIA1 over-
expressors, there is conclusive evidence now, that BIA1 modifies CS by acylation and, combined

with the results of previous studies, that this is an inactivation reaction.

Structure-activity relationship study have revealed that the cis a-oriented hydroxyl groups at C-2
and C-3, and cis hydroxy groups at C-22 and C-23 are required for high activity (Thompson et al.,
1982). Accordingly, it has been shown that the C-22 and C-23 hydroxy groups of BL are crucial for
interaction with the receptor kinase BRI1, while the C-2 and C-3 hydroxy groups are involved in
interaction with the co-receptor BAK1 (Hothorn et al., 2011; She et al., 2011). The fact that the
phenotypes of the bia7-1D and bia1-2D mutants resemble strong bri1-1 receptor mutants (Li and
Chory, 1997), suggests that acetate groups substitution on CS directly decreases its biological
activity in plants. Hydroxyl group substitutions are one of the key features of BR catabolism, and
clearly affects their biological activities (Zhao and Li, 2012). Hydroxyl groups at C-2, C-3 and C-23
can also be modified by glucosylation, the C-22 group by conjugation with sulfate and probably the
C-3 hydroxy acylated conjugation with long chain fatty acids (Poppenberger et al., 2005; Marsolais
et al., 2007; Husar et al., 2011; Schneider et al., 2012). How these modifications cooperate or
antagonize each other to fine-tune BRs homeostasis at the cellular level and in accordance with

developmental and environmental demands are important questions to be addressed in the future.
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