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I Introduction 

1 Flowering plants and Chloranthaceae  

²Ƙŀǘ ǿŜ ǊŜŦŜǊ ǘƻ ŀǎ ΨǇƭŀƴǘǎΩ ƛƴ ƻǳǊ Řŀƛƭȅ ƭƛǾŜǎΣ Ƙŀǎ ŀ ƘƛǎǘƻǊȅ ƻŦ ŀōƻǳǘ рлл million years (Ma), 

when the first common ancestor of green algae and Embryophyta managed the transition 

from aquatic to terrestrial habitat. Since then, plants have evolved and gained a variety of 

traits, both of morphological and chemical nature (McCourt et al. 2023). The common term 

ΨŦƭƻǿŜǊƛƴƎ ǇƭŀƴǘǎΩ ǊŜŦŜǊǎ ǘƻ ǘƘŜ DȅƳƴƻǎǇŜǊƳŀŜ ŀƴŘ !ƴƎƛƻǎǇŜǊƳŀŜΣ ǿƘƛŎƘ ǇǊƻǾƛŘŜ ŀōƻǳǘ 

295000 to 369000 species and make up about 80 to 90 % of all (land) plants (Stevens 2001; 

Christenhusz and Byng 2016; Lughada et al. 2016) thus being the most diverse group of land 

plants (Christenhusz and Byng 2016)Φ IŀǾƛƴƎ ƎŀƛƴŜŘ ǘƘŜƛǊ ƴŀƳŜ ŦǊƻƳ DǊŜŜƪ ΨŀƴƎŜƛƻƴΩ Ґ 

ŎƻƴǘŀƛƴŜǊ ŀƴŘ ΨǎǇŜǊƳŀΩ Ґ ǎŜŜŘΣ !ƴƎƛƻǎǇŜǊƳŀŜ ŜƴŎƭƻǎŜ ǘƘŜƛǊ ǎŜŜŘǎ ƛƴ ŎŀǊǇŜƭǎΣ ƛƴ ŎƻƴǘǊŀǎǘ ǘƻ ǘƘŜ 

other group of spermatophyta, the Gymnospermae, which are differentiated by the 

ǳƴŜƴŎƭƻǎŜŘ ǎŜŜŘǎ όΨƎȅƳƴƻǎΩ Ґ ƴŀked). Both, Angiospermae and Gymnospermae, belong to the 

Embryophyta (land plants), a clade that also includes hornworts, liverworts, mosses, 

lycophytes and polypodiophytes. The Angiosperms can be divided into several main groups, 

which are listed in the following by their phylogenetic order (Stevens 2001; The Angiosperm 

Phylogeny Group 2016): The first three monophyletic clades, encompassing Amborellales, 

Nymphaeales, Austrobaileyales, are referred to as ANA grade and are followed by three 

branches, consisting of Chloranthales, Magnoliids and a branch, which separates into 

monocots, Ceratophyllales and eudicots. The family Chloranthaceae is the only family in the 

order Chloranthales, which is placed at the base of the angiosperm phylogeny tree, next to 

the ANA grade. Chloranthales shared a common ancestor with magnoliids (Magnoliales, 

Laurales, Piperales, Canellales) and the branch, which is separated into monocots, 

Ceratophyllales and eudicots (The Angiosperm Phylogeny Group 2016).  

Chloranthaceae include four genera, namely Hedyosmum Sw., Ascarina J.R.Forst & G.Forst, 

Chloranthus Sw., and Sarcandra Gardner, amounting to 69 to 77 species (Christenhusz and 

Byng 2016; Guo et al. 2021) (POWO). Chloranthaceae are typically trees or shrubs, native to 

tropical, mountainous regions of Asia, the Philippines, or Middle and South America (POWO). 

Morphological features shared by Chloranthaceae are the reduced, often unisexual flowers 

with an inconspicuous perianth, swollen nodes at the stem, and the liberation of aromatic 

substances when leaves get damaged (POWO). Another common feature are evergreen, 

undivided, simple leaves, situated opposite at the stem. 
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The largest genus of the Chloranthaceae is Hedysomum Sw., covering 41 to 46 species (WFO; 

Brach and Song 2006) (eFloras, POWO). Hedyosmum όΨƘŜŘȅΩ Ґ ŦǊŀƎǊŀƴǘΣ ΨƻǎƳŜΩ Ґ ǎƳŜƭƭύ ŀǊŜ 

trees or erect subshrubs (Figure 1 A and B) and are typically found in tropical Central or South 

America, except H. orientale, which is native to Southern China, Vietnam, and Indonesia 

(Stevens 2001). The genus Ascarina J.R.Forst. & G.Forst includes 12 accepted species and 

describes medium to large trees (Figure 1 C and D), which are mainly located in primary rain 

forests or mountainous forests in New Guinea, but some species were also found in Borneo, 

Madagascar, New Zealand, and other islands in the Pacific (Stevens 2001) (POWO). 

Chloranthus Sw. encompasses a total of 15 to 17 evergreen subshrubs or herbs (Figure 1 E and 

F), native to Eastern and Southern China, Japan, as well as the Philippines (Stevens 2001; Brach 

and Song 2006) (eFloras, POWO)Φ ¢ƘŜ ƴŀƳŜ ŎƻƳŜǎ ŦǊƻƳ DǊŜŜƪ ΨƪƘƭƻǊƻǎΩ Ґ ƎǊŜŜƴ ŀƴŘ ΨŀƴǘƘƻǎΩ 

= flower, referring to the green flowers. The genus Sarcandra Gardner includes only one 

species, of which one variety and two subspecies are accepted (WFO; Brach and Song 2006) 

(eFloras). Sarcandra can be found in tropical to subtropical Asia (China, India, Malesia, Japan), 

and the one subshrub species is characterized by the hairless leaves (Brach and Song 2006) 

(eFloras) (Figure 1 G and H). 

The phylogenetic placement of the Chloranthales is subject to genetic and morphological 

studies, and the Chloranthales are traditionally proposed to be a sister clade to the magnoliids 

(The Angiosperm Phylogeny Group 2016). Positioned at the beginning of the angiosperm 

phylogeny, the Chloranthales play a crucial role, together with Ceratophyllum, in clarifying the 

relationships of monocots, magnoliids and eudicots (Stevens 2001; The Angiosperm 

Phylogeny Group 2016; Shen et al. 2017) (Figure 2, A). Recently, information was added to the 

discrepancies within the internal phylogenetic relationship of Chloranthaceae and the 

placement within the angiosperm phylogeny (Lin et al. 2025). Analysis of mitochondrial genes 

leads to the placement of the Chloranthales together with the Ceratophyllales, after 

separation of magnoliids and monocots, shortly in front of the branch of eudicots (Lin et al. 

2025) (Figure 2 B). Following this, the phylogenetic placement of early angiosperms is still 

unclear. Previous studies propose an early branching of Hedyosmum, followed by separation 

of Ascarina and, finally, a splitting of Chloranthus and Sarcandra (Figure 2 C). Here, 

phylogenetic relationships were deduced from morphological traits (Doyle et al. 2003; Eklund 

et al. 2004; Friis et al. 2024) or a small nucleotide-based dataset (Zhang and Renner 2003; Qiu 

et al. 2007; Zhang et al. 2011). This placement is supported by the synthetic tree of life 

(OpenTreeOfLife et al. 2019). In later studies, genomic data based on 353 genes conclude an 

early separation of Chloranthus, then a branching of Hedyosmum, and a closer relationship of 

Ascarina and Sarcandra (Figure 2 D) (Baker et al. 2022; Zuntini et al. 2024) (POWO). 
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A: H. brasiliense leaves 
 
 
 
 
 
 
 
 

© Victor Farjalla Pontes (iNaturalist) 
 

B: H. brasiliense female inflorescence 
 
 
 
 
 
 
 
 

© Camilla Botelho (iNaturalist) 
 

C: A. rubricaulis leaves and inflorescence 
 
 
 
 
 
 
 
 

© herevevan (iNaturalist) 
 

D: A. rubricaulis fruits 
 
 
 
 
 
 
 
 

© Pierre-Louis Stenger (iNaturalist) 
 

E: C. spicatus leaves  
 
 
 
 
 
 
 
 

© Paul Bömeke 
 

F: C. spicatus inflorescence 
 
 
 
 
 
 
 
 

© Paul Bömeke 
 

G: young S. glabra 
 
 
 
 
 
 
 
 

© Paul Bömeke 
 

H: S. glabra inflorescence 
 
 
 
 
 
 
 
 

© Paul Bömeke 
 

Figure 1. Plant parts of Chloranthaceae species. A: Leaves of Hedyosmum brasiliense (picture 
115647194, © Victor Farjalla Pontes/vfarjalla, 06.03.2021 [iNaturalist 23.04.2025]); B: female 
inflorescence of Hedyosmum brasiliense (picture 264390428, © Camilla 
Botelho/camillabotelho, 28.03.2023 [iNaturalist 23.04.2025]); C: Ascarina rubricaulis leaves 
(green) and inflorescence (red) (picture 237113627, © herevevan, 14.07.2011 [iNaturalist 
27.02.2025]); D: Ascarina rubricaulis fruits (black) (picture 167069711, © Pierre-Louis 
Stenger/pl_stenger, 30.10.2021 [iNaturalist 27.02.2025]); E: a pair of leaves from Chloranthus 
spicatus (© Paul Bömeke); F: inflorescence of Chloranthus spicatus (© Paul Bömeke); G: young 
Sarcandra glabra (© Paul Bömeke); H: inflorescence of Sarcandra glabra (© Paul Bömeke) 
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A: external phylogeny of Chloranthaceae I 

 
 

B: external phylogeny of Chloranthaceae II 

 

C: internal phylogeny of Chloranthaceae I 

 
 

D: internal phylogeny of Chloranthaceae II 

 
 

Figure 2. Phylogeny of the Chloranthaceae. A: External phylogeny of Chloranthaceae I, 
according to The Angiosperm Phylogeny Group (2016); B: external phylogeny of 
Chloranthaceae I, according to (Lin et al. 2025); C: internal phylogeny of Chloranthaceae I and 
separation of Ascarina, Chloranthus and Sarcandra in million years (Ma) (Doyle et al. 2003; 
Zhang and Renner 2003; Eklund et al. 2004; Qiu et al. 2007; Zhang et al. 2011; OpenTreeOfLife 
et al. 2019; Guo et al. 2021; Friis et al. 2024). The grey dot symbolizes genome duplication. D: 
Internal phylogeny of Chloranthaceae II (Baker et al. 2022; Zuntini et al. 2024) (POWO). The 
ANA Grade and the order Chloranthales are highlighted by a grey frame. A dotted grey line 
symbolizes the emergence from a last common ancestor. 
 

Nevertheless, the first hypothesis (Figure 2 C) was confirmed by an analysis of the genome of 

Chloranthus spicatus, which supports the hypothesis of Chloranthales being a sister clade to 

Magnolids followed by a genome duplication about 120 Ma ago (Guo et al. 2021). The study 

places the last common ancestor of Ascarina, Chloranthus and Sarcandra about 46.0 Ma ago 

and the separation of Chloranthus and Sarcandra about 32.2 Ma ago (Guo et al. 2021). Since 

this report did not include genomic data of Hedyosmum, the placement of this genus was not 

mentioned (Guo et al. 2021). The age of the Chloranthaceae is estimated to be at least in the 

range of 120 Ma (Stevens 2001; Magallón and Castillo 2009; Friis et al. 2024). Fossil findings 

from the Lower/Early Cretaceous period (143.1 to 100.5 Ma ago) showed a high diversity, 

prominence, and early existence of cretaceous Chloranthoids, including the lineage of extant 

Chloranthaceae (Friis et al. 2024). Findings on cretaceous Chloranthoids, which include at least 

seven extinct genera (Friis et al. 1986), are based in fossil findings from pollen (Couper 1958; 

Doyle 1969; Muller 1981; Walker and Walker 1984), leaves (Upchurch 1984), as well as 

androecea (Friis et al. 2024). Thus, extinct Chloranthaceae could supposedly have been eaten 
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by herbivorous dinosaurs of the Cretaceous, such as Triceratops, Hadrosaurus, 

Parasaurolophus or Iguanodon (Bakker 1978; Butler et al. 2009; Barrett 2014; Chiarenza 

2024). 

2 Organism of investigation: Sarcandra glabra 

The smallest genus of the Chloranthaceae, Sarcandra Gardner, consists of only one species, 

Sarcandra glabra (Thunberg) Nakai (Nakai 1930) όΨǎŀǊƪƻǎΩ Ґ ŦƭŜǎƘΣ ΨŀƴŘǊƻΩ Ґ ƳŀƴΣ ΨƎƭŀōǊŀΩ Ґ 

hairless), which also includes the variety Sarcandra glabra var. melanocarpa (Verdcourt 1985), 

and two subspecies (Sarcandra glabra subsp. brachystachys (Blume) Verdc. (Verdcourt 1985) 

and Sarcandra glabra subsp. glabra) (WFO; Brach and Song 2006) (eFloras). S. glabra was first 

described by C. P. Thunberg in 1794 as Bladhia glabra Thunberg (Thunberg 1794) and later 

also as Ardisia glabra (Thunberg) de Candolle (de Candolle 1834) and Chloranthus glaber 

(Thunberg) Makino (Makino 1902). The evergreen subshrub S. glabra grows up to 1.5 m 

(Figure 3 A), possesses erect, cylindric, green or dark-red stems with swollen nodes, and either 

small petioles or leaves attached (Figure 3 G,H and I) (Stevens 2001; Brach and Song 2006) 

(eFloras, POWO). Two green, opposite leaves grow from one node and are elliptic to ovate, 

with a length of about 6 to 20 cm (Figure 3 F and G) (Stevens 2001; Brach and Song 2006) 

(eFloras, POWO). Besides the leaves being hairless and possessing coarsely serrate edges, they 

have a distinct aroma (Stevens 2001; Brach and Song 2006; Chu et al. 2023) (eFloras, POWO). 

Terminal inflorescences (spikes) appear over the whole year and consist of branched pedicels 

with 10 to 30 round carpels (Figure 3 B). One fleshy anther each is connected to a carpel and 

two thecae are laterally attached (Figure 3 C and D). Fruits, being drupes from a botanical 

perspective, develop over several months and change from green to orange-red during 

ripening (Figure 3 E). The plants have a plethora of uniform roots. Their aging can be observed, 

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

3 K). S. glabra can be found in forests, thickets, valleys, ravines, slopes, roadsides, trailsides, 

grasslands, swamps, streamsides and sandy soil from sea levels up to 2000 m (Stevens 2001; 

Brach and Song 2006) (eFloras, POWO). The plant is distributed from Korea and Japan, over 

the Ryukyu islands to Taiwan, and is also native to central and southern China, Vietnam, 

Malaysia, and the Philippines (Stevens 2001; Brach and Song 2006) (eFloras, POWO). Both 

subspecies have a slightly different morphological appearance and can be identified by 

differences in the size of the anthers compared to the stamen (Verdcourt 1985; Todzia and 

Keating 1991; van der Vossen and Umali 2001; Tang et al. 2024). The distribution of the S. 

glabra subsp. glabra is different since it is endemic to Sri Lanka and India (Brach and Song 

2006) (eFloras). 
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A: tip of a shoot 
 
 
 
 
 
 
 

© Paul Bömeke 
 

B: inflorescence 
 
 
 
 
 
 
 

© Paul Bömeke 
 

C: carpel and stamen 
 
 
 
 
 
 
 

© Paul Bömeke 
 

D: stamen and anthers 
 
 
 
 
 
 
 

© Paul Bömeke 
 

E: fruits in different ripening stages 
 

 
 
 
 
 
 

© Paul Bömeke 
 

F: leaves 
 
 
 
 
 
 
 

© Paul Bömeke 
 

G: shoot axis 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

© Paul Bömeke 
 

H: young stems 
 
 
 
 
 
 
 

© Paul Bömeke 
 

I: old stems 
 
 
 
 

 
 
 

© Paul Bömeke 
 

J: young roots 
 
 
 
 
 
 
 

© Paul Bömeke 
 

K: old roots 
 
 
 
 
 
 
 

© Paul Bömeke 
 

 

Figure 3. Different plant parts of Sarcandra glabra. A: Tip of a shoot, including leaves and 
inflorescence; B: inflorescence including carpels and stamina; C: single carpel, with the stigma 
orientated to the top and the yellow stamen to the right; D: single stamen with one bright 
yellow anther on each side; E: fruits in different ripening stages; F: leaves of different sizes; G: 
shoot axis including two nodes and leaves at the top node; H: young stem parts of different 
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colors; I: old stem parts including nodes; J: young roots and root tips; K: old roots with smaller 
roots branching off 
 

2.1 Ascarina rubricaulis: a related species 

The genus Ascarina contains 12 accepted species, with one of them, Ascarina rubricaulis Solms 

όΨǊǳōǊƛŎŀǳƭƛǎΩ = red stems) deserving special attention, on account of its transcriptome being 

available from databases, which enables transcriptomic research (Stevens 2001; Carpenter et 

al. 2019; Leebens-Mack et al. 2019) (POWO). The species is native to the mountainous, tropical 

forests of New Caledonia and was first described by Solms in 1869 as a shrub or small tree 

with leathery, serrate leaves, swollen nodes and a red stem, while the fruits are drupes, which 

are organized in terminal spikes (Figure 1 C and D). So far, only A. lucida has been analyzed 

phytochemically, and 15 flavonoids were identified (Soltis and Bohm 1982). Other species are 

also barely investigated, but there are reports about medicinal use of fruits and leaves of A. 

philippinensis to promote health or to treat fevers (Jorim et al. 2012).  

3 Specialized compounds in Sarcandra glabra and their importance  

Natural products are typically small molecules with potent biological activities, isolated from 

plants, fungi, bacteria, or other natural sources. In this work, the definition of natural products 

is used with a focus on metabolites from the secondary or specialized metabolism of plants. 

The drug Sarcandrae herba is described as the dried herb of Sarcandra glabra (Thunb.) Nakai, 

which is collected and processed during summer and autumn. The drug is also referred to as 

ΨȊƘƻƴƎ ƧƛŜ ŦŜƴƎΩ (Wagner et al. 2015) and has a long history in China, with first reports during 

the Tang dynasty (617 to 907) (Zeng et al. 2021). The first mention of its medicinal use 

occurred during the Qing dynasty (1636/1644 to 1912) (Zeng et al. 2021), and Sarcandrae 

herba was implemented into the Chinese Pharmacopoeia. Since then, it is still used by 

different Chinese ethnicities nowadays (Tang et al. 2024). All plant parts of S. glabra, and to a 

lesser extent the subspecies S. glabra subsp. brachystachis, are traditionally used and hence 

are in the focus of phytochemical and pharmacological investigations (Tang et al. 2024). S. 

glabra has its use in Traditional Chinese Medicine and several effects are described for 

preparations of different plant parts, such as the whole plant, the herb (aboveground plant 

parts), the stems, the leaves, or the roots (Wagner et al. 2015; Chu et al. 2023; Tang et al. 

2024). Of the 50 Chinese pharmaceuticals with Sarcandrae herba, mentioned (Tang et al. 

2024), single extracts of the herb can be used, but most preparations are combinations of 5 

to 10 herbal drugs (just to mention a few: Rhei radix, Strychni semen, Glycyrrhizae radix et 
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rhizoma, Salviae miltiorrhizae radix et rhizoma) or other substances, such as essential oils, 

synthetic or animal substances. The dosage form of the application varies, for example, from 

capsules, decoctions, granules, tablets or extracts, and even formulations of nanoparticles are 

mentioned (Huseynov et al. 2024; Rosic et al. 2024; Tang et al. 2024). These preparations are 

mainly used on account of their anti-inflammatory effects, such as in the treatment of a sore 

throat, pharyngitis, influenza, pneumonia, appendicitis, bruises, rheumatism, and wound 

infections. Positive effects are mentioned in the therapy of malignant tumors, as additional 

medication to prolong lifespan or to improve life quality (Wagner et al. 2015; Tang et al. 2024). 

During the COVID-19 pandemic, the treatment of SARS-CoV-2 infections with Sarcandrae 

herba was also recommended by the Chinese government (Liu et al. 2020). Going beyond that, 

a tremendous number of pharmacological effects is mentioned, ranging from anti-

inflammatory, antitumor, antioxidative, antimalarial, immunomodulatory, antibacterial, 

antiviral, and anti-thrombocytopenic effects to hepatoprotective, hypoglycemic, 

hypolipidemic and many more pharmacological effects (Chu et al. 2023; Tang et al. 2024). 

Effects of extracts or isolated compounds from S. glabra (or from S. glabra subsp. 

brachystachis) on clinical parameters were shown in various in vitro or in vivo studies on 

isolated cell lines, rats, or mice (Chu et al. 2023; Tang et al. 2024). Phase-I clinical studies were 

not mentioned. Since the history of the use of Sarcandrae herba as a traditional medicine was 

reported (Zeng et al. 2021), the safety of regular uptake of its preparations may be given, but 

potential health benefits still remain to be consolidated. While some significant 

pharmaceutical effects were achieved by single compounds, it is still reasonable that some 

effects derive from the mixture of substances contained in plant extracts. Studies on 

cytotoxicity, combinations of drugs, safety or long-term use are mostly missing, except for 

basic toxicology tests, such as the Ames test, a mouse sperm deformity test, and the bone 

locus cell micronucleus test (Tang et al. 2024). 

A broad spectrum of natural products has been found in S. glabra. In the last years, 

phytochemical investigations on S. glabra have accumulated. In a review from 2021 (Zeng et 

al. 2021), 212 compounds were reported, mentioning roughly 110 terpenoids, 40 flavonoids, 

30 organic acids, 10 coumarins and several other substances. Only two years later, a more 

recent review on the phytochemistry of S. glabra listed 413 compounds (Chu et al. 2023). In 

the most recent report (Tang et al. 2024), 462 compounds were stated, having been isolated 

from different organs of S. glabra and its subspecies, among them 267 terpenoids of different 

types (including sesquiterpenoids (eudesmane, eudesmane dimers, lindenane, lindenane 

oligomers, germacrenes, eremophilanes, aromadendranes, elemanes, guaiane, cadinene, 

other), monoterpenoids, diterpenoids, triterpenoids, meroterpenoids), 26 coumarins, 13 

lignans (including lignan glycosides and neolignans), 82 flavonoids (chalcones, anthocyanidins, 

flavones, flavonols, flavanols, dimeric flavonoids), 43 organic acids and various other 
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substances, such as 4 anthraquinones, 11 alcohols, 5 sterols, alkaloids, alkanes, lactones, 

amino acids, trace elements and polysaccharides (Tang et al. 2024). Some natural products 

were only found in certain plant parts or are unique to S. glabra, including exclusive flavonoids, 

triterpenes, several diterpenes or meroterpenoids (Chu et al. 2023; Tang et al. 2024).  

Among the most important components for assurance of the quality of the plant material, 

advised by the Chinese Pharmacopoeia (Wagner et al. 2015), are isofraxidin, fumaric acid, 

chlorogenic acid (CA) and CA derivatives, caffeic acid, and rosmarinic acid (RA) (Figure 4 A and 

B). Significance for the pharmacological effects is assigned to these substances (Cao et al. 

2012; LIU et al. 2018; Tang et al. 2024).  

Isofraxidin is a coumarin, which was found in S. glabra after methanolic extraction (Zheng et 

al. 2003). The compound or its glucosides, may take part in the antitumor or antibacterial 

effects. These effects are linked to the inhibition of the proliferation of human promyelocytic 

leukemia cells and the inhibition of the growth of Staphylococcus aureus (Tang et al. 2024). 

Additionally, fumaric acid was found in Sarcandrae herba (Zheng et al. 2003) and is stated to 

have antibiotic and antitumor properties (Tang et al. 2024). 

RA (Figure 4 A) was detected in Sarcandrae herba with concentrations of 0.25 to 1.5 % (Zhu et 

al. 2008). The purified substance showed inhibition of the proliferation of MDA-MB-231 cells, 

induced apoptosis, reduced oxidative stress by inhibiting lipid oxidation and NO production 

(Sadeghi et al. 2020; Tang et al. 2024)Φ ! ŘŜǊƛǾŀǘƛǾŜ ƻŦ w!Σ w! пΩ-O- -̡D-glucoside (Liu et al. 

2017), was tested in mice and rats for the reduction of swellings and a modulation of 

inflammatory cytokines (Liu et al. 2017). Moreover, a reduction of cell migration and 

infiltration was detected (Liu et al. 2017). Additionally, an immunomodulatory effect is 

suggested since effects on viral pneumonia in mice and increased expression of CD41a and 

CD61 on cell surfaces of a cell model were detected (Tang et al. 2024). The isolation of methyl- 

and ethylrosmarinic acid was mentioned in other studies (Zhu et al. 2008; Tang et al. 2024).  

Other phenolic acids, such as CA, neochlorogenic acid (nCA), cryptochlorogenic acid (cCA), 

caffeoyl-3-, -4-, -5-O-shikimic acid, caffeic acid 3,4-dihydroxyphenethyl ester, and benzyl 2- -̡

glucopyranosyloxybenzoate were detected, stating Sarcandrae herba as a rich source of those 

substances (Li et al. 2011; Wu et al. 2012; Zhang et al. 2019; Zeng et al. 2021; Chu et al. 2023) 

(Figure 4 A and B). Methyl esters of nCA, cCA and CA were also found in S. glabra (Tang et al. 

2024).  
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A: phenolic compounds from S. glabra 
 

 
rosmarinic acid (RA) = 

caffeoyl-оΩΣпΩ-
dihydroxyphenyllactic acid 

 

 
w! пΨ-O- -̡D-glucoside 

 
 
 

 
caffeic acid 

 
 
 

 
chlorogenic acid (CA) = 
caffeoyl-5-O-quinic acid 

 

 
caffeoyl-5-O-shikimic acid 

 
 

 
benzyl 2- -̡

glucopyranosyloxybenzoate 
 
 

 
caffeic acid 3,4- 

dihydroxyphenethyl ester 
   

B: nomenclature of quinic and shikimic acid derivatives 
 

 
shikimic acid 

 

 
1L-(-)-quinic acid 

 

 
caffeoyl-4-O-shikimic acid 

 
 

 
cryptochlorogenic acid (cCA) = 

caffeoyl-4-O-quinic acid 
 

 
caffeoyl-3-O-shikimic acid 

 
 

 
neochlorogenic acid (nCA) = 

caffeoyl-3-O-quinic acid 
 

Figure 4. Exemplary structures of isolated compounds from Sarcandra glabra. A: Phenolic 
ŎƻƳǇƻǳƴŘǎΥ ǊƻǎƳŀǊƛƴƛŎ ŀŎƛŘΣ ǊƻǎƳŀǊƛƴƛŎ ŀŎƛŘ пΩ-O- -̡D-glucoside, chlorogenic acid, caffeoyl-5-
O-shikimic acid, benzyl 2- -̡glucopyranosyloxybenzoate, caffeic acid, caffeic acid 3,4- 
dihydroxyphenethylester; B: nomenclature of quinic and shikimic acid derivatives in 
accordance with Abrankó and Clifford (2017) 
 

CA was combined with RA and isofraxidin in different concentrations to simulate the 

combination of compounds from Sarcandrae herba. The mixtures were tested on rats with 
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induced acute lung injury, and the inflammation was reduced (Liu et al. 2020). Extracts with a 

concentration of CA of 0.026 mg/ml showed inhibition of HIV-1 protease and cathepsin L 

protease of SARS-CoV-2, thus promoting antiviral activity of S. glabra extracts (Pan et al. 2022). 

In tests with caffeic acid 3,4-dihydroxyphenethyl ester, antitumor activity was shown by 

initiation of tumor senescence and enhancement of ubiquitin-dependent degradation of a 

protooncogene (Dong et al. 2011; Guo et al. 2013; Tang et al. 2021). In general, several 

phenolic compounds, isolated from aerial plant parts of S. glabra, including RA, 

methylisorinate, caffeoyl-5-O-shikimic acid, and caffeic acid, showed anti-inflammatory 

effects (Shin et al. 2004; He et al. 2009; Moon et al. 2010; Wei et al. 2013; Yang et al. 2013; 

Ambriz-Prez et al. 2016), and some of them displayed inhibition of NF-ˁ. ŀŎǘƛǾƛǘȅ ōȅ ŎƻǊǊŜƭŀǘƛƴƎ 

reduction of cytokine production (Tsai et al. 2017). 

3.1 Rosmarinic acid, its biosynthesis, and related compounds 

The ester of caffeic acid and 3,4-dihydroxyphenyllactic acid (DHPL) is named RA, which was 

first isolated from Salvia rosmarinus (syn. Rosmarinus officinalis) and the chemical structure 

elucidated (Scarpati and Oriente 1958). The presence of RA is well-known for the 

Nepetoideae, which is a subfamily of Lamiaceae, and Boraginaceae; besides, RA has been 

found all over the plant kingdom (Petersen and Simmonds 2003; Petersen et al. 2009; 

Petersen 2013). Today, reports of RA range from many eudicot (i.e. Apiaceae, Solanaceae, 

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

Chloranthaceae and one detection in Nymphaeaceae (Uddin et al. 2020), to findings in some 

fern families, such as Blechnaceae and Dennstädtiaceae (Harborne 1966; Bohm 1968; Tsumbu 

et al. 2012). Additionally, the presence of RA was confirmed in hornworts, such as Anthoceros 

punctatus and A. agrestis (Takeda et al. 1990). Recently, the occurrence of RA in Pinus coulteri 

and P. pinaster was reported, which could be the first mentions of RA in Gymnosperms, but 

since the Pinus extracts were only analyzed by HPLC, misinterpretations cannot be ruled out 

(Merah et al. 2018; Ferreira-Santos et al. 2020). Regarding Chloranthaceae, the presence of 

RA was observed only in the following species (representing 5 of about 70 species): S. glabra 

(Tang et al. 2024), Chloranthus officinalis (Petersen et al. 2009), C. fortune (Shi et al. 2023), C. 

multistachys (Ma et al. 2017) and Hedyosmum brasiliense (Amoah et al. 2015). Other 

Chloranthaceae are not subject to current research, as they are rather inaccessible or rare due 

to their native distribution or missing use in traditional medicine. The presence of RA does not 

seem to be limited to certain taxa, families or even orders, yet the arbitrary occurrence in the 

plant kingdom needs to be understood.  

In addition to RA, two typical derivatives can be found in Chloranthaceae, except for RA methyl 

or ethyl esters, which may be artifacts from the isolation process. Caffeoyl-пΩ-
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hydroxphenyllactic acid (= isorinic acid), first isolated from Helicteres isora (Malvaceae) 

(Satake et al. 1999), is a biosynthetic precursor of RA, missing one hydroxyl group in C3' 

position. The compound was detected in S. glabra (also as methyl ester) (Tsai 2017), C. 

multistachys (Ma 2017) (also as methyl ester) and H. brasiliense (Amoah et al. 2015)Φ w! пΩ-O-

-̡D-glucoside was also first detected in Helicteres isora (Malvaceae) (Satake et al. 1999) and 

later in stems of S. glabra (Liu et al. 2017; Tang et al. 2024). Interestingly, no RA glycosides 

ǿŜǊŜ ŦƻǳƴŘ ƛƴ ƻǘƘŜǊ /ƘƭƻǊŀƴǘƘŀŎŜŀŜ ǎƻ ŦŀǊΣ ōǳǘ w! оΩ-O- -̡D-glucoside was isolated from 

Anthoceros agrestis cell cultures (Vogelsang et al. 2006). Other compounds related to RA, can 

(simplified) be described as having a RA core structure and are C-C or C-O linked to a second 

RA or caffeic acid molecule (Pezeshki and Petersen 2018). But so far, such substances, for 

example, lithospermic acid, salvianolic acids (A and B), megacerotonic or anthocerotonic acid, 

and melitric acids, have not been detected in Chloranthaceae. 

Lamiaceae, such as Mentha spec. and Plectranthus scutellarioides (formerly known as Coleus 

blumei), served as the model species for the discovery of the biosynthetic pathway of RA (Ellis 

and Towers 1970; Razzaque and Ellis 1977; Petersen et al. 1993). Since then, major pieces of 

the biosynthetic pathway were also discovered in other species, such as Salvia miltiorrhiza 

(Ma et al. 2015), Melissa officinalis (Petersen 2013), Anchusa officinalis (De-Eknamkul and Ellis 

1987; Mizukami and Ellis 1991), Lithospermum erythrorhizon (Yamamura et al. 2001; Matsuno 

et al. 2002) and Phacelia campanularia (Levsh et al. 2019). Recently, the complete pathway 

was discovered, and its enzymes functionally characterized in S. glabra (Li et al. 2024).  

In the following, RA biosynthesis is shown and explained based on the findings in Plectranthus 

scutellarioides by Petersen et al. (1993), in Phacelia campanularia by Levsh et al. (2019), Salvia 

miltiorrhiza (Di et al. 2013) and in Sarcandra glabra (Li et al. 2024) (Figure 5). RA is constructed 

by a series of seven (or eight) enzymes.  

The biosynthesis starts from the aromatic amino acids L-phenylalanine and L-tyrosine, derived 

from the shikimic acid pathway. The (R)-4-hydroxyphenyllactic acid (pHPL) part of RA is 

created by the successive reactions of tyrosine aminotransferase (TAT) and 

hydroxyphenylpyruvate reductase (HPPR) (Figure 5, blue frame). TAT catalyzes the 

pyridoxalphosphate-dependent transamination of L-tyrosine by transferring the amino moiety 

to 2-oxoglutaric acid and, thus, forms 4-hydroxyphenylpyruvic acid and L-glutamic acid as 

ŀŘŘƛǘƛƻƴŀƭ ǇǊƻŘǳŎǘΦ ¢ƘŜ ǎǘŜǊŜƻǎǇŜŎƛŦƛŎ ǊŜŘǳŎǘƛƻƴ ƻŦ ǘƘŜ ʲ-keto group of 4-

hydroxyphenylpyruvic acid is performed by HPPR under consumption of nicotinamide adenine 

dinucleotide (phosphate) (NAD(P)H), and pHPL results.  

Three enzymes, namely phenylalanine ammonia-lyase (PAL), cinnamic acid 4-hydroxylase 

(C4H), and 4-coumarate CoA-ligase (4CL), constitute the general phenylpropanoid pathway 

and transform L-phenylalanine to p-coumaroyl-CoA (Figure 5, green frame).  
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Figure 5. Rosmarinic acid biosynthetic pathway, based on the findings in Lamiaceae, 
Boraginaceae and Chloranthaceae, adapted from Petersen et al. (1993). Seven enzymes 
are taking part: TAT and HPPR lead from L-tyrosine to (R)-4-hydroxyphenyllactic acid (blue 
frame); PAL, C4H, and 4CL convert L-phenylalanine into p-coumaroyl-CoA (green frame). 
RAS combines both molecules, and the resulting ester, p-coumaroyl-(R)-4-
hydroxyphenyllactic acid, is subsequently hydroxylated in both C3- ŀƴŘ /оΩ-positions by 
/оI ŀƴŘ /оΩIΣ ǿƘƛŎƘ ƭŜŀŘǎ ǘƻ ǊƻǎƳŀǊƛƴƛŎ ŀŎƛŘ ŀǎ ǘƘŜ Ŧƛƴŀƭ ǇǊƻŘǳŎǘ όǇǳǊǇƭŜ ŦǊŀƳŜύΦ 5ƻǘǘŜŘ 
arrows mark origins from other metabolic pathways or further possible branches towards 
other compounds or modifications. Grey arrows indicate the proposed RA biosynthesis in 
Salvia milthiorrhiza (Ma et al. 2015). Newly introduced groups and linkages are colored red. 
TAT: tyrosine aminotransferase, HPPR hydroxyphenylpyruvate reductase, PAL: 
phenylalanine ammonia-lyase, C4H: cinnamic acid 4-hydroxylase, 4CL: 4-coumarate CoA-
ligase, RAS: rosmarinic acid synthase, /оIκ/оΩIΥ C3-κ/оΩ-hydroxylase 
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The entry point is the deamination of L-phenylalanine to trans-cinnamic acid via PAL. trans-

Cinnamic acid is then hydroxylated at C4 by C4H under consumption of NADPH and O2. C4H is 

a cytochrome P450 (CYP) monooxygenase and also known as CYP73. Activation of p-coumaric 

acid is accomplished by formation of a coenzyme-A (CoA) thioester via adenosine triphosphate 

(ATP) -dependent catalysis of 4CL. Both branches are brought together by esterification of p-

coumaroyl-CoA and pHPL. The reaction is catalyzed by rosmarinic acid synthase (RAS, 

hydroxycinnamoyl-CoA:4-hydroxyphenyllactate hydroxycinnamoyltransferase), which is a 

representative of the BAHD hydroxycinnamoyltransferases (HCTs). CoA is released and 

eventually reused. Besides, p-coumaroyl-CoA is used for the formation of lignin, lignans, 

monolignols, flavonoids, coumarins or other compounds (Petersen 2013). The resulting 

product, p-coumaroyl-пΩ-hydroxyphenyllactic acid, is finally hydroxylated in meta-position by 

CYP98, an aromatic meta-ƘȅŘǊƻȄȅƭŀǎŜ ό/оIκ/оΩIύΣ ŀƴŘ ŀƎŀƛƴΣ b!5tI ŀƴŘ h2 are utilized 

(Figure 5, purple frame). Currently, it is unresolved whether one or two isoforms of an enzyme 

are responsible for C3- ŀƴŘ /оΩ-hydroxylation. CYP98A14 from Plectranthus scutellarioides 

was able to perform hydroxylation at both sites, but the p-coumaric acid residue was strongly 

preferred (Eberle et al. 2009). In Phacelia campanularia (Boraginaceae), instead, two isoforms 

(PsCYP98A112 and PsCYP98A113) could selectively introduce the OH-moiety to either the pC- 

or the pHPL-part of RA (Levsh et al. 2019). Studies with C13-radiolabelled phenylalanine in S. 

miltiorrhiza revealed an alternative route, via coupling of p-coumaroyl-CoA with DHPL, in 

which the resulting pC-DHPL is meta-hydroxylated at C3 (Di et al. 2013). The resulting RA may 

be stored in the vacuole (Chaprin and Ellis 1984; Petersen et al. 1993), and derivatives of RA 

may result from glycosylation, coupling with another RA molecule or addition of caffeic acid 

and/or DHPL (Xiao et al. 2009; Di et al. 2013). 

3.1.1 The role of rosmarinic acid in plants and humans 

Little is known about the importance of RA as a potential asset for plants, but the 

accumulation in plants may have benefits. Protection against pathogens or advantages for the 

defense of herbivores are suggested (Petersen and Simmonds 2003) and UV-protecting 

properties were shown (Sánchez-Campillo et al. 2009). When the influence of different light 

sources and the leaf temperature was tested in Plectranthus scutellarioides, higher leaf 

temperatures were correlated with a lower amount of RA, whereas a higher emission of blue 

light led to a higher total accumulation of RA (Dörr et al. 2019). Investigations on Mentha 

spicata also found elevated levels of RA by reduced temperatures (Fletcher et al. 2005). 

Furthermore, the induction of stress in Melissa officinalis plants by exposition to ozone 

resulted in an upregulation of the RA biosynthesis and increased RA concentrations (Döring et 

al. 2014). 
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Antibacterial, anti-inflammatory, anti-oxidative, anti-hyperglycemic, anti-cancer, 

neuroprotective, hepatoprotective and antiviral activities, as well as antifungal properties, are 

proposed for RA. The clinical relevance, however, is questionable since RA is rapidly degraded 

and has poor bioavailability in mice and rats (Parnham and Kesselring 1985; Bulgakov et al. 

2012; Guan et al. 2022). In clinical studies, small benefits in the treatment of dermatitis and 

allergic rhinoconjunctivitis were observed (Osakabe et al. 2004; Lee et al. 2008). In Germany, 

RA is used in extracts of Melissa officinalis for the treatment of Herpes simplex infections.  

3.2 Chlorogenic acid, its biosynthesis, and related compounds 

¢ƘŜ ŎƻƭƭŜŎǘƛǾŜ ǘŜǊƳ ΨŎƘƭƻǊƻƎŜƴƛŎ ŀŎƛŘǎΩ ŜƴŎƻƳǇŀǎǎŜǎ ŜǎǘŜǊǎ ƻŦ trans-hydroxycinnamic acids 

and 1L-(-)-quinic acid (later only referred to as quinic acid). They are often found in many 

different plant species (Sondheimer 1958), and the term can also be widened to include rather 

distantly related compounds, such as quinic acid epimers, methyl esters, or hydroxybenzyl 

esters (Clifford et al. 2017)Φ Lƴ ǘƘƛǎ ǿƻǊƪΣ ΨŎƘƭƻǊƻƎŜƴƛŎ ŀŎƛŘΩ ό/!ύ ŘŜǎƛƎƴŀǘŜǎ ǘƘŜ ǘǊƛǾƛŀƭ ƴŀƳŜ ƻŦ 

caffeoyl-5-O-ǉǳƛƴƛŎ ŀŎƛŘΣ ǿƘƛƭŜ ΨŎƘƭƻǊƻƎŜƴƛŎ ŀŎƛŘǎΩ ǊŜŦŜǊǎ ǘƻ ǘƘŜ /! ŘŜǊƛǾŀǘƛǾŜǎΦ hŦ ŦǳǊǘƘŜǊ 

interest are caffeoyl-4-O-quinic acid = cryptochlorogenic acid (cCA) and caffeoyl-3-O-quinic 

acid = neochlorogenic acid (nCA). Since the stereochemistry of quinic acid is rather complex, 

especially after acylation of the hydroxyl moieties, the nomenclature recommended by 

Abrankó and Clifford (2017), is followed throughout this work and displayed in detail in Figure 

4 A and B and in Bömeke and Petersen (2025). This nomenclature is based on the principles 

recommended by IUPAC and the numbering of 1L-(-)-quinic acid. Reports of the isolation of 

CA from green Coffea arabica beans reach back to the 19th century (Robiquet 1837; Rochleder 

1844; Payen 1846). The structural formula was later resolved (Fischer and Dangschat 1932), 

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

or other than caffeoyl moieties attached (Clifford et al. 2017). Chlorogenic acids are 

extensively investigated as dietary compounds since they are present in food and everyday 

beverages such as apple juice, green and black tea, coffee, and maté (Ilex paraguariensis) 

(Clifford et al. 2017). Depending on the plant source and the extraction method, 

concentrations of 46 to 1662 µM were achieved (Clifford and Ramirez-Martinez 1990; Clifford 

1999; Kahle et al. 2007; Crozier et al. 2012; Moeenfard et al. 2014). Thus, regular human intake 

in high amounts is assumed (Clifford et al. 2017). The metabolization of CA by Homo sapiens, 

possible health benefits, the analysis of various derivatives, and extraction methods are 

extensively investigated and reviewed (Clifford 1999; Kweon et al. 2001; Clifford et al. 2017; 

Wianowska and Gil 2019; Alcázar Magaña et al. 2021; Reine Judesse Soviguidi et al. 2022). 

Chlorogenic acids are widely distributed in the plant kingdom, with reports in angiosperms, 

monocots, Chloranthaceae, gymnosperms, ferns, and mosses (Sondheimer 1958; Bohm 1968; 
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Abdullah et al. 2008; Singh et al. 2011; Afendi et al. 2012; Clifford et al. 2017; Hofmann et al. 

2020; Alcázar Magaña et al. 2021; Wolski et al. 2021; Chen et al. 2023; Shi et al. 2023). 

Nevertheless, the absolute content in these plants may vary strongly from high accumulation 

to rather speculative reports in single species (Kicinski and Kettrup 1987; Hofmann et al. 2020; 

Hofmann et al. 2022; Chen et al. 2023), and the concentrations may vary within the same 

species, depending on stress, geography, the specific plant part, and other factors (Alcázar 

Magaña et al. 2021). Regarding the occurrence of chlorogenic acids in Chloranthaceae, CA, 

cCA and nCA were detected in S. glabra (Tang et al. 2024) and in C. fortunei (Shi et al. 2023). 

CA was also found in C. spicatus, but the presence of other CA derivatives was not investigated 

(Abdullah et al. 2008). No chlorogenic acids have been isolated from Hedyosmum (Radice et 

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

To date, several pathways for the biosynthesis of CA were proposed. The first is based on the 

formation of p-coumaroyl-5-O-quinic acid and subsequent hydroxylation (Clifford et al. 2017; 

Volpi E Silva et al. 2019; Alcázar Magaña et al. 2021) (Figure 6, green frame), whereas the 

second utilizes caffeoyl-CoA from the shikimate shunt for direct synthesis of CA (Sonnante et 

al. 2010; Vanholme et al. 2013; Legrand et al. 2016; Kruse et al. 2024). In a third option, the 

direct hydroxylation of p-coumaric acid is proposed (Barros et al. 2019). An alternative 

pathway was suggested from findings in the roots of sweet potatoes, where the 

hydroxycinnamic acid is activated as glucose ester and then transferred to quinic acid (Kojima 

and Uritani 1972, 1973).  

The first biosynthetic pathway towards CA (Clifford et al. 2017; Volpi E Silva et al. 2019; Alcázar 

Magaña et al. 2021), starts with quinic acid, which is an intermediate from the shikimic acid 

pathway (Maeda and Dudareva 2012; Carrington et al. 2018), and p-coumaroyl-CoA, which 

derives from the general phenylpropanoid pathway as described earlier. The 

hydroxycinnamoyl group is transferred to the 5-OH-moiety of quinic acid by catalysis of 

hydroxycinnamoyl-CoA:quinate hydroxycinnamoyltransferase (HQT), which is a member of 

the BAHD family (Figure 6, green frame). The resulting p-coumaroyl-5-O-quinic acid is 

hydroxylated in meta-position to CA by C3H (CYP98) under consumption of O2 and NADPH 

(Figure 6, green frame).  

The second biosynthetic pathway towards CA is started by the utilization of caffeoyl-CoA by 

HQT for the direct production of CA under omittance of C3H (Figure 6). Caffeic acid or caffeoyl-

CoA for the biosynthesis of CA is mostly provided by the cleavage of caffeoyl-5-O-shikimic acid 

by caffeoylshikimate esterase (CSE) followed by the formation of caffeoyl-CoA by 4CL (Figure 

6, purple frame) (Vanholme et al. 2013)Φ ¢ƘŜ ǎƻ ŎŀƭƭŜŘ ΨǎƘƛƪƛƳŀǘŜ ǎƘǳƴǘΩ ǿŀǎ ŜȄǇƭƻǊŜŘ ƛƴ 

Cynara cardunculus, Panicum virgatum and Cichoryium intibus (Sonnante et al. 2010; Legrand 
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et al. 2016). Transient expression of 4CL, HCT, C3H, and CSE from Crocosmia x crocosmiiflora 

in Nicotiana benthamiana resulted in a higher utilization of caffeoyl units (Kruse et al. 2024).  

 

 

Figure 6. Biosynthetic pathway towards caffeoyl-5-O-shikimic acid and caffeoyl-5-O-quinic 
acid according to the summaries provided by Clifford et al. (2017) and Alcázar Magaña et 
al. (2021). HST combines shikimic acid and p-coumaroyl-CoA, the resulting p-coumaroyl-5-
O-shikimic acid is then hydroxylated by C3H (blue frame). Caffeoyl-5-O-quinic acid is 
produced analogously by HQT and C3H (green frame). The resulting products accumulate 
or can by cleaved by CSE (purple frame). In the following, caffeic acid is either used for the 
production of lignin or is activated by 4CL. Alternatively, the resulting caffeoyl-CoA can be 
combined with shikimic or quinic acid by HST or HQT to produce caffeoyl-5-O-shikimic or 
caffeoyl-5-O-quinic acid under exclusion of C3H. Dotted arrows mark further possible 
branches towards other compounds. The grey, dotted arrow indicates no secured evidence 
for this reaction. Newly introduced moieties are colored red. Grey arrows indicate 
alternative pathways. HST: hydroxycinnamoyl-CoA:shikimate hydroxycinnamoyl-
transferase, HQT: hydroxycinnamoyl-CoA:quinate hydroxycinnamoyl-transferase, C3H: C3-
hydroxylase, CSE: caffeoylshikimate esterase, 4CL: 4-coumarate CoA-ligase 
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In the roots of Ipomoea batatas, a different set of enzymes was uncovered and characterized 

after tests with radiolabeled cinnamic acid (Kojima and Uritani 1972, 1973). The first step is 

the activation of cinnamic acid by UDP-glucose:cinnamate glucosyltransferase as glucose 

ester, which is hydroxylated twice (in meta- and para-position) afterwards (Kojima and Uritani 

1973; Kojima and Kondo 1985; Villegas and Kojima 1986; Tanaka and Kojima 1991). The 

resulting caffeoyl glucose is utilized by hydroxycinnamoyl glucose:quinate hydroxycinnamoyl-

transferase to finally form CA (Kojima and Kondo 1985; Villegas and Kojima 1986). 

Additionally, an enzyme which catalyzed the formation of dicaffeoyl-3,5-O-quinic acid was 

characterized (Kojima and Kondo 1985). CA can be accumulated and stored in the vacuole (in 

Coffea arabica associated with the concentration of caffeine (Rochleder 1844; Clifford 1985; 

Mösli Waldhauser and Baumann 1996) or disassembled to provide caffeoyl units for lignin 

biosynthesis (Schoch et al. 2001; Volpi E Silva et al. 2019). Disassembly of CA is usually 

processed by HQT, which reverses the esterification, then resulting in caffeoyl-CoA (Hoffmann 

et al. 2004; Niggeweg et al. 2004; Escamilla-Treviño et al. 2014) (Figure 6). Alternatively, the 

cleavage of CA may be processed by CSE, resulting in caffeic acid (Figure 6, purple frame). This 

reaction has so far not been confirmed in vitro (Volpi E Silva et al. 2019). Moreover, CSE from 

Arabidopsis thaliana only showed acceptance of caffeoylshikimic or p-coumaroylshikimic acid 

(Vanholme et al. 2013) and no caffeic acid was obtained after the incubation of CA with crude 

extracts of Panicum virgatum (Escamilla-Treviño et al. 2014). The biochemical properties of 

CSE have so far rarely been investigated and its function is assigned to the cleavage of shikimic 

acid esters, not of CA. Caffeic acid or caffeoyl-CoA can be further utilized to produce 

flavonoids, monolignols or coumarins (Figure 6). Caffeoyl-CoA derives either from the 

mentioned reaction or is activated by 4CL from caffeic acid.  

So far, the knowledge concerning the biosynthesis of the CA derivatives cCA and nCA is scarce. 

The presence of an isomerase is suggested, which converts CA into the other isomers, but such 

an enzyme has not yet been detected (Clifford et al. 2017). Spontaneous migration of acyl 

moieties should be taken into account since the pH-dependent formation of cCA and nCA from 

CA was observed (Friedman and Jürgens 2000; Xie et al. 2011; Lallemand et al. 2012). Thus, 

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

and aqueous solvents or a basic pH should be avoided. 

The biosynthesis of dicaffeoylquinic acids was observed at lower pH, which is comparable to 

the pH of the vacuole (Moglia et al. 2014). Subsequently, the biosynthesis was related to the 

presence of chlorogenate:chlorogenate hydroxycinnamoyltransferase or isochlorogenic acid 

synthase in the vacuole, while the formation of CA was linked to the presence of HQT in the 

cytosol of Solanum lycopersicum (Moglia et al. 2014). Transient expression of the HQT in 

Nicotiana benthamiana led to increased dicaffeoylquinic acid content (Moglia et al. 2016). 
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Investigations of the biosynthesis of CA derivatives in Helianthus annuus found high 

concentrations of dicaffeoyl-1,5-quinic acid, but the analyzed HQTs were not able to catalyze 

a respective reaction (Cheevarungnapakul et al. 2019). 

Spontaneous acyl migration may lead to different isomers of dicaffeoylquinic acids. 

Additionally, dicaffeoylquinic acids can be synthesized by the addition of a caffeic acid moiety 

from caffeoyl-CoA to an existing CA molecule by HQT. CA derivatives with an attached feruloyl 

moiety are constructed via methylation of the meta-hydroxy group of caffeoyl-CoA by 

caffeoyl-CoA 3-O-methyltransferase. Most chlorogenic acids contain trans-caffeic acid 

derivatives, but the presence of chlorogenic acids having cis-caffeoyl moieties could be 

correlated with UV exposure in Stevia rebaudiana and/or with stress induction in Nicotiana 

tabacum (Clifford et al. 2008; Karaköse et al. 2015; Mhlongo et al. 2015; Makola et al. 2016). 

In summary, the biosynthesis of CA and its derivatives seems to resemble an intricate network 

with numerous opportunities to change direction instead of a direct route. 

3.2.1 The role of chlorogenic acid derivatives in plants and humans 

The function of CA derivatives can be categorized into two distinct areas: the reasons and 

mechanisms underlying the accumulation of these compounds by plants and the potential 

health benefits they may have on humans. 

The exact function of the accumulation of chlorogenic acids in plants is uncertain, but an 

influence on the resistance against pathogens is promoted by the incorporation into lignin 

(Taylor 1968; Nuringtyas et al. 2012). Additionally, antioxidative properties and protection 

against damage through UV-irradiation are related to the occurrence of chlorogenic acids in 

Solanum lycopersium, Nicotiana tabacum and Cynara cardunculus (Tamagnone et al. 1998; 

/ƭŞ Ŝǘ ŀƭΦ нллуΤ aƻƎƭƛŀ Ŝǘ ŀƭΦ нллуΤ tŜǘǊǳƯƻǾł Ŝǘ ŀƭΦ нлмпύ. 

The potential health benefits of chlorogenic acids by regular intake of beverages or food are 

correlated with their in vitro antioxidative properties and effects on chronic diseases, such as 

ŎŀƴŎŜǊΣ ŎŀǊŘƛƻǾŀǎŎǳƭŀǊ ŘƛǎƻǊŘŜǊǎΣ ŘƛŀōŜǘŜǎΣ ŀƴŘ tŀǊƪƛƴǎƻƴΩǎ ŘƛǎŜŀǎŜ (Clifford et al. 2017; 

Joneidi et al. 2024). However, an antioxidant-effective plasma concentration of chlorogenic 

acids could not be observed (Clifford et al. 2017). Therefore, regulatory effects of physiological 

concentrations of metabolites and related structures are tested in mice or human cell models 

(Clifford et al. 2017). In such studies, anti-inflammatory and neuroprotective effects, as well 

as modulation of inflammatory mediators, were observed (Monagas et al. 2009; Verzelloni et 

al. 2011; Amin et al. 2015; Baeza et al. 2017; González-Sarrías et al. 2017; van Rymenant et al. 

2017). 
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Going further, the human and microbial metabolism of chlorogenic acids increases the 

spectrum of the substances available for the body (Clifford et al. 2017; Joneidi et al. 2024). 

After the consumption of coffee, esterases, glucuronidases, methyltransferases, 

sulfuryltransferases and other enzymes participate in the breakdown of CA, and the derived 

metabolites have been detected (Clifford et al. 2017). The extensive metabolism of CA has led 

to chemical modifications, which increase the stability of these substances and may enhance 

biological activity (Joneidi et al. 2024). 

3.3 Caffeoylshikimic acid, its biosynthesis, and related compounds  

Caffeoyl-5-O-shikimic acid is considered a transit product towards lignin, and mostly only 

traces are found in planta (Maier et al. 1964). Since its cleavage provides caffeic acid and/or 

caffeoyl-CoA, it is of important function for the formation of monolignols (C-, G-, 5H-, and S-

lignin), which are the basis for lignans and lignin (Vanholme et al. 2019; de Vries et al. 2021b). 

The biosynthesis of caffeoyl-5-O-shikimic acid starts with shikimic acid, an intermediate from 

the eponymous pathway (Japanese: ◦◐Ⱶ Ґ ΨǎƘƛƪƛƳƛΩ Ґ Illicium anisatum), and p-coumaroyl-

CoA, an activated hydroxycinnamic acid from the general phenylpropanoid pathway. Both 

molecules are coupled under catalysis of hydroxycinnamoyl-CoA:shikimate 

hydroxycinnamoyltransferase (HST) and the resulting p-coumaroyl-5-O-shikimic acid is 

hydroxylated at C3 by C3H (Figure 6, blue frame). Caffeoyl-5-O-shikimic acid is then 

disassembled by CSE or HST, which results in caffeic acid or caffeoyl-CoA, respectively (Shadle 

et al. 2007; Vanholme et al. 2013; Vanholme et al. 2019). The resulting caffeic acid is mostly 

activated as CoA-thioester via 4CL, and caffeoyl-CoA is then used for the production of 

flavonoids, monolignols and coumarins (Figure 6, purple frame) (Vanholme et al. 2013; Kruse 

et al. 2024). Reintegration into the biosynthetic grid can be imagined by the transfer of 

caffeoyl-CoA to shikimic or quinic acid. 

Earlier studies proposed the idea of a C3H, which catalyzes the direct meta-hydroxylation of 

p-coumaric acid to caffeic acid instead of the hydroxylation of a shikimic or quinic acid ester. 

Yet recently, a corresponding enzyme, a cytosolic ascorbate peroxidase, was discovered with 

the highest activity in Brachypodium distachyon and Zea mays, which both lack CSE (Barros et 

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

The structure of caffeoyl-5-O-shikimic acid was first elucidated by Maier et al. (1964) from 

green dates (Phoenix dactylifera) and the compound was therefore named dactyliferic acid. 

Isomers of the substance were also isolated, with the proposed structures of caffeoyl-3- and -

4-O-shikimic acid (Maier et al. 1964), which were resolved later (Saito et al. 1997).  
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Concerning the derivatives of caffeoylshikimic acids, no other derivatives seem to be 

accumulated in higher amounts. The three isomers caffeoyl-3-, -4-, and -5-O-shikimic acid 

were isolated from S. glabra (Feng et al. 2010; Wu et al. 2012). p-Coumaroyl-5-O-shikimic acid, 

caffeoyl-5-O-shikimic acid (and a hexoside), feruloyl-5-O-shikimic acid (and a hexoside), 

sulfoferuloyl-5-O-shikimic acid, 5-hydroxyferuloyl-5-O-shikimic acid (and a hexoside), 

sinapoyl-5-O-shikimic acid, and several other combinations of hydroxycinnamoyl, shikimic 

acid and sugar moieties were found in xylem extracts of wild-type and cse1 and cse2 double 

knockout mutants of Populus tremula x P. alba (de Vries et al. 2021a). In extracts of Ilex 

paraguariensis, the structures of four caffeoylshikimic acids, three dicaffeoylshikimic acids, 

one tricaffeoylshikimic acid, feruloyl-4-O-shikimic acid, and various chlorogenic acids were 

resolved by LC-MS analysis (Jaiswal et al. 2010). Methanolic extracts of roasted coffee powder 

contained three derivatives each of p-coumaroyl-, caffeoyl-, and feruloylshikimic acids (Jaiswal 

et al. 2014). Analysis of leaf extracts of Castanopsis orthocantha showed the presence of 

galloylquinic acids as well as orthocanthain A, which is an ester of three shikimic acids with 

emblifatmin, a gallic acid pentamer (Cheng et al. 2024). Besides, the synthesis of CA and four 

p-coumaroylshikimic acid derivatives, including two di-p-coumaroylshikimic acid derivatives, 

was achieved by introducing the shikimic acid pathway, 4CL and HQT or HST, respectively, in 

E. coli (Kim et al. 2013). 

3.3.1 Lignin 

Today, lignin represents 15 to 40 ҈ ƻŦ ǘƘŜ ǿƻǊƭŘΩǎ Ǉƭŀƴǘ ōƛƻƳŀǎǎ ŀƴŘΣ ǘƘǳǎΣ ƛǎ ƻƴŜ ƻŦ ǘƘŜ Ƴƻǎǘ 

abundant biomolecules (Boerjan et al. 2003; Cesarino et al. 2012; del Río et al. 2020). This 

resource richness can be exploited for further utilization of precursors in chemical synthesis 

(Ralph et al. 2004; Cesarino et al. 2012; del Río et al. 2020; Abu-Omar et al. 2021). Lignin is 

commonly referred to as a polymer of the monolignols p-coumaroyl (H-lignin), coniferyl (G-

lignin), and sinapoyl alcohol (S-lignin) (del Río et al. 2020), and forms a network of 

phenylpropane-derived aromatic substances by oxidative radical polymerization (Boerjan et 

al. 2003; Ralph et al. 2004). Nevertheless, several other compounds, such as monolignol 

esters, tricin, resveratrol, diferuloylputrescine or caffeoyltyramine, can also be integrated in 

different plant species (Vanholme et al. 2019; del Río et al. 2020). Lignin is characteristic for 

the cell walls of tracheophytes and provides mechanical stability and rigidity, both of which 

helped support plant transition from water to land about 500 Ma ago (Late Ordovician) 

(Cesarino et al. 2012; del Río et al. 2020; Rensing 2020; de Vries et al. 2021b). The basic 

function of the phenylpropanoid pathway can be traced back to the emergence of land plants 

or even earlier (Schwarze and Petersen 2024), suggesting fundamental importance for 

Embryophyta (de Vries et al. 2021b). HCT homologs, catalyzing the formation of p-coumaroyl-

5-O-shikimic acid, are functionally conserved in bryophytes (Kriegshauser et al. 2021) and C3H 
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from Physcomitrium patens and Selaginella moellendorffii were able to hydroxylate this 

product, although p-coumaroylanthranilic acid was preferred (Alber et al. 2019). 

4 Enzymes involved in the biosynthesis of phenolic acids 

²ƛǘƘ ǘƘŜ ǊƻǳƴŘ ǘŀōƭŜ ƻŦ w!Σ /! ŀƴŘ /{ ōƛƻǎȅƴǘƘŜǎƛǎ ŀǎǎŜƳōƭŜŘΣ ƛǘ ƛǎ ǘƛƳŜ ǘƻ ƛƴǘǊƻŘǳŎŜ !ǊǘƘǳǊΩǎ 

most important knights. 

4.1 BAHD acyltransferases and hydroxycinnamoyltransferases 

In the biosynthetic pathway towards RA, CA, and caffeoylshikimic acid, the HCTs RAS, HQT, 

and HST catalyze the formation of an ester between a hydroxycinnamic acid and an aliphatic 

hydroxyl group, which together create the frame of the final molecule. Those enzymes belong 

to the large family of the plant BAHD acyltransferases, which were first described by (St-Pierre 

and de Luca 2000).  

Before, only a few of these acyltransferases had been isolated or characterized in more detail. 

The initial letters of the first four characterized genes/enzymes still provide the basis for the 

name BAHD: BEAT (benzylalcohol O-acetyltransferase, Clarkia breweri) (Dudareva et al. 1998), 

AHCT (anthocyanin O-hydroxycinnamoyltransferase, Petunia hybrida, Senecio cruentusΣ Χύ 

(Fujiwara et al. 1997; Fujiwara et al. 1998), HCBT1 (anthranilate N-

hydroxycinnamoyl/benzoyltransferase, Dianthus caryophyllus) (Fujii et al. 1994), and DAT 

(Deacetylvindoline 4-O-acetyltransferase, Catharanthus roseus) (St-Pierre et al. 1998). Over 

the last 25 years of research, the interest in BAHDs has increased τ more and more 

acyltransferases are being characterized, and the recent findings are regularly reviewed 

(D'Auria 2006; Yu et al. 2009; Bontpart et al. 2015; Petersen 2016; Kusano et al. 2019; Moghe 

et al. 2023; Villarreal et al. 2023; Xu et al. 2023). Since BAHDs take part in the biosynthesis of 

important metabolites in plants, as well as pharmaceutically potent substances, these 

acyltransferases are considered key players for metabolic diversity (Moghe et al. 2023). The 

promiscuity and possible convergent evolution (Levsh et al. 2019; Moghe et al. 2023) have led 

to a cornucopia of BAHDs taking part in biosynthetic pathways of specialized compounds. 

Tropane alkaloids, for example, are found in members of Erythroxylaceae, Solanaceae and 

several other plant families. The last step of the biosynthesis of cocaine is enabled by a BAHD 

(EcCS), which catalyzes the transfer of benzoic acid to methylecgonine (Schmidt et al. 2015; 

Chavez et al. 2022; Chavez et al. 2024). The biosynthesis of the anticancer drug paclitaxel, 

which inhibits the disassembly of microtubules, was investigated in Taxus spp. and involves 

the recruitment of a benzoyl-CoA transferase (Walker and Croteau 2000; Ondari and Walker 
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2008). Vindoline and vinorine, two vinca alkaloids, are synthesized in Catharanthus roseus or 

Rauvolfia serpentina under catalysis of respective BAHDs (Ma et al. 2005; Kulagina et al. 2022). 

Since proteins with similar structure to BAHDs were also found in fungi, the evolutionary origin 

of BAHDs is proposed to be older than the plant kingdom (Moghe et al. 2023). Similar catalytic 

motifs are found in nonribosomal peptide synthases, glycerolipid acyltransferases, 

choline/carnitine acyltransferases, chloramphenicol acetyltransferases, and fungal alcohol 

acetyltransferases (Moghe et al. 2023).  

In addition to BAHDs, serine carboxypeptidase-like acyltransferases (SCPL) are alternative 

enzymes in plants for the transfer of hydroxycinnamoyl moieties. They have supposedly 

developed from serine carboxypeptidases but instead of hydroxycinnamoyl-CoA, 

hydroxycinnamoyl-glucose esters are taken as acyl donor substrates (Bontpart et al. 2015; 

Petersen 2016; Naake et al. 2024). 

4.1.1 BAHD phylogeny, structure, and reaction mechanism 

The term BAHD is from here on used for enzymes from clades 0 to 7, which are described in 

the following. Hydroxycinnamoyltransferase (HCT) refers exclusively to enzymes catalyzing 

the transfer of a (hydroxy)cinnamoyl moiety to an acceptor substrate.  

BAHD acyltransferases, with a special focus on characterized enzymes, have been subject to 

phylogenetic analysis, and eight major clades have been identified (D'Auria 2006; Tuominen 

et al. 2011; Serrani-Yarce et al. 2021; Kruse et al. 2022; Moghe et al. 2023; Naake et al. 2024). 

The number of BAHD copies per genome differs, with angiosperms harboring 50 to 200 

BAHDs, and some phylogenetic clades are restricted to certain plants (Kruse et al. 2022; 

Moghe et al. 2023). Clade 0 is restricted to BAHDs from algae, while clade 1 consists of BAHDs 

involved in the acylation of anthocyanins, flavonoids, or phenolic glucosides. The minimalistic 

clade 2 includes only three genes, taking part in the biosynthesis of epicuticular waxes. In clade 

3, only acylsugar acyltransferases from Solanaceae are grouped. BAHDs from clade 4 are 

involved in the formation of aliphatic acylated amines, and the clade includes enzymes from 

dicots, monocots, as well as uncharacterized isoforms from liverworts and mosses. Clade 5 is 

strikingly different, which includes RAS, HST and HQT, core enzymes of the phenylpropanoid-

related metabolism. Isoforms or related enzymes of HST or HQT have been at least found in 

representatives of land plants or charyophytic algae (Moghe et al. 2023). Hydroxycinnamoyl-

CoA:spermidine hydroxycinnamoyltransferase (SHT) is also placed within clade 5. Clade 6 is of 

similar broad distribution in plants, and its members are involved in the biosynthesis of cutin 

or natural products such as paclitaxel or volatile esters. Furthermore, this clade includes 

enzymes catalyzing the transfer of benzoyl moieties or accepting benzoyl alcohol or hydroxy 
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fatty acids as substrates. So far, the grouping in clade 7 is rather relaxed, and it consists of only 

a few characterized enzymes participating in the formation of acylated aromatic alcohols.  

Only a few conserved amino acid sequences are necessary for the catalytic mechanism, which 

enables a certain variability on the amino acid level in the non-participating areas. Hence, the 

BAHDs have a broad spectrum of substrates, which are specific to certain subclades (Moghe 

et al. 2023).  

BAHDs are typically globular, monomeric, soluble proteins that are constructed of two 

domains linked by a variable loop (Ma et al. 2005). The tertiary structure of BAHDs is generally 

conserved, despite the enzymes being variable on amino acid level. The bagel- or donut-

shaped enzymes are penetrated by a channel that incorporates the active center (Walker et 

al. 2013). Tertiary structures were first achieved from crystallization experiments (Walker et 

al. 2013; Chiang et al. 2018; Levsh et al. 2019) and are nowadays modeled (Fanelli et al. 2025).  

For the function of BAHDs, certain conserved amino acids have been observed and analyzed 

during the last years of research. Besides conserved sequence motifs or single amino acids, 

which occur in BAHDs from all clades, certain conserved patterns are restricted to members 

of individual clades (Tuominen et al. 2011; Kruse et al. 2022). Of highest importance is the 

HxxxDG motif, which consists of a highly conserved histidine (H), followed by three 

interchangeable amino acids, aspartic acid and glycine. Histidine is of functional importance 

since it is placed in the active center. It was shown to take part in the reaction mechanism by 

deprotonation of the acceptor substrate, which facilitates a nucleophilic attack and 

protonation of the released CoA (Ma et al. 2005; Walker et al. 2013). Exchanging histidine with 

alanine in several BAHDs basically resulted in an inactive enzyme (Walker et al. 2013; Levsh et 

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

The mostly conserved DFGWG motif, located closer to the C-terminus, was assigned a 

structural rather than a catalytic function. Computational studies revealed a hydrogen bond 

between the aspartic acid and a tyrosine, proximal to the N-terminus, which influenced the 

form of the solvent channel but not the overall structure (Morales-Quintana et al. 2015). Site-

directed mutagenesis of this conserved tyrosine in SbHCT showed a reduction of the specific 

activity of about 40 % in comparison to the wild-type (Walker et al. 2013). Alterations in the 

DFGWG sequence resulted in changes to the substrate recognition (Sharma et al. 2013; Moghe 

et al. 2023).  

Upstream of the DFGWG, two conserved amino acids are typically found: threonine (T) has a 

distance of 11 amino acids to aspartic acid (D), and tryptophan (W) 9, respectively. In studies 

with HCT from Sorghum bicolor, the role of the residues was assigned to hydrogen bonds with 

shikimate (T) and the oxyanion of the tetrahedral intermediate (W) (Walker et al. 2013).  
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Structural analysis of the crystal structures of five isoforms of HST from different plants 

(Arabidopsis thaliana, Plectranthus scutellarioides, Coffea canephora, Sorghum bicolor, 

Selaginella moellendorffii) revealed the function of another amino acid residue (Chiang et al. 

2018). The swinging motion of an arginine (R) conserved in all isoforms was found to play a 

role in the recognition of the native substrate shikimate, and it also influenced the binding 

sites for non-native substrates (Chiang et al. 2018). Furthermore, a lysine (K) was found in the 

crystal structure of PsRAS and PcRAS, to which a similar function is assigned (Levsh et al. 2019). 

Electrostatic interactions of lysine facilitate binding and positioning of the substrate. Exchange 

of the lysine with alanine severely reduced the enzyme activity (Levsh et al. 2019). 

The general reaction of HCTs includes the transfer of a (hydroxy)cinnamoyl-CoA (donor) to a 

free hydroxyl (-OH) or amino (-NH2) group of an acceptor under release of CoA. Typical 

acceptor substrates of HCTs are pHPL, shikimic, quinic, 3-hydroxyanthranilic, malic, piscidic, 

anthranilic acid, amino acids, or amines, such as spermine, spermidine or agmatine (Moghe et 

al. 2023). Hydroxycinnamic acids (for example, cinnamic, p-coumaric-, caffeic, ferulic or 

sinapic acid) are activated as a CoA-thioester by 4CL under the consumption of ATP. As 

consequence, the compound becomes more reactive and is made available for further 

processes. A catalytic mechanism of BAHDs, analogous to a nucleophilic substitution (SN2t), 

was proposed by Walker et al. (2013), based on the findings of a HST from Sorghum bicolor, 

which catalyzed the transfer of p-coumaroyl-CoA to C3 of shikimic acid. The p-coumaroyl-CoA 

was introduced into the catalytic site of the HCT, interacting with a conserved tyrosine. The 

acceptor substrate (in this instance, shikimic acid) was locked in the binding pocket by ionic 

interactions with an arginine. Moreover, binding of the donor prior to the acceptor was 

suggested. The deprotonation of the -OH or (-NH2 in other cases) by a proximal catalytic 

histidine (Nʑ2) increased the nucleophilic properties of the acceptor, which then attacked the 

-ɹC of p-coumaroyl-CoA. Hydrogen bonds with a proximal tryptophan (W) stabilized the 

tetrahedral transition state, which was followed by the release of S--CoA and the protonation 

to HS-CoA. The product (for example, p-coumaroyl-3-O-shikimic acid) subsequently exits the 

enzyme, and the reaction can be repeated with another set of donor and acceptor substrates.  

The reverse reaction of HCTs has been observed in several monocots and dicots (Hoffmann et 

al. 2003; Comino et al. 2007; Escamilla-Treviño et al. 2014; Serrani-Yarce et al. 2021), 

depending on the concentration of CoA, and the reaction mechanism is expected to be 

inverted. The overall catalytic properties for the reversed reaction are ostensibly lower than 

the catalytic properties of the genuine reaction, but in certain cases comparable to the 

parameters obtained by CSE (Serrani-Yarce et al. 2021). 
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4.2 CYP98: aromatic meta-hydroxylases 

Within the network of phenolic substances, the hydroxylation of p-coumaroyl-пΩ-

hydroxyphenyllactic, -5-O-quinic and -5-O-shikimic acid is one of the practically irreversible 

ǎǘŜǇǎΦ ¢ƘŜ Ŏŀǘŀƭȅǎƛǎ ōȅ /оIκ/оΩIΣ ǿƘƛŎƘ ŀǊŜ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ /¸tфу ƛƴ ǘƘŜ ŦƻƭƭƻǿƛƴƎΣ ƛƴǘǊƻŘǳŎŜǎ 

a hydroxyl moiety in meta-position of the phenolic ring (aromatic meta-hydroxylase). Gene 

expression of CYP98 is related to plant growth, development, and resistance to stress (Xin et 

al. 2023; Zhou et al. 2025). The involvement of CYP98 in the production of caffeoylanthranilic 

acid was shown in vitro in bryophytes, but the in vivo relevance is unclear (Kriegshauser et al. 

2021; Ernst et al. 2022; Werck-Reichhart et al. 2024). To the palette of substrates belong p-

coumaroyl-2-threonic acid, p-coumaroyl-4-threonic acid, p-coumaric acid, p-

coumaroyltryptamine, di-p-coumaroylputrescine, tri-p-coumaroylspermidine and other 

related substances (Alber et al. 2019). 

The name cytochrome P450 derives from observations of microsomes from rat livers, which 

showed strong absorbance at 450 nm after binding of carbon monoxide (Klingenberg 1958). 

Since then, CYPs were found to exist in bacteria, fungi, plants, and animals, with the first plant-

derived CYP identified in Persea americana extracts (O'Keefe and Leto 1989). In the following, 

CYP refers to the whole enzyme group but is especially reduced to CYPs from plants. CYPs are 

traditionally named by determining phylogenetic relationships (https://drnelson.uthsc.edu, 

Nelson 2009 onwardsύΦ {ǳǇŜǊŎƭŀŘŜǎ ŀǊŜ ŘŜŦƛƴŜŘ ŀǎ ΨŎƭŀƴǎΩΣ ŎƭŀŘŜǎ ŀǎ ΨŦŀƳƛƭƛŜǎΩ ŀƴŘ ǎǳōŎƭŀŘŜǎ 

ŀǎ ΨǎǳōŦŀƳƛƭƛŜǎΩΣ ǿƛǘƘ ǎƻƳŜ ƻŦ ǘƘŜƳ ōŜƛƴƎ ŀǎǎƻŎƛŀǘŜŘ ǿƛǘƘ ǘƘŜƛǊ ŦǳƴŎǘƛƻƴ (Werck-Reichhart et 

al. 2024)Φ bŀƳŜǎ ƻŦ /¸tǎ ŀǊŜ ŎƻƳǇƻǎŜŘ ŀǎ ƛƴ ǘƘŜ ŦƻƭƭƻǿƛƴƎ ŜȄŀƳǇƭŜΥ /оκ/оΩ-hydroxylase from 

Plectranthus scutellarioides is named CYP98A14, making it the 14th described member of 

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

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

of the same family usually share more than 40 % identity, and members of the same subfamily 

more than 55 %. Sequence similarities between families range from 10 to 30 % (Hasemann et 

al. 1995). In some cases, other factors, such as introns, are considered (Chapple 1998). 

The total number of CYPs in plants lies between 70 genes in Physcomitrium patens and up to 

1500 in Triticum aestivum, while usually only one to three CYP98 are found (Werck-Reichhart 

et al. 2024; Zhou et al. 2025). The first CYP98, from Arabidopsis thaliana, was characterized in 

vitro by Schoch et al. (2001) and showed the selective C3-hydroxylation of p-coumaroyl-5-O-

quinic and -5-O-shikimic acid. Since then, about thirty CYP98s have been characterized from 

eudicots, monocots, gymnosperms, bryophytes, lycophytes and ferns (Hansen et al. 2021). 

Current research on plant CYPs reviews their function, plasticity, and impact on the 
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development of land plants or gives an overview of the status of CYP98 research (Hansen et 

al. 2021; Werck-Reichhart 2023; Werck-Reichhart et al. 2024; Zhou et al. 2025). 

CYPs contain heme as a prosthetic group, which consists of a Fe-coordinating porphyrin 

molecule that takes part in the catalytic reaction. The proteins are inverted triangularly, 

monomeric, and consist of about 500 amino acid residues. The N-terminal part of the protein 

is a membrane anchor that keeps the enzyme locked to the membranes (mostly ER), facing 

the cytosol, and in proximity to NADPH:cytochrome P450 reductase (CPR). The membrane 

anchor consists of about 30 amino acid residues, mostly composed of a ǘǊŀƴǎƳŜƳōǊŀƴŜ ʰ-

helix of hydrophobic residues, such as leucine, isoleucine, valine, or phenylalanine, followed 

by a polar region and a hinge, consisting of several prolines and a glycine (proline-rich region) 

(Yamazaki et al. 1993; Werck-Reichhart et al. 2002; Renault et al. 2017). Two classes of C4H 

(CYP73) were discovered to have strong differences in their N-terminal segments, with the 

anchors of class I structured as described above, but class II having an increased number of 

polar, uncharged amino acids (serine, threonine) (Renault et al. 2017). Furthermore, class II 

membrane anchors are about 30 amino acid residues longer, which results in two 

transmembrane helices, and a cluster of prolines in the middle of the sequence bends the 

transmembrane helix into a V-shape (Renault et al. 2017). 

Comparison of several CYP sequences led to the identification of conserved amino acid 

ǎŜǉǳŜƴŎŜǎΣ Ƴƻǎǘ ƻŦ ǘƘŜƳ ŀƭǎƻ ŦƻǳƴŘ ƛƴ /¸tфуΦ wŜƎŀǊŘƛƴƎ ǘƘŜ ƳŜƳōǊŀƴŜ ŀƴŎƘƻǊΣ ǘƘŜ ΨǇǊƻƭƛƴŜ-

ǊƛŎƘ ǊŜƎƛƻƴΩ ŦƻǊƳǎ ǘƘŜ ƘƛƴƎŜ ƻŦ ǘƘŜ ǘǊŀƴǎƳŜƳōǊŀƴŜ ƘŜƭƛȄΦ Lƴ ŎƻƳǇŀǊƛǎƻƴ ǘƻ ƻǘƘŜǊ Ǉroteinogenic 

amino acids, proline is a cyclic amino acid; its implementation results in a rigid structure and 

ŀ ŘƛǎǊǳǇǘƛƻƴ ƻŦ ʰ-helices. The O2-binding region describes a threonine containing amino acid 

sequence (AGMDT, or in general, [A/G]GX[D/E]T[T/S]) forming an oxygen-binding pocket, 

which was identified in eukaryotic CYPs (von Wachenfeldt and Johnson 1995; Chapple 1998). 

Another conserved sequence is the EFRPERF region, which interacts with glutamic acid (E) and 

arginine (R) from the K-helix (KExLR) (Hasemann et al. 1995). A triad is created by the second 

R of the EFRPERF region and the conserved E and R, which stabilizes the folding and 

embedding of the heme (Hasemann et al. 1995; Mizutani et al. 1997). The heme molecule 

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

ligand for the prosthetic group (Halkier 1996; Werck-Reichhart et al. 2002). 

In plants, the function of CYPs is associated with the synthesis of signaling compounds, 

biopolymers (lignin, sporopollenin), sterols, natural products, and with detoxification (Werck-

Reichhart et al. 2024). In addition to hydroxylation, CYPs from other families are able to 

catalyze versatile reactions, such as dealkylations, epoxidations, dehydrations, and 

desaturations, as well as the cleavage or rearrangement of carbon bonds and other reactions 

(Hansen et al. 2021). Thus, CYPs take part in many biosynthetic pathways. The conservation 
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of the function was crucial for the development of land plants and their ability to survive on 

ƭŀƴŘΦ aŜǘŀōƻƭƛǘŜǎ ŘŜǊƛǾƛƴƎ ŦǊƻƳ ǘƘŜǎŜ ǇŀǘƘǿŀȅǎΣ ǎǳŎƘ ŀǎ ƭƛƎƴƛƴ ƻǊ /!Σ ǎǳǎǘŀƛƴŜŘ ǘƘŜ ǇƭŀƴǘǎΩ 

defense against the stressors of the new habitat (Werck-Reichhart et al. 2024). In addition, 

the increased promiscuity of CYP duplicates may have led to neofunctionalization and 

integration into other pathways (Werck-Reichhart 2023).  

CYPs, acting as monooxygenases, typically use molecular oxygen. One atom is transferred to 

the substrate as a hydroxyl group, and the other is reduced to water. Since two electrons are 

required for the reaction, NADPH is oxidized by CPR, and the electrons are provided for CYP. 

The catalytic cycle involves the binding of the substrate in proximity to the heme molecule 

and an electron transfer for the reduction of FeIII, which is followed by the binding of molecular 

oxygen. Subsequent to a second electron transfer, two protonations take place. Water is thus 

released, and the very reactive, electrophilic iron-oxo intermediate attacks the substrate. 

Oxygen is inserted between hydrogen and carbon of the substrate. Thus, the hydroxyl moiety 

is introduced, and finally the hydroxylated substrate is released by the binding of water 

(Werck-Reichhart and Feyereisen 2000). 

4.2.1 NADPH:cytochrome P450 reductases 

Since the hydroxylation of substrates is a redox reaction, two electrons are necessary, which 

are delivered from NADPH via CPR. CPRs are membrane-bound proteins, which consist of four 

domains (FMN-binding domain, connecting domain, FAD-binding domain, NADPH-binding 

domain) (Wang et al. 1997; Laursen et al. 2011). Attached to the N-terminus is FMN, whereas 

FAD, the other prosthetic group, is located closer to the C-terminus (Jensen and Møller 2010). 

Both transfer the electrons, delivered by NADPH to the CYP in proximity. Two classes of CPR 

were recognized based on the length of the membrane anchor (Ro et al. 2002; Jensen and 

Møller 2010), and electrostatic interactions with other CPRs or CYPs were observed 

(Hasemann et al. 1995; Zhao et al. 1999; Esteves et al. 2020). The number of CPR varies, and 

at least one to three isoforms are found in plants (Eberle et al. 2009; Jensen and Møller 2010). 

5 Aim of this work 

When this work was started in 2019, all genes and enzymes of the biosynthetic pathway for 

RA were uncovered in Plectranthus scutellarioides (Petersen et al. 1993). Furthermore, RA 

biosynthesis was also well investigated in Salvia miltiorrhiza, Lithospermum erythrorhizon and 

Melissa officinalis (Matsuno et al. 2002; Ogata et al. 2004; Tsuruga et al. 2006; Di et al. 2013; 

Döring et al. 2014). Some participating enzymes from several other Lamiaceae species and the 

hornwort Anthoceros agrestis had been characterized as well (Wohl and Petersen 2020b, 
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2020a; Busch and Petersen 2021; Ernst et al. 2022; Pezeshki et al. 2022). However, little 

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

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

/о ƻǊ /оΩ ƻŦ ŀ ǊŜǎǳƭǘƛƴƎ ŜǎǘŜǊ ōȅ ŀ /¸tфуΦ [ŀǘŜǊΣ w!{ ŦǊƻƳ Phacelia campanularia was 

characterized (Levsh et al. 2019) and the convergent evolution of RA biosynthesis was 

hypothesized. 

RA was detected earlier in Chloranthus officinalis (Abdullah et al. 2008), a member of the 

Chloranthaceae, but no transcriptomic or genomic data were available, which could facilitate 

finding homologous RAS or CYP98s. Since the 1kP project created a publicly available 

transcriptome of the related species S. glabra, which also contains RA and a plethora of other 

substances, this plant was chosen for further investigation. Thus, the quest for RAS began. The 

Chloranthales are situated at an interesting and early branching point of the spermatophytes, 

being considered a sister clade to magnoliids and not too distant from monocots. RA is found 

throughout the plant kingdom, and so far, it is not known why plants produce this substance 

and how the biosynthetic processes have developed.  

The main achievement of the work presented here is the molecular and biochemical 

characterization of BAHDs and CYP98s being involved in the formation of RA, CA, and 

caffeoylshikimic acid in S. glabra. The enzymes catalyzing the respective reactions have been 

found in other organisms, but the respective enzymes from S. glabra had not been identified 

and characterized biochemically. At a late stage of this work and independently from this 

group, the biosynthesis of RA in S. glabra has been discovered, and the basic activity of 

involved enzymes was shown (Li et al. 2024). The above-mentioned study did not access the 

biosynthesis of CA and caffeoylshikimic acid. In spite of this, HCTs have to be analyzed 

thoroughly. Their variability and the tendency of angiosperms to possess multiple copies of 

the same enzyme leads to each of them having individual properties.  

Regarding CYP98s, progress has been made in identifying and characterizing genes and 

enzymes from land plants, including mosses and ferns (Alber et al. 2019). Investigations of 

CYP98s from S. glabra will fill the gap between gymnosperms, Amborellales and monocots. 

Additional information will help to clarify the evolutionary context. 

Analysis of medicinal plants is sometimes limited to the utilization of aboveground parts, 

which does not necessarily include the complete spectrum of natural products. Therefore, a 

special focus was put on the analysis of different plant parts, and the relative transcription 

rates of genes encoding enzymes covered in this work were recorded. Additionally, since three 

derivatives of CA and caffeoylshikimic acid were identified in S. glabra, we explored the 

selective formation of the regioisomers. To date, the enzymatic formation of regioisomers of 
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CA and caffeoylshikimic acid is not mentioned, except for one HCT in Bambusa multiplex 

(Nomura et al. 2022).  

Finally, the identification of participating genes, their heterologous expression, and 

biochemical characterization will help to understand the distribution and evolution of RA, CA, 

and caffeoylshikimic acid. Phylogenetic placement of these enzymes in combination with their 

in vitro parameters creates the framework for the ongoing analysis of BAHDs and CYP98s, 

while expression patterns identify the correlation between in vitro properties and the 

abundance of natural products. 
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II Material and methods 

6 General material and methods  

6.1 Harvest of plant material from different tissues 

Four Sarcandra glabra plants were thankfully obtained as cuttings from the Botanical Garden 

of the Heinrich-Heine-Universität Düsseldorf (IPEN-No. JP-0-DUSS-4034). There, they were 

originally received from Prof. Hurusava (Okinawa, Japan). The plants were cultivated under 

natural light conditions, at 20 ± 3 °C, close to windows. Plant material was harvested from the 

adult plants roughly once a month.  

Flowers were always collected before or during blossoming, including yellow stamina, green 

pistils and pedicels (Figure 3 A, C and D). Flowers were excluded if the stamina were dry or 

brown. As the plants were usually blooming from June to December and fruits took several 

weeks to months for ripening, flowers and fruits were gathered separately. Flowers were hand 

pollinated with a fine hairbrush since natural pollinators were not available. Manual 

pollination led to 1 to 10 fruits per inflorescence. Ripe fruits were picked when having an 

orange to red color and feeling solid (Figure 3 E). Young leaves were approximately 1 to 2 

months old when harvesting, small, light green, soft and flexible (Figure 3 F). Old leaves instead 

were older than 3 months, around 5 to 10 cm in length, dark green, hard, and rigid (Figure 3 

F). Young stems, including nodes and internodes, were usually harvested from young shoots, 

when the internodes were red and flexible (Figure 3 I and G). Old stem tissue was collected 

from older plant parts and was yellow-green and hard (Figure 3 H). Roots were cut when 

repotting the plants. The usually white tips were declared young roots (Figure 3 K). When 

aging, the roots became yellow to orange (Figure 3 J). Thick, brown, and hard parts were, thus, 

considered old roots (Figure 3 J). Those parts were at least 5 cm away from the tip.  

Soil residues on all tissues were always rinsed off with distilled water. To guarantee young 

root tissue, the Sarcandra glabra plants were put into fresh soil regularly (Compo Sana 

Qualitätsblumenerde, Compo). Four weeks after repotting, fresh roots had emerged, and 

tissues were harvested. The material of all four plants was mixed afterwards, immediately 

frozen in liquid nitrogen and stored at Ȥ80 °C until freeze-drying. The lyophilized tissues were 

stored in sealed 50 ml tubes at room temperature, protected by silica gel beads against 

moisture. 
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6.2 Staining of lignified plant parts 

Lignified plant tissues can be stained by addition of phloroglucinol under acid conditions. Free 

cinnamic aldehydes from lignified tissues, such as coniferaldehyde, interact with hydroxyl 

groups of phloroglucinol under catalysis of protons.  

For the detection of lignin in the fruits of Sarcandra glabra, longitudinal cuts were placed on 

a microscope slide in water. In the next step, two drops 6 N HCl were added, and the solution 

was incubated for some seconds, then two drops 2 % (v/v) phloroglucinol in 96 % (v/v) ethanol 

were added. After incubation at room temperature for 1 to 2 min, a red color developed in 

lignified tissues. 

6.3 Extraction of phenolic compounds 

Plant parts of Sarcandra glabra from eight different stages or tissues were phytochemically 

investigated. Seventeen different substances were identified by LC-MS and the content 

determined by HPLC.  

Samples were harvested in winter 2023/2024 except for fruits, which were analyzed 

separately in winter 2024/2025, since harvesting flowers prevented their emergence. Freeze- 

dried plant parts were ground and three samples of about 20 mg weighed in 1.5 ml reaction 

tubes. After the addition of 1 ml 70 % (v/v) ethanol, the samples were mixed vigorously for 

10 s. For cell lysis, sonication took place twice for 10 min at 70.0 °C with intense mixing in 

between. The ethanolic solution was collected after centrifugation at 900 g for 10 min and 

stored separately. The cell pellet was extracted again by adding 1 ml of the solvent, mixing 

and centrifuging. The ethanol phases were blended (ὠ Ȣ) and prepared for HPLC and LC-MS 

analysis directly. The remaining extracts were stored at -80 °C. Samples for HPLC or LC-MS 

were diluted tenfold (Ὢ) with 30 % (v/v) methanol acidified with 0.01 % (v/v) H3PO4 and 

centrifuged for 10 min at 16000 g.  

Quantitative analysis was performed by HPLC with 10 µl of the diluted sample (ὠ ) 

(chapter 11.1). Authentic standards (25 to 100 µM) ǿŜǊŜ ŀƭǎƻ ŀƴŀƭȅȊŜŘ ōȅ It[/Σ ǳǎƛƴƎ ŀ 

ǿŀǾŜƭŜƴƎǘƘ ƻŦ омн ƴƳ ŦƻǊ ǇπŎƻǳƳŀǊƻȅƭ ƻǊ ƻŦ ооо ƴƳ ŦƻǊ ŎŀũŜƻȅƭ ŘŜǊƛǾŀǝǾŜǎ. {ƛƴŎŜ ƻƴƭȅ ŀƴ 

ǳƴǉǳŀƴǝŬŜŘ ŀǳǘƘŜƴǝŎ ǎǘŀƴŘŀǊŘ ƻŦ w! оΩπhπ̡π5πƎƭǳŎƻǎƛŘŜ ǿŀǎ ŀǾŀƛƭŀōƭŜΣ ǘƘŜ ƳƻƭŀǊ ŀōǎƻǊōŀƴŎŜ 

ŎƻŜŶŎƛŜƴǘ ƻŦ w! ǿŀǎ ǘŀƪŜƴ ŦƻǊ ǘƘŜ ǉǳŀƴǝŬŎŀǝƻƴ ƻŦ ǘƘƛǎ ǎǳōǎǘŀƴŎŜΦ The calculation of the 

content of phenolic compounds in % of the dry weight (ύύΣ ǿƘƛŎƘ ƛǎ ƭŀǘŜǊ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ Ψ҈ ƻŦ 

ǘƘŜ ŘǊƛŜŘ Ǉƭŀƴǘ ƳŀǎǎΩΣ ƛǎ ǇǊŜǎŜƴǘŜŘ ǎǘŜǇǿƛǎŜ ƛƴ ǘƘŜ ŦƻƭƭƻǿƛƴƎΦ Lƴ ǘƘŜ ōŜƎƛƴƴƛƴƎΣ ǘhe area under 

the curve (AUC) of each compound peak in the samples was determined. Then, the total 

amount of each compound ὲ  and was determined by  
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ὲ
Ȣ

ὧz Ȣz ὠ Ȣz ρπ  Σ 

 

όмύ 

where ὲ is the amount of the compound (ὅ) in the injected sample in nmol, ὃὟὅ  the 

AUC in the sample for ὅ, ὃὟὅȢ the AUC of the standard, ὧ Ȣ the concentration of the 

standard in µM and ὠ Ȣ the injected volume of the standard in µl. In the next step, ὲ  was 

retrieved by 

ὲ ὲ ᶻ Ȣz  ὲ ρzπ Σ 

 

όнύ 

with ὲ  being the total amount of ὅ in the tissue sample in nmol, ὠ Ȣ being the total 

extraction volume in µl, Ὢ being the factor of dilution, and ὠ  the volume of the injected 

sample in µl. Finally, ύ  the content of ὅ in % of the plant dry weight, was obtained by  

ύ
ᶻ

ρzπ ρzππ Ϸ Σ 

 

όоύ 

with ὓ  being the molecular mass of ὅ in g/mol, and ά Ȣ being the mass of the tissue 

sample in mg. ¢ƘŜ ǊŜǎǳƭǘǎ ŀǊŜ ǇǊŜǎŜƴǘŜŘ ƛƴ ҈ ƻŦ ǘƘŜ ŘǊƛŜŘ Ǉƭŀƴǘ ƳŀǘŜǊƛŀƭΣ ǘƘǳǎΣ ǘƘŜ ŘƛũŜǊŜƴǘ 

ŎƻƴǘŜƴǘ ƻŦ ǿŀǘŜǊ ƛƴ ŜŀŎƘ ǝǎǎǳŜ Ŏŀƴ ōŜ ƴŜƎƭŜŎǘŜŘΦ For qualitative analysis (identification of the 

peaks), 10 µl of the diluted ethanolic extracts were subjected to LC-MS analysis (chapter 11.2) 

and the detected masses were compared to those of authentic standards (25 to 100 µM).  

6.4 Migration of the caffeoyl moiety in caffeic acid esters 

Since the spontaneous migration of hydroxycinnamoyl moieties was proven for CA (Xie et al. 

2011), tests were conducted in order to estimate the influence of the reaction conditions in 

enzyme tests on the position of the hydroxycinnamoyl attachment.  

For this, 115 µl 0.1 M KH2PO4/K2HPO4 buffer (KPi) pH 6.0, 7.0, or 8.0 was supplemented with 

10 µl 625 µM CA or caffeoyl-5-O-shikimic acid, resulting in a final concentration of 50 µM. The 

tests were either stopped with 20 µl 6 N HCl or incubated at 30 °C for 0.5, 2, or 24 h before 

adding HCl. Following the double extraction with 500 µl ethyl acetate, the ethyl acetate was 

evaporated to dryness. For analysis by HPLC, assays were then redissolved in 30 % (v/v) 

methanol, acidified with 0.01 % (v/v) H3PO4. 

6.5 Composition of media 

Media were used to cultivate the microorganisms E. coli and S. cerevisiae with the aim of 

harvesting high amounts of cells containing heterologously expressed enzymes. Solid medium 

plates were utilized for the selection of single colonies, liquid media for the multiplication of 

single strains.  



II Material and methods: General material and methods 

34 
 

6.5.1 Composition of media for Escherichia coli cultures 

6.5.1.1 Lysogeny Broth  

Lysogeny Broth (LB) was used for the multiplication of E. coli. LB consists of 1 % (w/v) 

tryptone/peptone, 0.5 % (w/v) yeast extract, 1 % (w/v) NaCl and pH was adjusted to 7.0 with 

NaOH (Bertani 1951). The medium was filled into 250 ml Erlenmeyer flasks to 100 ml each and 

autoclaved. Before use, ampicillin was added to a final concentration of 0.1 mg/ml to prevent 

growth of untransformed bacteria. 

If solid LB medium was used for transformant plates, 1 % (w/v) agar was added before 

autoclaving, and the flasks were carefully swirled after sterilizing to distribute the agar evenly. 

The solid medium was liquefied in a microwave, cooled down to approximately 60 °C, and 

ampicillin was added as above. Sterile Petri dishes were filled with about 15 ml of the still 

warm and liquid medium. The medium consolidated after about 20 min. 

Plates for blue-white screening were prepared as above, but 5-bromo-4-chloro-3-indolyl- -̡D-

galactopyranoside (X-Ǝŀƭύ ŀƴŘ ƛǎƻǇǊƻǇȅƭ ʲ-D-1-thiogalactopyranoside (IPTG) were added to a 

final concentration of 0.08 mg/ml and 0.05 mM, respectively. 

6.5.1.2 Terrific Broth 

Bacteria for expression of soluble enzymes were grown in Terrific Broth (TB). The medium 

consists of 1.2 % (w/v) tryptone/peptone, 2.4 % (w/v) yeast extract and 0.4 % (v/v) glycerol 

(Tartof and Hobbs 1988). The medium was distributed into 250 ml Erlenmeyer flasks in 

aliquots of 90 ml. Constant pH during heterologous expression was achieved by preparing 10x 

TB buffer from 0.17 M KH2PO4 and 0.27 M K2HPO4 in a 250 ml Schott flask. Both solutions were 

autoclaved separately. Before inoculation with E. coli, 10 ml of the buffer were added to 90 ml 

of the medium, and the composition was supplemented with 1 mg/ml ampicillin. 

6.5.1.3 Super Optimal broth with Catabolite repression  

For transformation of E. coli with plasmid vectors, Super Optimal broth with Catabolite 

repression (SOC) according to Hanahan (1983) was used. SOC is a nutrient-rich medium, which 

helps cells to recover after heat shock and, thus, enhances transformation. SOC consists of 

2 % (w/v) tryptone/peptone, 0.5 % (w/v) yeast extract, 8.6 mM NaCl and 2.5 mM KCl. Before 

autoclaving, the pH was adjusted to 7.0 with 1 M NaOH, and afterwards, filter-sterilized 1 M 

MgSO4, and 1 M glucose was added to a final concentration of 20 mM each. 
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6.5.2 Composition of media for Saccharomyces cerevisiae cultures 

6.5.2.1 Yeast Peptone Dextrose 

Untransformed Saccharomyces cerevisiae strains were grown on nutrient-rich Yeast Peptone 

Dextrose (YPD) medium plates (Dymond 2013). YPD consists of 2.0 % (w/v) tryptone/peptone, 

1.0 % (w/v) yeast extract, 2.0 % (w/v) glucose, 55 mg/l adenine sulfate and was supplemented 

with 1.5 % (w/v) agar before sterilization. YPD was liquefied by microwaving before pouring 

about 15 ml in each Petri dish.  

6.5.2.2 Synthetic Complete minimal defined medium without uracil 

In comparison to YPD, Synthetic Complete minimal defined medium without uracil (SC-URA) 

only provides substrates and amino acids but is lacking uracil (Dymond 2013). Instead, it is 

supplemented with either glucose (SCD-URA) or galactose (SCG-URA), respectively. Only uracil-

producing transformant strains survive on these media.  

The basal liquid SC-URA consists of 6.7 g/l yeast nitrogen base, 185.5 mg/l L-serine, 100 mg/l L-

threonine, 75 mg/l L-valine, 50 mg/l L-aspartate, 50 mg/l L-glutamate, 40 mg/l adenine, 

30 mg/l L-leucine, 30 mg/l L-isoleucine, 25 mg/l L-phenylalanine, 20 mg/l L-tryptophan, 15 mg/l 

L-lysine, 15 mg/l L-tyrosine, 10 mg/l L-arginine, 10 mg/l L-histidine and 10 mg/l L-methionine. 

The pH was adjusted to 5.6 by adding 1 M NaOH. Amino acids were added from 20x stocks, 

which were prepared beforehand and stored at Ȥ20 °C. For multiplying S. cerevisiae colonies 

harboring pESC-Ura plasmids, liquid SCD-URA was used, which contained additional 2.0 % (w/v) 

glucose (dextrose). In contrast, 2.0 % (w/v) galactose was added for the preparation of 

SCG-URA. Both media were autoclaved in half-filled 1 l Schott flasks.  

If solid SCG-URA plates were used, 1.5 % (w/v) agar was supplemented before sterilizing 100 ml 

of the medium in 250 ml Erlenmeyer flasks. After sterilization, the media were gently mixed 

to dissolve the agar completely. For preparation of solid SCG-URA plates, Petri dishes were filled 

with about 15 ml of the liquefied medium. 

6.6 Handling of Saccharomyces cerevisiae cultures 

Yeast cultures were always propagated by picking colonies from medium plates instead of 

reactivating them from glycerol stocks since the cells are more durable. 

The yeast strain YPH 501 was used for heterologous expression of recombinant genes. The 

untransformed strain was spread on the YPD plates with a sterile inoculation loop from a 

commercial glycerol stock. The plates were incubated at 30 °C for 2 to 3 days, until several 

single colonies appeared. The plates were then stored at 4 °C. Once a month, several colonies 

were taken and transferred to a fresh plate.  
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Transformed yeast strains, containing pESC-Ura, were cultivated on SCD-URA and were 

refreshed weekly. Once a month, the basal yeast strain was newly transformed to achieve 

consistent expression results. For heterologous expression (chapter 9.4), a pinhead-sized 

group of these colonies was taken and transferred to liquid SCD-URA. 

6.7 Chemicals and solutions 

6.7.1 Staining solution for Bradford assays 

Bradford solution for the quantification of proteins (chapter 9.6) consisted of 0.1 g/l 

Coomassie Brilliant Blue G250, 5 % (v/v) ethanol and 10 % (v/v) 85 % H3PO4 (Bradford 1976). 

The solution was filtered twice and stored at 4 °C until use.  

6.7.2 Shikimic or quinic acid stock solutions 

High concentrated solutions of shikimic or quinic acid may influence the pH in enzyme assays. 

High buffer concentrations were avoided by adjusting the pH of 1 M shikimic or quinic acid 

solutions to pH 7.0. Shikimic or quinic acid were weighed in a beaker and water of about 80 % 

of the final volume was added. When the substances were completely dissolved, pH was 

adjusted with 1 M NaOH to 7.00. The solution was quantitatively transferred to a volumetric 

flask, and water was added to the final volume of 20.0 ml. The solutions were thoroughly 

mixed, before aliquoting and storing at Ȥ20 °C. 

6.7.3 3-Hydroxyanthranilic acid stock solution 

Since the solubility of 3-hydroxyanthranilic acid in water is restricted, the substance was 

dissolved in 1 M HCl. When adding the solution to enzyme assays, the resulting decrease of 

pH was neutralized with an equal amount of 1 M NaOH. Enzyme assays were mixed intensively 

afterwards to avoid local pH maxima or minima, which could inactivate other substances. The 

resulting pH was evaluated before starting the enzyme assay. 

6.7.4 Neutralized 16-hydroxypalmitic acid stock solution 

16-Hydroxypalmitic acid was used as hydroxycinnamoyl acceptor substrate. Since the fatty 

acid is poorly soluble in water, it was dissolved in 20 % (v/v) ethanol under heating. 

Subsequent to neutralization with 1 M KOH, the concentration was adjusted to 50 mM and 

the solution was subjected to ultrasonication for 10 min, which dissolved the white 

precipitate. 
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6.7.5 Washing of glass beads for mechanical cell disruption 

Glass beads were washed with HCl to avoid contamination during mechanical disruption of S. 

cerevisiae cells. 50 g glass beads (425 to 600 µm) were covered with 5.8 M HCl and incubated 

at room temperature for at least 1 h with intermediate stirring. Afterwards, the acid 

supernatant was removed, and the glass beads were washed. The beads were intensively 

stirred in water for 10 s and the water was decanted. Washing was repeated 9 times. After 

autoclaving, the flask remained in the hot autoclave with half opened lid for drying. If the glass 

beads did not require sterility, they were subjected to a wide glass vessel and dried at 90 °C 

for 1 h. 

7 Molecular Biology 

7.1 Extraction, treatment, and analysis of nucleic acids 

7.1.1 Isolation of total RNA according to Chomczynski and Sacchi (1987) 

The protocol by Chomczynski and Sacchi (1987) was followed for the isolation of RNA from 

Sarcandra glabra. This method was used to obtain suitable RNA for later amplification of DNA 

sequences. Fresh plant material was frozen in liquid nitrogen and ground to a fine powder 

without thawing in a nitrogen chilled mortar. About 50 mg of the plant powder were carefully 

weighed into 1.5 ml reaction tubes. For disruption of the cell walls, 500 µl solution D were 

added, consisting of 4 M guanidinium thiocyanate, 25 mM sodium citrate, 0.5 % (w/v) sodium 

N-lauroyl sarcosine adjusted to pH 7.0. After a short incubation at room temperature, 50 µl 

2 M sodium acetate was given to the mix, followed by intensive mixing with 500 µl phenol 

(citric acid buffer saturated). Immediately afterwards, 100 µl ice-cold chloroform were added 

and the tubes were vigorously shaken. The tubes were incubated on ice for 15 min and 

centrifuged for 15 min at 4 °C and 12000 g. The aqueous upper phase was transferred to a 

new 1.5 ml reaction tube and an equal volume of ice-cold isopropanol was supplemented. The 

tubes were carefully inverted and RNA precipitated at -20 °C for 15 to 60 min. RNA was 

collected by centrifugation for 10 min at 4 °C and 12000 g. The pellet was washed with 200 µl 

70 % (v/v) ethanol, centrifuged for 5 min at 4 °C and 7500 g and the process was repeated 

with 200 µl 100 % (v/v) ethanol. RNA was finally dried at 37 °C for 5 min and resuspended in 

25 µl RNase-free water by pipetting. Isolated RNA was always stored at -80 °C. The purity of 

RNA was controlled spectrophotometrically and on 1 % (w/v) agarose gels. 
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7.1.2 Isolation of total RNA according to Pearson et al. (2006) 

The method described by Pearson et al. (2006) had been validated with polyphenol-rich algae 

and, thus, is suitable for other polyphenol containing plants. Plant material of Sarcandra 

glabra was lyophilized, ground to fine powder in a cooled mortar and 20 to 50 mg were 

weighed in 2 ml reaction tubes. The samples were incubated at 21 °C for 15 min with 1 ml 

extraction buffer, composed of 100 mM tris(hydroxymethyl)aminomethane (Tris)-HCl pH 7.5, 

50 mM ethylenediaminetetraacetic acid (EDTA), 2 M NaCl, 2 % (w/v) 

cetyltrimethylammonium bromide (CTAB) and freshly supplemented 50 mM dithiothreitol 

(DTT). Afterwards, 1 ml 4 % (v/v) isoamyl alcohol in chloroform was added, the reaction tubes 

were mixed vigorously and centrifuged for 20 min at 4 °C and 12000 g. The aqueous upper 

phase was transferred to a new 2 ml reaction tube, absolute ethanol measuring 30 % of the 

volume was added and the tubes were shaken gently. The extraction by isoamyl 

alcohol/chloroform was repeated and the upper phase collected in a new 1.5 ml tube. For 

RNA precipitation, 12 a [ƛ/ƭ ŀƴŘ ʲ-mercaptoethanol were added to a final concentration of 

2.4 M and 1 %, respectively. Precipitation of RNA took place at 4 °C for 16 to 20 h. A pellet was 

collected afterwards by centrifugation for 30 min at 4 °C and 14000 g. Resulting RNA was 

washed twice with 800 µl 70 % (v/v) ethanol and spun down for 10 min at 4 °C and 14000 g. 

Ethanol was removed and the RNA pellet was dried for 15 min at 37 °C. RNA was then 

resuspended in 35 µl RNase-free water by pipetting and subsequent shaking for 15 min at 

37 °C and 300 rpm. Concentration and purity of RNA samples was determined 

spectrophotometrically and on 1 % agarose gels. RNA was stored at -80 °C afterwards. 

To purify RNA after a DNase I digest, a second RNA isolation step was performed. The same 

protocol was used, but only a tenth of the volumes were taken. 

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

The isolation of total RNA from Sarcandra glabra was conducted following the protocol of the 

RNeasy® Plant Mini Kit (Qiagen). Young leaves, stems, and roots were harvested from adult 

Sarcandra glabra, frozen in liquid nitrogen and lyophilized for 24 h. A sterilized mortar (2 h at 

200 °C) was prechilled with liquid nitrogen, and the lyophilized plant parts were ground 

without allowing them to thaw. Up to 50 µg powder were weighed into 2 ml reaction tubes 

and 450 µl buffer RLT was added immediately. Following thorough mixing, the lysate was 

transferred to a QIAshredder spin column, which was placed in a 2 ml reaction tube. 

Centrifugation for 2 min at 17000 g resulted in a clear flow-through which was pipetted into 

a new reaction tube. The same volume of 100 % (v/v) ethanol was added, and the lysate was 

gently mixed before application to a RNeasy Mini spin column. The flow-through from a 15 s 

centrifugation at 8000 g was discarded since RNA was bound to the silica membrane. Protein 
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residues were removed by washing the column with 700 µl RW1 and subsequent 

centrifugation. The flow-through was, again, discarded, and washing was repeated twice with 

500 µl RPE buffer. Liquid residues were removed by 2 min centrifugation at 8000 g. The 

column was then placed in a new reaction tube. The RNA was eluted by pipetting 25 µl RNase-

free water directly onto the membrane, incubating for 5 min at room temperature, and 

subsequent centrifugation at 8000 g for 2 min. Higher yields were achieved by repeating the 

elution. The integrity of total RNA was evaluated on agarose gels and the concentration, as 

well as the quotient of the absorbance at 260 nm and 280 nm (A260/A280), were determined. 

7.1.4 Isolation of genomic DNA according to Rogers and Bendich (1985) 

For isolation of genomic DNA (gDNA), which was utilized as template for PCR, the protocol 

described by Rogers and Bendich (1985) was followed. Young leaves of Sarcandra glabra were 

harvested, flash frozen in liquid nitrogen and ground in a prechilled mortar. The powdered 

plant material was weighed into 2 ml reaction tubes to 200 mg and resuspended in preheated 

(65 °C) 2x CTAB buffer by thorough mixing. The 2x CTAB buffer was composed of 2 % (w/v) 

CTAB, 1 % (w/v) polyvinyl pyrrolidone (MW 40000), 1.4 M sodium chloride, 0.1 M Tris-HCl 

pH 8.0 and 10 mM EDTA. The reaction tubes were incubated at 65 °C for 10 to 30 min with 

intermittent mixing. Subsequently, 300 µl chloroform were added and the tubes intensively 

mixed until an emulsion was formed. Following centrifugation at 17000 g for 5 min, the 

aqueous upper phase containing the gDNA was transferred to a new tube. Subsequently, 10x 

CTAB buffer, composed of 10 % (w/v) CTAB and 0.7 M NaCl, was liquefied at 65 °C and added 

to a final concentration of 1 % CTAB. Both liquids were mixed gently by inverting and 

extraction with 300 µl chloroform was repeated. After centrifugation at 17000 g for 5 min, 

250 µl of the upper phase were added to 250 µl CTAB precipitation buffer, which consisted of 

1 % (w/v) CTAB dissolved in 50 mM Tris-HCl pH 8.0 and 10 mM EDTA. The reaction tube was 

inverted several times and subjected to centrifugation at 17000 g for 10 min. The supernatant 

was carefully removed afterwards since centrifugation resulted in the formation of a gDNA-

pellet on the interior surface of the tube. The precipitate was resuspended in 200 µl high-salt 

TE buffer, consisting of 10 mM Tris-HCl pH 8.0, 1 mM EDTA and 1 M NaCl. After adding 400 µl 

ethanol and inverting the reaction tube, the tubes were incubated at -20 °C for up to 1 h. 

Centrifugation at 17000 g for 5 min resulted in the formation of a faint white pellet. Residual 

liquids were removed and the pellet carefully rinsed with 400 µl 70 % (v/v) ethanol. Prior to 

removal of the supernatant, the tubes were subjected to centrifugation at 17000 g for 5 min. 

The washing process was repeated once. Drying the gDNA pellet at 37 °C for 20 min was 

followed by resuspension in 20 to 50 µl 5 mM Tris-HCl pH 8.0, 1 mM EDTA, and 0.1 mg/ml 

RNase A at a temperature of 37 °C for 15 min. The gDNA was directly utilized for downstream 

applications. 
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7.1.5 Digestion of DNA with DNase I 

DNase I digest was performed to remove gDNA contaminants from RNA isolates. For this, 5 µl 

10x buffer with MgCl2 was added to 40 µl RNA solution. After adding 5 µl DNase I, the digests 

were incubated at 37 °C for 1 h. 

7.1.6 Quantification of nucleic acids 

Typical methods for the isolation of nucleic acids result in solutions which contain residues of 

gDNA or RNA, respectively, proteins, polysaccharides or chemicals. Spectrophotometric 

analysis helps to identify impurities since the substances can be differentiated by absorbance 

between 220 and 330 nm. Typically, nucleic acid solutions were measured against water as 

blank at 260 nm and 280 nm. gDNA was considered pure, when the quotient of the 

absorbance at 260 nm and 280 nm (A260/A280) was 1.7 to 1.9, whereas RNA was pure, when 

A260/A280 was between 1.8 and 2.0. At a wavelength of 260 nm, gDNA solutions with an 

absorbance of 1.0 correspond to a concentration of 50 ng/µl (ʁ  = 50 mM-1 cm-1). An 

absorbance of 1.0 equals a concentration of 40 ng/µl (ʁ  = 40 mM-1 cm-1) for RNA. Calculations 

are based on Lambert-Beer law. 

7.1.7 Agarose gel electrophoresis 

Processes such as polymerase chain reaction (PCR), restriction enzyme digestion of plasmids, 

and isolation of RNA or gDNA typically yield a complex mixture of nucleic acids of varying sizes. 

Agarose gel electrophoresis was conducted to separate nucleic acids based on their size, 

allowing analysis through comparison with size markers (Figure 7) and revering for the use in 

downstream applications. Agarose gel electrophoresis is based on the speed of migration of 

nucleic acids during application of voltage. The negatively charged nucleic acids are pulled 

towards the anode, while the filtering characteristics of the gel matrix slows down molecules, 

depending on their size.  

To cast an agarose gel, 0.7 to 1.2 g agarose were dissolved in 100 ml TAE buffer, consisting of 

40 mM Tris-HCl pH 8.0, 1 mM EDTA and 20 mM acetic acid, by microwaving. TAE buffer was 

prepared by dilution of a 50x stock solution (2 M Tris-HCl, 50 mM EDTA, 1 M acetic acid). A gel 

tray was prepared, cleaned and a comb was inserted. The agarose solution was cooled to 

about 50 °C and swiveled regularly. The liquid was poured on the gel tray, and 10 to 25 µg 

ethidium bromide were added and dispensed. Gels were subsequently hardened for 20 to 

40 min and either used directly or stored at 4 °C overnight.  
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When starting the analysis, the gel tray was transferred to the gel chamber, which was filled 

with about 250 ml TAE buffer. Nucleic acid samples were prepared by adding a sixth of the 

volume 6x loading dye (0.03 % (w/v) bromophenol blue, 0.03 % (w/v) xylene cyanol, 60 mM 

EDTA, in 60 % (w/v) glycerol). The samples were mixed, collected at the bottom, and directly 

pipetted into the wells. Visualization of the size of the nucleic acids was achieved by adding 

4 µl GeneRuler DNA Ladder Mix separately (Figure 7). The gel was run for 20 to 45 min at 100 

to 130 V. Finally, the gel was analyzed in a photo chamber under turquoise light and 

application of an amber filter. The gel appeared yellowish, 

while nucleic acids bands show bright fluorescence. A 

black and white picture was documented with a camera. 

Depending on the application, bands of interest were cut 

out with a scalpel and subjected to gel extraction.  

If direct application of ethidium bromide to the agarose 

solution was not possible due to interference during 

running the gel, the gel was stained with 2.5 µg/ml 

ethidium bromide in TAE buffer for 30 min at 4 °C after 

electrophoresis on a shaking platform. 

7.1.8 Isolation and purification of nucleic acids from agarose gels 

After agarose gel electrophoresis was used to separate DNA, such as PCR amplicons or 

plasmids, cut with restriction enzymes, the bands were precisely cut out, and the DNA in the 

fragments was isolated using the NucleoSpinϰ Gel and PCR Clean-up Kit. The slice of the gel 

was placed in a sterile 1.5 ml reaction tube and either stored at -20 °C or directly processed. 

The gel was dissolved in 200 µl buffer NT per 100 µg gel at 60 °C for 5 to 20 min. The solution 

was then transferred to a silica gel column, which was placed in a 2.0 ml reaction tube. During 

centrifugation at 11000 g for 1 min, DNA fragments were bound to the matrix, while buffer 

and dissolved gel residues were rinsed. The flow through was discarded. The silica membrane 

was washed through centrifugation at 11000 g for 1 min with 700 µl buffer NT3, which 

consisted of 10 mM Tris-HCl pH 7.5 in 80 % (v/v) ethanol. Then the flow-through was discarded 

and the matrix dried by repeating centrifugation for 2 min. Finally, DNA fragments were eluted 

with 25 µl sterilized water by centrifugation at 11000 g for 2 min after incubation of the 

membrane for 5 min. Higher yields were obtained by repeating the last step. Consequently, 

the concentration decreased. DNA fragments were ready to use or stored at -20 °C. 

 
 

Figure 7. GeneRuler DNA 
ladder Mix on an agarose gel 
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7.1.9 cDNA synthesis  

7.1.9.1 cDNA synthesis for PCR 

Synthesis of complementary DNA (cDNA) was used to construct stable template for PCR from 

total RNA. Synthesis of cDNA was simplified by using the RevertAid First Strand cDNA Synthesis 

Kit (Thermo Scientific). The synthesis was started by pipetting 11 µl total RNA solution, 

equivalent to 0.1 to 2.0 µg, into double autoclaved reaction tubes. To bind to the 3Ω-poly(A) 

tail, 1 µl oligo d(T)18-primer was added and the reaction tubes were incubated at 70 °C for 5 

min. Afterwards, the mixture was spun down briefly and stored on ice. In the following, 4 µl 

5x reaction buffer, 2 µl 10 mM dNTPs and 1 µl RiboLock RNase inhibitor (20 U/µl) were added, 

and the solution was mixed gently by pipetting. RNases were inhibited by incubation at 37 °C 

for 5 min. Transcription of RNA into cDNA was started by adding 1 µL RevertAid reverse 

transcriptase (200 U/µl). The reaction took place at 42 °C for 60 min and was stopped by 

heating the mixture to 70 °C for 10 min. Finally, cDNA was spun down and stored at Ȥ80 °C. 

7.1.9.2 cDNA synthesis for RACE-PCR 

Rapid amplification of cDNA ends (RACE) PCR employs cDNA, of which the 5Ω- and 3Ω-ends are 

modified by adding an adapter sequence. This 5Ω- or 3Ω-RACE-ready cDNA was constructed by 

using the SMARTerRACE 5Ω/3Ω kit (Takara). рΩ- ƻǊ оΩ-RACE-ready cDNA was prepared by 

transferring up to 10 µl for 5Ω-RACE or 11 µl for 3Ω-RACE RNA solution (10 to 1000 ng) to a 

microtube, and either adding 1.0 µl 5Ω-CDS Primer A or 3Ω-CDS Primer A. After gentle mixing 

and short centrifugation, the tubes were incubated at 72 °C for 3 min, for denaturation and to 

ensure sufficient binding of primers in GC-rich regions. Cooling at 42 °C for 2 min was followed 

by collecting the liquid at the bottom of the tube by centrifugation. For 5Ω-RACE, 1 µl SMARTer 

II A oligonucleotide was added. The following reagents were prepared in a separate reaction 

tube, enabling the preparation of a master mix for several parallel reactions: 4.0 µl 5x First-

Strand buffer was mixed with 0.5 µl 100 mM DTT and 1.0 µl 20 mM dNTPs. The mixture was 

spun down briefly, and 0.5 µl RNase Inhibitor (40 U/µl), as well as 2.0 µl SMARTScribe RT 

(100 U/µl) were carefully added. Synthesis of RACE-ready cDNA was started by adding 8 µl of 

the master mix to the reaction tubes containing the prepared RNA, gentle mixing, short 

spinning, and incubation at 42 °C for 90 min in a thermal cycler. The reaction was stopped by 

denaturing at 70 °C for 10 min. The resulting 5Ω- or 3Ω-RACE-ready cDNA was diluted with 

tricine-EDTA buffer, depending on the initial amount of RNA, and stored at -20 °C until further 

usage. 

7.1.10 Polymerase chain reaction 

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

by heating to 95 °C. Secondly, the temperature is lowered to allow binding of gene-specific 
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primers to the forward and the reverse strand. Finally, elongation of the antisense strands is 

started by increasing the temperature to the optimal working temperature of the 

thermostable polymerase. The whole procedure is repeated continuously until amplification 

rates decline. Several commercially available kits, such as the GoTaq, AccuPrime, and 

SMARTer w!/9 рΩκоΩ ƪƛǘΣ were used to amplify DNA, depending on the further processing. PCR 

reactions were performed in a thermal cycler after mixing all components and adding water 

to a final volume of 25 µl. 

7.1.10.1 Design of PCR primers 

Primers were designed using the Oligo Analysis tool by Eurofins Genomics. The 5Ω-end of a 

DNA sequence was directly used to set up the forward primer. The 3Ω-end, instead, was 

reversed and taken complementary to construct the reverse primer. Primers had a size of 20 

to 35 nt, and a difference in melting temperature below 2 °C was aimed. Restriction sites, start 

codons, stop codons, or nucleotides for improved binding of restriction endonucleases, were 

added.  

7.1.10.2 Standard PCR using GoTaq 

GoTaq® G2 Flexi DNA polymerase (Promega) is a full-length Taq polymerase, does not possess 

3Ω,5Ω-exonuclease activity, adds a 3Ω-A overhang and is able to insert 1000 bp/min. The 

composition and cycling conditions for standard assays are described in Table 1. The kit was 

mainly used to verify gene sequences from cDNA or gDNA, or to amplify short sequences for 

semiquantitative expression analysis (chapter 8). 

Table 1. Cycling program and composition of a standard PCR using GoTaq polymerase 

Cycling program Composition 

94 °C 120 s, 
[94 °C 60 s, Tm-5 °C 60 s, 72 °C 60 s] x40, 
72 °C 300 s, 
hold at 4 to 10 °C 

1.0 µl DNA template 
5.0 µl GoTaq buffer I  
3.0 µl MgCl2 (25 mM) 
0.5 µl dNTPs (10 mM) 
0.5 µl of each primer (10 to 100 µM) 
0.1 µl GoTaq G2 polymerase (5 U/µl) 
14.9 µl H2O 

 

7.1.10.3 PCR using AccuPrime Taq DNA polymerase 

With the aim of amplifying full-length sequences for ligation into plasmids and subsequent 

heterologous expression, AccuPrime Taq DNA polymerase, high fidelity (Thermo Scientific) 

was used. This polymerase possesses 3Ω,5Ω-exonuclease activity, which means, wrongly 

inserted nucleotides are cut out and corrected. The number of falsely paired nucleotides is 
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reduced significantly and the exact sequence during PCR is ensured. AccuPrime PCR assays 

were prepared in microtubes and were composed as described in Table 2. 

Table 2. Cycling program and composition of a standard PCR using AccuPrime polymerase 

Cycling program Composition 

94 °C 120 s, 
[94 °C 60 s, Tm-5 °C 60 s, 68 °C 60 s] x40, 
68 °C 300 s, 
hold at 4 to 10 °C 

1.0 µl DNA template 
2.5 µl 10x AccuPrime buffer 
0.5 µl of each primer (10 to 100 µM) 
0.1 µl AccuPrime Taq DNA polymerase 
(2 U/µl) 
20.9 µl H2O 

 

7.1.10.4 RACE-PCR 

RACE-PCR is a variant of PCR, which allows amplification of unknown 3Ω or 5Ω ends of DNA 

sequences, when only an internal partial sequence or only one of the ends is known. The 

{a!w¢ŜǊw!/9 рΩκоΩ ƪƛǘ ό¢ŀƪŀǊŀύ ǿŀǎ ǳǎŜŘ ǘƻ ŦŀŎƛƭƛǘŀǘŜ рΩ- ŀƴŘ оΩ-RACE-PCR. A gene-specific 

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

70 °C and a GC-content of 50 to 70 %. Depending on which part of a gene to analyze, 5Ω- or 3Ω-

RACE-ready cDNA was synthesized beforehand (chapter 7.1.9.2). RACE-PCR was started by 

mixing 2x SeqAmp buffer and SeqAmp DNA polymerase in a microtube. Water was added to 

a total volume of 20.75 µl, the contents were mixed and briefly centrifuged before storage on 

ice. A separate microtube contained 5Ω- or 3Ω-RACE-ready cDNA, 10x universal primer mix, and 

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

reaction tubes were transferred to a thermal cycler and a standard touchdown-PCR-program 

was executed (Table 3). The program was customized depending on the melting temperature 

of the primers and the length of the sequence of interest. RACE-PCR was analyzed on 1 % (w/v) 

agarose gels, and bands were eventually cut out and handled as described in chapter 7.1.7. 

!ŦǘŜǊ ƻōǘŀƛƴƛƴƎ ŀŘŘƛǘƛƻƴŀƭ ƛƴŦƻǊƳŀǘƛƻƴ ŀōƻǳǘ рΩ-Σ оΩ- or both ends, the full-length of the 

sequence of interest is obtained and conventional PCR may follow. 

Table 3. Cycling program and composition of a standard PCR using the SMARTer w!/9 рΩκоΩ ƪƛǘ 

Cycling program Composition 

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

мΦнр ҡƭ рΩ- ƻǊ оΩ-RACE-ready cDNA 
12.5 µl 2x SeqAmp buffer 
2.5 µl 10x universal primer mix 
1.0 µl gene specific primer (10 to 100 µM) 
1.0 µl SeqAmp DNA polymerase 
6.75 µl H2O 
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7.1.10.5 PCR conditions for the amplification of SgHCTs and SgCYP98s 

PCRs ǿŜǊŜ ŎƻƴŘǳŎǘŜŘ ǳǎƛƴƎ Ŏ5b! ƻǊ рΩ-RACE-ready cDNA as template to obtain full-length or 

partial sequences of the enzymes covered in this report. The PCR compositions and conditions 

are depicted in Table 4. 

¢ŀōƭŜ пΦ tǊƛƳŜǊ ǎŜǉǳŜƴŎŜǎ ŦƻǊ ŀƳǇƭƛŬŎŀǝƻƴ ƻŦ ǇŀǊǝŀƭ ŀƴŘ ŦǳƭƭπƭŜƴƎǘƘ ǎŜǉǳŜƴŎŜǎ ƻŦ {ƎI/¢ǎ ŀƴŘ 
{Ǝ/¸tфуǎ ƛƴŎƭǳŘƛƴƎ t/w ŎƻƴŘƛǝƻƴǎ ŀƴŘ ŎƻƳǇƻǎƛǝƻƴǎΦ ŦΥ ŦƻǊǿŀǊŘ ǇǊƛƳŜǊΣ ǊΥ ǊŜǾŜǊǎŜ ǇǊƛƳŜǊ 

Primers PCR conditions Composition 

SgHST (full-length) 

f: 
TAACATATGAAGATGTTAA
TCAACGTGAGGG 
r: 
TAGGATCCTTAAATATCGT
AGAAAAACTTCTGGAATCG 

94 °C 90 s,  
[94 °C 30 s, 57 °C 30 s, 68 °C 90 s] 
x40,  
68 °C 510 s 

1.0 µl cDNA 
2.5 µl buffer I 
0.5 µl of each primer 
(100 µM) 
0.1 µl AccuPrime  
16.2 µl H2O 

SgHQT1 (full-length) 

f: 
TAACATATGATCGTCAAGC
TCAAAGAGTCTA 
r: 
TAGGATCCTCAAAGATCAT
AGAAAATCTTCTTAAATGA
CG 

94 °C 90 s,  
[94 °C 30 s, 57 °C 30 s, 68 °C 90 s] 
x40,  
68 °C 510 s 

1.0 µl cDNA 
2.5 µl buffer I 
0.5 µl of each primer 
(100 µM) 
0.1 µl AccuPrime  
16.2 µl H2O 

{ƎIv¢н όрΩ-RACE-PCR) 

f: 10x Universal primer A 
mix 
TAATACGACTCACTATAGG
GCAAGCAGTGGTATCAACG
CAGAGT and 
CTAATACGACTCACTATAG
GG 
r: 
TAATACGACTCACTATAGG
GCAAGCAGTGGTATCAACG
CAGAGT 

[94 °C 30 s, 68 °C 30 s, 72 °C 90 s] 
x5, 
[94 °C 30 s, 66 °C 30 s, 72 °C 90 s] 
x5,  
[94 °C 30 s, 64/62/60 °C 30 s, 
72 °C 90 s] x30 

4.0 µl 5-́RACE-ready 
cDNA 
12.5 µl buffer I 
0.5 µl primer (100 µM) 
2.5 µl 10 x UPM 
0.5 µl SeqAmp  
5.0 µl H2O 

SgHQT2 (full-length) 

f: 
ATTCTCGAGATGGGGAATA
GTTTTCATAGAAGAAGC 
r: 
TATCTCGAGCTATAACTCGT
AAAAGAGCTTACTAAATTG
CC 

94 °C 120 s, 
[94 °C 30 s, 64/62/60/58/56 °C 
30 s, 68 °C 90 s] x40,  
68 °C 30 s 

4.0 µl cDNA 
2.5 µl buffer I 
0.5 µl of each primer 
(100 µM) 
0.1 µl AccuPrime  
17.4 µl H2O 

SgRAS (full-length) 
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Primers PCR conditions Composition 

f: 
TAACATATGGCGACCATCA
AGACTTCC 
r: 
TAGGATCCCTAGAGACCTT
GGTAAAAAAATTGCTTG 

94 °C 90 s,  
[94 °C 30 s, 57 °C 30 s, 68 °C 90 s] 
x40,  
68 °C 510 s 

1.0 µl cDNA 
2.5 µl buffer I 
0.5 µl of each primer 
(100 µM) 
0.1 µl AccuPrime  
16.2 µl H2O 

SgHCT-F (full-length) 

f: 
TAACATATGGCCTCTTCTTT
AGTATTCTCA 
r: 
TAACATATGCTAAAGCGCA
GATATGATGAA 

94 °C 90 s, 
[94 °C 30 s, 58 °C 30 s, 68 °C 90 s] 
x40,  
68 °C 510 s 

1.0 µl cDNA 
2.5 µl buffer I 
0.5 µl of each primer 
(100 µM) 
0.1 µl AccuPrime  
16.2 µl H2O 

[RAS] Cluster (full-length) 

f: 
GTACTCGAGATGTCAGAAT
CCGGGAGCCGTGTAA 
r: 
GTACTCGAGCTACTGTTTG
CCAGTAAAGAGCATTGTAG 

94 °C 90 s, 
[94 °C 30 s, 65/63/60 °C 30 s, 
68 °C 90 s] x40 

1.0 µl cDNA 
2.5 µl buffer 
0.5 µl of each primer 
(10 µM) 
0.1 µl AccuPrime  
20.4 µl H2O 

SgHCT-B (full-length) 

f: 
TAACATATGATCGTCAAGC
TCAAAGAGTCTA  
r: 
TAGGATCCTTAAATATCGT
AGAAAAACTTCTGGAATCG 

94 °C 90 s, 
[94 °C 30 s, 54/57 °C 30 s, 70 °C 
90 s] x39, 
94 °C 60 s, 54/57 °C 30 s, 70 °C 
600 s 

1.0 µl cDNA 
5.0 µl buffer 
3.0 µL MgCl2 (25 mM) 
0.5 µl dNTPs (10 mM) 
0.5 µl of each primer 
(100 µM) 
0.1 µl GoTaq 
14.4 µl H2O 

SgCYP98A235 (full-length) 

f: 
ATGGCTTTCTCTCTCCAAAT
CTCTCTCC 
r: 
TCAGCACATACGCTTGTAC
AGCTCC 

94 °C 120 s, 
[94 °C 30 s, 64/62/60 °C 30 s, 
72 °C 90 s] x40,  
72 °C 210 s 

1.0 µl cDNA 
5.0 µl buffer 
3.0 µl MgCl2 (25 mM) 
0.5 µl dNTPs (10 mM) 
0.5 µl of each primer 
(10 µM) 
0.1 µl GoTaq 
14.4 µl H2O 

{Ǝ/¸tфу!ноп όрΩ-RACE-PCR) 
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Primers PCR conditions Composition 

f: 10x Universal primer A 
mix 
TAATACGACTCACTATAGG
GCAAGCAGTGGTATCAACG
CAGAGT and 
CTAATACGACTCACTATAG
GG 
r: 
TTACATATCAACAGTCACA
CGTTTGAAC 

[94 °C 30 s, 70 °C 30 s, 72 °C 
120 s] x5, 
[94 °C 30 s, 68 °C 30 s, 72 °C 
120 s] x5,  
[94 °C 30 s, 66 °C 30 s, 72 °C 
120 s] x5, 
[94 °C 30 s, 60/58/56 °C 30 s, 
72 °C 120 s] x25 

мΦл ҡƭ рΩ-RACE-ready 
cDNA 
12.5 µl buffer I 
0.5 µl primer (100 µM) 
2.5 µl 10X UPM 
0.5 µl SeqAmp  
8.0 µl H2O 

 

7.1.10.6 Analysis of genomic sequences 

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

enzymes covered in this report. The PCR compositions and conditions are depicted in Table 5. 

¢ŀōƭŜ рΦ tǊƛƳŜǊ ǎŜǉǳŜƴŎŜǎ ŦƻǊ Ǝ5b! ŀƴŀƭȅǎƛǎ ƻŦ {ƎI/¢ǎ ŀƴŘ {Ǝ/¸tфуǎ ƛƴŎƭǳŘƛƴƎ t/w ŎƻƴŘƛǝƻƴǎ 
ŀƴŘ ŎƻƳǇƻǎƛǝƻƴǎΦ ŦΥ ŦƻǊǿŀǊŘ ǇǊƛƳŜǊΣ ǊΥ ǊŜǾŜǊǎŜ ǇǊƛƳŜǊ 

Primers PCR conditions PCR composition 

SgHST (partial) 
f: 
GCGGCGCAGACGCCTAACC
AT 
r: TTAAATATCGTAGAAAAA
CTTCTGGAATCGTAGCATG
TG 

94 °C 180 s,  
[94 °C 30 s, 63 °C 60 s, 72 °C 
120 s] 40x,  
70 °C 180 s  

1.0 µl gDNA 
5.0 µl GoTaq buffer 
3.0 µl MgCl2 (25mM) 
0.5 µl dNTPs (10 mM) 
0.5 µl of each primer 
(10 µM) 
0.1 µl GoTaq 
14.4 µl H2O 

[RAS] Cluster 
f: 
GTACTCGAGATGTCAGAAT
CCGGGAGCCGTGTAA 
r: 
GTACTCGAGCTACTGTTTG
CCAGTAAAGAGCATTGTAG 

SgCYP98A235 
f: 
ATGGCTTTCTCTCTCCAAAT
CTCTCTCC 
r: 
TCAGCACATACGCTTGTAC
AGCTCC 

SgCYP98A234 
f: 
ATGGCTCTCCCTCTCCTCCC
AA 
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Primers PCR conditions PCR composition 

r: 
TTACATATCAACAGTCACA
CGTTTGAAC 

SgHQT1 
f: TAACATATGATCGTCAAG
CTCAAAGAGTCTA 
r: TAGGATCCTCAAAGATCA
TAGAAAATCTTCTTAAATG
ACG 

94 °C 180 s,  
[94 °C 30 s, 57 °C 60 s, 72 °C 
120 s] 40x,  
70 °C 180 s 

1.0 µl gDNA 
5.0 µl GoTaq buffer 
3.0 µl MgCl2 (25mM) 
0.5 µl dNTPs (10 mM) 
0.5 µl of each primer 
(10 µM) 
0.1 µl GoTaq 
14.4 µl H2O 

SgRAS 
f: TAACATATGGCGACCATC
AAGACTTCC 
r: TAGGATCCCTAGAGACCT
TGGTAAAAAAATTGCTTG 

[94 °C 30 s, 68 °C 60 s, 72 °C 
180 s] 40x,  
[94 °C 30 s, 59 °C 60 s,  
70 °C 180 s] 5x 

1.0 µl gDNA 
5.0 µl GoTaq buffer 
3.0 µl MgCl2 (25mM) 
0.5 µl dNTPs (10 mM) 
0.5 µl of each primer 
(100 µM) 
0.1 µl GoTaq 
14.4 µl H2O 

SgHCT-F 
f: TAACATATGGCCTCTTCT
TTAGTATTCTCA 
r: TAACATATGCTAAAGCGC
AGATATGATGAA 

 

7.1.10.7 Colony PCR 

Only yeast strains harboring plasmids that enable the production of uracil can grow on 

medium plates lacking uracil, for example SCD-URA. Colony PCR was conducted to confirm 

whether colonies contain plasmids with or without the sequence of interest. 

After transformed yeast strains were grown for four days, several individual colonies were 

isolated with a sterile toothpick and transferred to SCD-URA plates. The plates were again 

incubated until a thin layer of colonies was visible. A group of colonies from each isolated 

single colony was taken with an inoculation loop and resuspended in 100 µl of a solution with 

1 % (w/v) sodium dodecyl sulfate (SDS) and 100 mM lithium acetate. The cells were heated to 

70 °C for 5 min, 300 µl ethanol was added, and the mixture was mixed vigorously. The 

supernatant was then removed after centrifugation at 15000 g for 3 min, and the pellet 

washed twice with 400 µl 70 % (v/v) ethanol. The pellet was then dried at 37 °C for about 20 

min and resuspended in 50 µl demineralized water. The isolated nucleic acids contain plasmids 

as well as yeast DNA and was used as template for PCR.  

Colony PCR assays were composed as described below (Table 6) and sterile water was added 

to a final volume of 25 µl. PCR was conducted using primers specifically designed for the 

multiple cloning sites (MCS) of pESC-Ura. The annealing temperature (Tm) for MCS-I was 50 °C, 
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and 60 °C for MCS-II. Assays were analyzed afterwards by agarose gel electrophoresis. Since 

the primers bind shortly up- and downstream of MCS-I and-II, the size of the amplified 

fragment depends on the inserted sequences in the MCSs. Fragments from unconverted pESC-

Ura for MCS-I and -II were 336 and 486 bp, respectively. When codon-optimized 

SgCYP98A235, SgCYP98A234 and PsCPR were inserted, the expected bands were 1854, 1863 

and 2622 bp, respectively. 

Table 6. Cycling program and composition of a standard colony PCR  

Primers Cycling program Composition 

MCS-I  
f: CTGAAAGTTCCAAAGAG
AAG  
r: TTTCTGGCAAGGTAGAC
AAG 

94 °C 120 s, 
[94 °C 30 s, 50/60 °C 30 s, 72 °C 
150 s] x40, 
hold at 4 to 10 °C 
 

2.0 µl DNA template 
5.0 µl GoTaq buffer I  
3.0 µl MgCl2 (25 mM) 
0.5 µl dNTPs (10 mM) 
0.5 µl of each primer 
(10 µM) 
0.1 µl GoTaq G2 
polymerase (5 U/µl) 
13.9 µl H2O 

MCS-II  
f: GCCTTATTTCTGGGGTAA
TTAATCAGCG  
r: GTCCCAAAACCTTCTCAA
GCAAGG 

 

7.2 Molecular cloning  

7.2.1 Plasmid vectors 

7.2.1.1 pDrive 

The vector pDrive (Qiagen) (chapter 28.1) has a size of about 3.9 kb, contains restriction sites 

for several enzymes (EcoRI, BamHI, SalI, XhoI), ampicillin and kanamycin resistance genes, an 

origin of replication and is suitable for blue-white screening. It was mainly used to prepare 

PCR fragments for DNA sequencing. Alternatively, transformants were used to multiply the 

plasmids by growing them overnight. 

7.2.1.2 pET-15b 

For heterologous expression of enzymes, pET-15b was the plasmid of choice (chapter 28.2). 

This plasmid has a size of about 5.7 kb and is equipped with an ampicillin resistance gene, 

AmpR and lac1 promotor, a MCS with restriction sites for BamHI, XhoI, and NdeI. Due to its 

high expression level, an N-terminal thrombin cleavage site, and N-terminally attached 6xHis-

tag was utilized for the expression of soluble proteins. 

7.2.1.3 pESC-Ura 

The plasmid pESC-Ura (chapter 28.4) instead was used for expression of membrane-bound 

proteins in S. cerevisiae. It has a length of about 6.6 kb and MCS-I and -II are arranged 
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downstream of galactose promoters GAL1 and GAL10, respectively. EcoRI and NotI cut in MCS-

I in front of a sequence encoding an N-terminally attached FLAG® epitope (DYKDDDDK), 

whereas BamHI and SalI cut in MCS-II in front of a sequence encoding an N-terminally attached 

c-Myc epitope (EQKLISEEDL). Additionally, pESC-Ura contains an ampicillin resistance gene for 

selection in bacteria, two origins of replication (pUC and 2µ), and the URA3 selection marker.  

7.2.2 Ligation 

7.2.2.1 UA-Ligation 

Non-proofreading DNA-polymerases, such as Taq polymerase replicate DNA double-strands 

and add 3Ω-A overhangs. The linearized pDrive vector is supplied with a 3Ω-U overhang, which 

hybridizes with 3Ω-A from the PCR product. The inserted DNA is then ligated into the plasmid 

by a ligase. Ligation of PCR fragments in pDrive were performed with the PCR Cloning kit 

(Qiagen). Ligation assays consisted of 0.5 µl 50 ng/µl linearized pDrive, 2.5 µl 2x buffer and 

were started by adding 2.0 µl purified PCR product. Incubation took place at room 

temperature for 30 min, but the process was usually prolonged up to 16 h at 8 °C since 

concentrations of PCR products were low. 

7.2.2.2 Ligation with T4-DNA ligase 

PCR products and plasmids (pET-15b or pESC-Ura) with fitting overhangs from restriction 

enzyme digest were connected by treatment with T4-DNA ligase. Assays consisted of 1.0 µl 

10x T4 ligase buffer (with MgCl2), 0.5 µl T4-DNA ligase, 1.25 to 7.0 µl purified and restricted 

PCR product, and restricted pET-15b up to a final volume of 10 µl. Ligation took place at room 

temperature for 30 min, or, if the concentration of the insert was low, for up to 24 h at 8 °C. 

Since transformation of E. coli with ligation mixes may be inhibited by ligase-plasmid 

complexes, the ligase reaction assay was heated to 65 °C for 10 min. Ligation efficiency 

depended strongly on the concentration of both insert and plasmid. Therefore, a three- to 

tenfold excess of insert was used. 

7.2.3 рΩ-dephosphorylation with calf intestine alkaline phosphatase 

Digest with calf-intestinal alkaline ǇƘƻǎǇƘŀǘŀǎŜ ό/L!tύ ǿŀǎ ǇŜǊŦƻǊƳŜŘ ǘƻ ŘŜǇƘƻǎǇƘƻǊȅƭŀǘŜ рΩ-

ends of plasmids, digested with restriction enzymes, which hinders self-ligation of the plasmid 

and increases ligation with an insert. CIAP reaction mixes consist of 3.0 µl 10x CIAP buffer, 

10.5 µl restricted plasmid, and the digest was started by adding 1.5 µl CIAP. The incubation 

took place at 37 °C for 1 to 3 h and the reaction stopped by heating to 65 °C for 15 min. The 

assay was then ready to use for ligation. CIAP dephosphorylation was conducted before an 

insert possessing the same restriction sites at both ends was inserted into pET-15b. 
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7.2.4 Production of competent Escherichia coli 

Cell competence describes the ability of bacteria to take up nucleic acids, mainly DNA, from 

their environment. Competent E. coli EZ were used for transformation with plasmids for 

sequencing or with finished plasmids. E. coli SoluBL21 (Amsbio), instead, were transformed 

with suitable plasmids for expression of proteins. 

Overnight cultures were prepared from glycerol stocks of E. coli EZ or SoluBL21. Two 250 ml 

Erlenmeyer flasks, containing 90 ml LB medium, were inoculated with 2 ml each of the 

respective overnight culture. Tetracycline, dissolved in ethanol, was added beforehand to a 

final concentration of 12.5 µg/ml, if E. coli EZ were used. The cultures were shaken at 37 °C 

and 220 rpm until an optical density at 600 nm of 0.4 to 0.6 was achieved, which was after 

about 1.5 to 2 h. Cell suspensions were distributed to 50 ml tubes, and cells were harvested 

by centrifugation at 3000 g and 4 °C for 20 min. The pellet was rinsed with ice-cold 10 ml 

100 mM CaCl2, followed by combination of the suspensions. The supernatant, containing 

residues of the medium, was removed after centrifugation at 2500 g and 4 °C for 12 min. The 

cells were resuspended in 10 ml 100 mM CaCl2 and incubated on ice for 20 min. Centrifugation 

at 2500 g and 4 °C for 12 min yielded a pellet, which was resuspended in chilled 2 ml 100 mM 

CaCl2 with 15 % (v/v) glycerol. Finally, aliquots of 150 µl were frozen in liquid nitrogen and 

immediately stored at -80 °C until usage for transformation as described in chapter 7.2.5.  

7.2.5 Transformation of Escherichia coli  

Transformation is described as the process of prokaryotic cells taking up exogenous DNA and 

incorporating it. Transformation was started by thawing competent E. coli (EZ, SoluBL21) 

carefully on ice and adding 70 µl to 0.1 µl plasmid (50 ng/µl) or 5.0 to 10.0 µl ligation mix. After 

30 min of incubation on ice, the cells were subjected to a heat shock at 42 °C for 90 s and were 

subsequently stored on ice for 5 min. For recovery of the cells, 150 µl SOC medium was added 

followed by incubation at 37 °C for 30 min. Finally, the whole mixture was applied to medium 

plates, and carefully distributed with a Drigalski spatula, until the liquid was absorbed by the 

medium. The plates were incubated at 37 °C for 16 h and afterwards stored at 4 °C until further 

use. 

The choice of medium depended on the plasmid used. Assays with pDrive were transferred to 

LB medium plates with ampicillin, IPTG and X-gal for blue-white screening, whereas assays 

with pET-15b and pESC-Ura were distributed on LB/ampicillin plates. 

7.2.6 Transformation of Saccharomyces cerevisiae 

Plasmids containing the codon-optimized genes were introduced into S. cerevisiae for 

heterologous expression of the proteins. A pinhead-sized group of colonies of S. cerevisiae 
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from a YPD plate, not older than one week, was harvested with a sterile inoculation loop, 

resuspended in 1 ml water and spun down for 30 s at 8000 g. The supernatant was discarded, 

and the cell pellet was carefully resuspended in 240 µl 50 % (w/v) polyethylene glycol 4000 to 

increase the viscosity. Cell membranes were damaged by adding 36 µl 1 M lithium acetate. 

50 µl 20 mg/ml carrier DNA (fish sperm) and 34 µl 50 ng/µl pESC-Ura, harboring inserts in MCS-

I and MCS-II, were added and the suspension was mixed carefully with the pipette tip. The 

cells were then subjected to a heat shock at 42 °C for at least 1 h and afterwards harvested by 

centrifugation at 8000 g for 1 min. The cell pellet was resuspended in 200 µl water and the 

suspension was spread out on a SCD-URA plate, where only uracil-producing, transformed 

strains containing pESC-Ura survived. Yeast cells were cultivated at 30 °C for 3 to 4 days, until 

a thin film of colonies was visible. The plates were subsequently stored at 4 °C for further 

processing for up to four weeks. Transformation was repeated every four weeks to ensure 

comparable conditions for expression. 

Carrier DNA solution was prepared by dissolving 200 mg carrier DNA (fish sperm) in 10 ml 

10 mM Tris-HCl pH 8.0 containing 1 mM EDTA. The solution was stored at Ȥ20 °C in aliquots of 

500 µl. Prior to using, the carrier DNA was denatured at 95 °C for 5 min. 

7.2.7 Digestion of DNA with restriction endonucleases 

Digests with restriction endonucleases were used to confirm successful ligation of inserts into 

plasmids or to provide inserts and plasmids with Ψsticky endsΩ. Digests were performed at 37 °C 

for at least 1 h, if plasmids were tested for successful ligation, or up to 16 h, to ensure 

complete restriction of plasmids or inserts. Partial digests were only incubated for up to 

45 min. Composition of restriction enzyme digests depended on the insert and the plasmid 

that was used (Table 7). Agarose gel electrophoresis was used to verify successful digestion 

and fragments were eventually cut out and purified.  

Table 7. Composition of standard restriction digests of various plasmids. Restriction enzymes 
are written in bold. 

Composition Plasmid 

3.0 µl pDrive 
1.5 µl 10x EcoRI Buffer (Thermo Scientific) 
0.5 µl EcoRI (10 U/µl) (Thermo Scientific) 
10.0 µl sterile H2O 

pDrive 

3.0 µl pET-15b 
3.0 µl 10x Buffer Tango (Thermo Scientific) 
0.5 to 0.75 µl XhoI (10 U/µl) (Thermo Scientific) 
8.25 to 8.5 µl sterile H2O 

pET-15b 

3.0 µl pET-15b 
1.5 µl 10x Buffer R (Thermo scientific) 
0.5 to 0.75 µl XhoI (10 U/µl) (Thermo scientific) 

pET-15b 
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Composition Plasmid 

9.75 to 10 µl sterile H2O 

3.0 µl pET-15b 
3.0 µl 10x Buffer Tango (Thermo Scientific) 
0.75 µl NdeI (20 U/µl) (Thermo Scientific) 
8.25 µl sterile H2O 

pET-15b 

5.0 µl pET-15b 
1.0 µl 10x BamHI Buffer (Thermo Scientific) 
0.5 µl BamHI (10 U/µl) (Thermo Scientific)  
0.5 µl NdeI (20 U/µl) (Thermo Scientific) 
8.0 µl sterile H2O 

pET-15b 

3.0 µl pESC-Ura 
1.5 µl 10x Buffer O (Thermo Scientific) 
0.3 µl EcoRI (10 U/µl) (Thermo Scientific) 
0.3 µl NotI (10 U/µl) (Thermo Scientific) 
9.9 µl sterile H2O 

pESC-Ura 

3.0 µl pESC-Ura 
3.0 µl 10x Buffer Tango (Thermo Scientific) 
0.3 µl BamHI (10 U/µl) (Thermo Scientific) 
0.3 µl SalI (10 U/µl) (Thermo Scientific) 
8.4 µl sterile H2O 

pESC-Ura 

 

7.2.8 Blue-white screening 

Blue-white screening is based on the concept of ligation of a sequence of interest into the lacZ 

gene of plasmids carrying an antibiotic resistance gene. If the sequence of interest is ligated 

ǎǳŎŎŜǎǎŦǳƭƭȅΣ ʲ-galactosidase is not expressed in the transformed E. coli strain which leads to 

white colonies. Colonies turn blue, if the vector does not contain the sequence of interest and 

-̡galactosidase is expressed. This enzyme can form a blue-colored compound by cleavage of 

X-gal followed by spontaneous oxidation and dimerization. This method allows discrimination 

between colonies containing plasmids with or without an inserted sequence. 

Competent E. coli cells were transformed according to chapter 7.2.5 and cultivated on solid 

LB plates containing 1 % (w/v) agar, 0.1 mg/ml ampicillin, 0.08 mg/ml X-gal and 0.05 mM IPTG 

at 37 °C for 16 h. Plates were stored at 4 °C for another 8 to 24 h, if no blue colonies were 

seen.  

7.2.9 Overnight cultures 

Overnight cultures were used as a pre-culture for heterologous expression or to amplify 

plasmids. Initially, 4 ml LB medium was placed in autoclaved 10 ml glass tubes with aluminum 

caps. Ampicillin was added from a 20 mg/ml stock solution to a final concentration of 

0.1 mg/ml. Overnight cultures for multiplication of untransformed E. coli EZ or SoluBL21 did 
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not contain ampicillin, as they are sensitive to the antibiotic. Instead, for E. coli EZ, tetracycline 

was added to a final concentration of 12.5 µg/ml, and for E. coli SoluBL21 no antibiotic was 

added. If overnight cultures were prepared from plates, a single colony was picked with a 

sterile toothpick and transferred, including the stick, to the medium. When overnight cultures 

were started from bacterial glycerol stocks, a sterile toothpick was used to scrape particles off 

the surface of the frozen bacterial suspension and transferred to the medium. All tubes were 

then placed in a rotary shaker and incubated for 16 h at 37 °C and 220 rpm. After incubation, 

the cultures were used directly but could be stored at 4 °C for up to one week. 

7.2.10 Isolation of plasmids from overnight cultures 

After harvesting E. coli cells from overnight cultures, the plasmids were isolated following the 

protocol of QIAprep Spin Miniprep Kit (Qiagen). Overnight cultures were harvested by 

transferring 1.5 ml of the cultures into a sterile 2.0 ml reaction tube and centrifugation at 3000 

g for 3 min. The supernatant was discarded, and the process was repeated once. Since the 

cultures need to remain sterile, transferring the cell suspension was performed under aseptic 

conditions. The pellet was resuspended in 250 µl buffer P1 (50 mM Tris-HCl pH 8.0, 10 mM 

EDTA, 100 µg/ml RNase A) and 250 µl of buffer P2 (200 mM NaOH, 1 % (w/v) SDS) were added. 

The tubes were inverted six times. Buffer P2 destroys the cell walls and bacterial DNA as well 

as plasmids were released. 350 µl Buffer N3 (4.2 M guanidinium HCl, 0.9 M potassium acetate 

pH 4.8) were added and a white or yellowish precipitate was formed. The tubes were directly 

mixed by inverting them six times and the cell residues were collected by centrifugation at 

16000 g for 10 min. The supernatant was applied to silica gel columns, which were placed in 

2 ml collection tubes. Plasmids bind to the silica gel during centrifugation at 16000 g for 1 min, 

and the flow through was discarded. The resin was then washed by applying 500 µl buffer PB 

(5 M guanidinium HCl, 30 % (v/v) isopropanol) and centrifugation under the same conditions. 

This step was repeated with 750 µl buffer PE (10 mM Tris-HCl pH 7.5, 80 % (v/v) ethanol). The 

column was dried by spinning at 16000 g for 2 min, and afterwards, it was placed in a fresh 

1.5 ml reaction tube. Plasmid DNA was eluted by incubating the silica gel resin with 25 µl 

sterile water for 5 min, with subsequent centrifugation at 16000 g for 2 min. Higher DNA yields 

were achieved by repeating this step once. The concentration of the plasmid solution was 

analyzed photometrically (chapter 7.1.6). The plasmid was stored at -20 °C. Afterwards, the 

columns were washed by centrifugation with 700 µl water and dried at 37 °C for re-use. 

7.2.11 DNA sequencing 

DNA sequencing was conducted externally (Microsynth Seqlab GmbH) to ensure whether the 

desired sequence was accurate and successfully introduced. Plasmids, which were obtained 

by plasmid isolation, were preselected through agarose gel electrophoresis following 
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restriction digests. Plasmids containing a putatively interesting sequence were diluted to 

100 ng/µl and 12 µl of it were transferred to a sterile 1.5 ml reaction tube for sequencing. 

Standard primers were used for pDrive (M13, M13r) and pET-15b (T7, T7term). Since no 

standard primers for sequencing were available for pESC-Ura, individually designed primers 

were used. For sequencing, 3 µl of each pESC-MCS-I-f and -r, or pESC-MCS-II-f and -r (Table v), 

were added to a final concentration of 4 µM to the plasmid, respectively. 

7.2.12 Bacterial glycerol stocks 

An overnight culture (chapter 7.2.9) was prepared of the E. coli strain to be preserved. From 

this culture, 425 µl were transferred to a sterilized reaction tube. A final concentration of 15 % 

(v/v) glycerol was achieved by adding 75 µl autoclaved glycerol, and the mixture was 

intensively mixed for 10 s to achieve a homogeneous distribution of the glycerol. The cultures 

were immediately frozen in liquid nitrogen and stored at Ȥ80 °C. The strains could be stored 

under these conditions for several years without a significant impact on growth or expression. 

The bacterial strains were reactivated by preparation of overnight cultures (chapter 7.2.9). 

Some frozen particles of the glycerol stock were picked with a sterile toothpick without 

allowing the stock to thaw. The stick was transferred to the prepared tube, while the glycerol 

stock was quickly stored again at Ȥ80 °C. 

7.3 General molecular workflow 

¢ƘŜ ŀƛƳ ƻŦ ǘƘŜ ƎŜƴŜǊŀƭ ƳƻƭŜŎǳƭŀǊ ǇǊƻŎŜŘǳǊŜ ŦƻǊ {ƎI/¢ǎ ŀƴŘ {Ǝ/¸tфуǎ ƛǎ ǘƻ ŎƻƴǎǘǊǳŎǘ 9Φ Ŏƻƭƛ ƻǊ 

{Φ ŎŜǊŜǾƛǎƛŀŜ ǎǘǊŀƛƴǎ ƘŀǊōƻǊƛƴƎ ŜȄǇǊŜǎǎƛƻƴπǊŜŀŘȅ ǇƭŀǎƳƛŘǎΣ ƛƴŎƭǳŘƛƴƎ ǘƘŜ ƎŜƴŜǎ ƻŦ ƛƴǘŜǊŜǎǘΦ CƻǊ 

ǘƘƛǎΣ Ǉƭŀƴǘ ƳŀǘŜǊƛŀƭ ǿŀǎ ƘŀǊǾŜǎǘŜŘ όŎƘŀǇǘŜǊ сΦмύΣ wb! ƛǎƻƭŀǘŜŘ όŎƘŀǇǘŜǊ тΦмΦмύΣ ŀƴŀƭȅȊŜŘ 

όŎƘŀǇǘŜǊ тΦмΦсύΣ ŀƴŘ Ŏ5b! ǿŀǎ ǎȅƴǘƘŜǎƛȊŜŘ ǘƘŜǊŜƻŦ όŎƘŀǇǘŜǊ тΦмΦфύΦ ¢ƘŜ ǊŜǎǳƭǝƴƎ Ŏ5b! ǿŀǎ 

ǳǎŜŘ ŀǎ ŀ ǘŜƳǇƭŀǘŜ ŦƻǊ t/wΣ ǳǎƛƴƎ ǇǊƛƳŜǊǎ ǿƛǘƘ ŀǧŀŎƘŜŘ ǊŜǎǘǊƛŎǝƻƴ ǎƛǘŜǎ ŘŜǎƛƎƴŜŘ ǘƻ ŀƳǇƭƛŦȅ 

ǘƘŜ ŦǳƭƭπƭŜƴƎǘƘ ǎŜǉǳŜƴŎŜ όŎƘŀǇǘŜǊ тΦмΦмлύΦ t/w ŀǎǎŀȅǎ ǿŜǊŜ ŀƴŀƭȅȊŜŘ ōȅ ŀƎŀǊƻǎŜ ƎŜƭ 

ŜƭŜŎǘǊƻǇƘƻǊŜǎƛǎ όŎƘŀǇǘŜǊ тΦмΦтύΣ ŦƻƭƭƻǿŜŘ ōȅ ŜȄǘǊŀŎǝƻƴ ŀƴŘ ǇǳǊƛŬŎŀǝƻƴ ƻŦ ōŀƴŘǎ ǿƛǘƘ ǘƘŜ 

ŜȄǇŜŎǘŜŘ ǎƛȊŜǎ όŎƘŀǇǘŜǊ тΦмΦуύΦ Lƴ ƻǊŘŜǊ ǘƻ ƳŀƪŜ ǘƘŜ ƴǳŎƭŜƛŎ ŀŎƛŘǎ ŀŎŎŜǎǎƛōƭŜ ŦƻǊ ǎŜǉǳŜƴŎƛƴƎΣ 

ǘƘŜ ǊŜǎǇŜŎǝǾŜ ōŀƴŘǎ ǿŜǊŜ ƭƛƎŀǘŜŘ ƛƴǘƻ Ǉ5ǊƛǾŜ όŎƘŀǇǘŜǊ тΦнΦнΦмύΦ ¢ǊŀƴǎŦƻǊƳŀǝƻƴ ƻŦ 9Φ Ŏƻƭƛ 9½ 

όŎƘŀǇǘŜǊ тΦнΦрύ ǿŀǎ ŦƻƭƭƻǿŜŘ ōȅ ƛƴŎǳōŀǝƻƴ ƻƴ [. ǇƭŀǘŜǎ ŎƻƴǘŀƛƴƛƴƎ ŀƳǇƛŎƛƭƭƛƴΣ Lt¢D ŀƴŘ ·πƎŀƭΦ 

.ƭǳŜπǿƘƛǘŜ ǎŎǊŜŜƴƛƴƎ ǿŀǎ ǳǎŜŘ ŦƻǊ ǘƘŜ ƛŘŜƴǝŬŎŀǝƻƴ ƻŦ ŎƻƭƻƴƛŜǎ ƘŀǊōƻǊƛƴƎ ǘƘŜ ƛƴǎŜǊǘπǇƭŀǎƳƛŘ 

ŎƻƴǎǘǊǳŎǘǎ όŎƘŀǇǘŜǊ тΦнΦуύΦ {ŜǾŜǊŀƭ ǿƘƛǘŜ ŎƻƭƻƴƛŜǎ ǿŜǊŜ ǎŜƭŜŎǘŜŘΣ ŀƳǇƭƛŬŜŘ ƻǾŜǊƴƛƎƘǘ ƛƴ ƭƛǉǳƛŘ 

[. όŎƘŀǇǘŜǊ тΦнΦфύΣ ŀƴŘ ǘƘŜ ǇƭŀǎƳƛŘǎ ǿŜǊŜ ƛǎƻƭŀǘŜŘ όŎƘŀǇǘŜǊ тΦнΦмлύΦ ¢ƻ ŎƘŜŎƪ ŦƻǊ ƛƴǎŜǊǝƻƴ ƻŦ 

ǘƘŜ ƎŜƴŜǎ ƻŦ ƛƴǘŜǊŜǎǘΣ ǘƘŜ ƛǎƻƭŀǘŜŘ ǇƭŀǎƳƛŘǎ ǿŜǊŜ ǊŜǎǘǊƛŎǘŜŘ ǿƛǘƘ 9ŎƻwLΣ ŀƴŘ ǘƘŜ ŘƛƎŜǎǘ ǿŀǎ 

ŀƴŀƭȅȊŜŘ ōȅ ŀƎŀǊƻǎŜ ƎŜƭ ŜƭŜŎǘǊƻǇƘƻǊŜǎƛǎ όŎƘŀǇǘŜǊ тΦнΦтύΦ tƭŀǎƳƛŘǎ ŎƻƴǘŀƛƴƛƴƎ ǘƘŜ ōŀƴŘǎ ƻŦ ǘƘŜ 
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ŎƻǊǊŜŎǘ ǎƛȊŜǎ ǿŜǊŜ ǘƘŜƴ ǎŜǉǳŜƴŎŜŘ ŜȄǘŜǊƴŀƭƭȅ όŎƘŀǇǘŜǊ тΦнΦммύΦ LŦ ŀ ŦŀƭǎŜ ƛƴǎŜǊǘ ǊŜǎǳƭǘŜŘΣ ǘƘŜ 

ǇƭŀǎƳƛŘ ǿŀǎ ŘƛǎŎŀǊŘŜŘΣ ŀƴŘ ǘƘŜ ǇǊƻŎŜǎǎ ŜǾŜƴǘǳŀƭƭȅ ǊŜǇŜŀǘŜŘΦ  

7.3.1 Molecular workflow for SgHCTs 

²ƘŜƴ ǎŜǉǳŜƴŎƛƴƎ ǊŜǾŜŀƭŜŘ ǘƘŜ ŎƻǊǊŜŎǘ ƛƴǎŜǊǘǎΣ ƭŀǊƎŜ ŀƳƻǳƴǘǎ ƻŦ ǘƘŜ ǊŜǎǇŜŎǝǾŜ ǇƭŀǎƳƛŘ ǿŜǊŜ 

ŘƛƎŜǎǘŜŘ ǿƛǘƘ ǘƘŜ ǊŜǎǇŜŎǝǾŜ ǊŜǎǘǊƛŎǝƻƴ ŜƴȊȅƳŜǎΣ ŀǎ ǿŜƭƭ ŀǎ ǘƘŜ ŜȄǇǊŜǎǎƛƻƴ ǾŜŎǘƻǊ Ǉ9¢πмрō 

όŎƘŀǇǘŜǊ тΦнΦтύΦ LŦ ƴŜŎŜǎǎŀǊȅΣ Ǉ9¢πмрō ǿŀǎ ŘŜǇƘƻǎǇƘƻǊȅƭŀǘŜŘ ŀƊŜǊǿŀǊŘǎ όŎƘŀǇǘŜǊ тΦнΦоύΦ ¢ƘŜ 

ŘƛƎŜǎǘ ǿŀǎ ǎǳōǎŜǉǳŜƴǘƭȅ ŀƴŀƭȅȊŜŘ ōȅ ŀƎŀǊƻǎŜ ƎŜƭ ŜƭŜŎǘǊƻǇƘƻǊŜǎƛǎΣ ŀƴŘ ōŀƴŘǎ ƻŦ ǘƘŜ ǊŜǎǘǊƛŎǘŜŘ 

ƛƴǎŜǊǘ ŀƴŘ ǇƭŀǎƳƛŘ ǿŜǊŜ ŜȄǘǊŀŎǘŜŘ ŀƴŘ ǇǳǊƛŬŜŘ όŎƘŀǇǘŜǊ тΦнΦмлύΦ IŀǾƛƴƎ ōƻǘƘ ǘƘŜ ǎŀƳŜ 

ǊŜǎǘǊƛŎǝƻƴ ǎƛǘŜǎΣ ƛƴǎŜǊǘ ŀƴŘ ƭƛƴŜŀǊƛȊŜŘ Ǉ9¢πмрō ǿŜǊŜ ƭƛƎŀǘŜŘΣ ǘƘƛǎ ǝƳŜ ǳǎƛƴƎ ¢пπƭƛƎŀǎŜ όŎƘŀǇǘŜǊ 

тΦнΦнΦнύΦ ¢ƘŜ ŎƻƴǎǘǊǳŎǘǎ ǿŜǊŜ ŀƎŀƛƴ ƛƴǘǊƻŘǳŎŜŘ ƛƴǘƻ 9Φ Ŏƻƭƛ 9½ όŎƘŀǇǘŜǊ тΦнΦрύΣ ŀƴŘ ŀƊŜǊ 

ƳǳƭǝǇƭƛŎŀǝƻƴ ƻƴ [. ǇƭŀǘŜǎ ŎƻƴǘŀƛƴƛƴƎ ŀƳǇƛŎƛƭƭƛƴΦ {ŜǾŜǊŀƭ ŎƻƭƻƴƛŜǎ ǿŜǊŜ ŎǳƭǝǾŀǘŜŘ ƻǾŜǊƴƛƎƘǘ 

όŎƘŀǇǘŜǊ тΦнΦфύΦ ¢ƘŜ ōŀŎǘŜǊƛŀ ǿŜǊŜ ǘƘŜƴ ƘŀǊǾŜǎǘŜŘΣ ŀƴŘ ǘƘŜ ǇƭŀǎƳƛŘǎ ƛǎƻƭŀǘŜŘ όŎƘŀǇǘŜǊ тΦнΦмлύΣ 

ōŜŦƻǊŜ ŎƻƴŘǳŎǝƻƴ ƻŦ ǊŜǎǘǊƛŎǝƻƴ ŘƛƎŜǎǘǎ ǿƛǘƘ ǘƘŜ ƳŜƴǝƻƴŜŘ ǊŜǎǘǊƛŎǝƻƴ ŜƴȊȅƳŜǎ όŎƘŀǇǘŜǊ 

тΦнΦтύΦ LŦ ŀƴŀƭȅǎƛǎ ōȅ ŀƎŀǊƻǎŜ ƎŜƭ ŜƭŜŎǘǊƻǇƘƻǊŜǎƛǎ ǎƘƻǿŜŘ ōŀƴŘǎ ŀǘ ǘƘŜ ŜȄǇŜŎǘŜŘ ǎƛȊŜǎΣ ǘƘŜ 

ǊŜǎǇŜŎǝǾŜ ǇƭŀǎƳƛŘǎ ǿŜǊŜ ƛƴǘǊƻŘǳŎŜŘ ƛƴǘƻ 9Φ Ŏƻƭƛ {ƻƭǳ.[нм όŎƘŀǇǘŜǊ тΦнΦрύΦ {ŜǾŜǊŀƭ ŎƻƭƻƴƛŜǎ 

ǿŜǊŜ ǘƘŜƴ ǎŜƭŜŎǘŜŘ ŀƴŘ ŎǳƭǝǾŀǘŜŘ ƻǾŜǊƴƛƎƘǘ ōŜŦƻǊŜ ǘƘŜ ƛǎƻƭŀǝƻƴ ƻŦ ǘƘŜ ǇƭŀǎƳƛŘǎΦ 

{ǳōǎŜǉǳŜƴǘƭȅΣ ŀ ǊŜǎǘǊƛŎǝƻƴ ŘƛƎŜǎǘ ǿŀǎ ŎƻƴŘǳŎǘŜŘ ŀƴŘ ŀƴŀƭȅȊŜŘ ƻƴ ŀƴ ŀƎŀǊƻǎŜ ƎŜƭ όŎƘŀǇǘŜǊ 

тΦнΦтύΦ CƛƴŀƭƭȅΣ ǇƭŀǎƳƛŘǎ ŎƻƴǘŀƛƴƛƴƎ ǘƘŜ ŜȄǇŜŎǘŜŘ ƛƴǎŜǊǘǎ ǿŜǊŜ ǎŜǉǳŜƴŎŜŘΣ ŀƴŘ ƎƭȅŎŜǊƻƭ ǎǘƻŎƪǎ 

ǿŜǊŜ ǇǊŜǇŀǊŜŘ ŦǊƻƳ ǘƘŜ ƻǊƛƎƛƴŀƭ ƻǾŜǊƴƛƎƘǘ ŎǳƭǘǳǊŜǎ όŎƘŀǇǘŜǊ тΦнΦмнύ ŦƻǊ ƘŜǘŜǊƻƭƻƎƻǳǎ 

ŜȄǇǊŜǎǎƛƻƴ ƻŦ ǘƘŜ ǇǊƻǘŜƛƴǎΦ 

7.3.2 Molecular workflow for SgCYP98s 

After sequencing had revealed the correct sequence for the insert, codon optimization was 

conducted externally for expression in S. cerevisiae όŎƘŀǇǘŜǊ мнΦсύΦ ¢ƘŜ ǎŜǉǳŜƴŎŜ ŀǊǊƛǾŜŘ ƛƴ 

Ǉ¦/ртπ.ǎŀLπŦǊŜŜ ŀƴŘ ǿŀǎ ŀƳǇƭƛŬŜŘ ŀƊŜǊǿŀǊŘǎ ōȅ ǘǊŀƴǎŦƻǊƳŀǝƻƴ ƻŦ 9Φ Ŏƻƭƛ 9½ ŀƴŘ ǎǳōǎŜǉǳŜƴǘ 

ƻǾŜǊƴƛƎƘǘ ŀƳǇƭƛŬŎŀǝƻƴ όŎƘŀǇǘŜǊ тΦнΦфύΦ ¢ƘŜ ǇƭŀǎƳƛŘ ǿŀǎ ƛǎƻƭŀǘŜŘΣ ŦƻƭƭƻǿŜŘ ōȅ ǊŜǎǘǊƛŎǝƻƴ 

ŘƛƎŜǎǝƻƴ ǿƛǘƘ 9ŎƻwL ŀƴŘ bƻǘL όŎƘŀǇǘŜǊ тΦнΦтύΦ !ǘ ǘƘŜ ǎŀƳŜ ǝƳŜΣ ŜƳǇǘȅ Ǉ9{/π¦Ǌŀ ǿŀǎ ŘƛƎŜǎǘŜŘ 

ǿƛǘƘ ǘƘŜ ǎŀƳŜ ǎŜǘ ƻŦ ŜƴȊȅƳŜǎ όŎƘŀǇǘŜǊ тΦнΦтύΦ .ƻǘƘ ŘƛƎŜǎǘǎ ǿŜǊŜ ŀƴŀƭȅȊŜŘ ƻƴ ŀƴ ŀƎŀǊƻǎŜ ƎŜƭΣ 

ŀƴŘ ǘƘŜ ǊŜǎǇŜŎǝǾŜ ōŀƴŘǎ ǿŜǊŜ Ŏǳǘ ƻǳǘ ŀƴŘ ŜȄǘǊŀŎǘŜŘ όŎƘŀǇǘŜǊ тΦмΦуύΦ ¢пπ[ƛƎŀǎŜ ǿŀǎ ŜƳǇƭƻȅŜŘ 

ǘƻ ƭƛƎŀǘŜ ǘƘŜ ƛƴǎŜǊǘ ƛƴǘƻ a/{πL ƻŦ Ǉ9{/π¦Ǌŀ όŎƘŀǇǘŜǊ тΦнΦнΦнύΣ ŀƴŘ ǘƘŜ ǊŜǎǳƭǝƴƎ ŎƻƴǎǘǊǳŎǘ ǿŀǎ 

ƛƴǘǊƻŘǳŎŜŘ ƛƴǘƻ 9Φ Ŏƻƭƛ 9½ όŎƘŀǇǘŜǊ тΦнΦрύΦ {ŜǾŜǊŀƭ ŎƻƭƻƴƛŜǎ ǿŜǊŜ ŎƘƻǎŜƴ ŦƻǊ ŀƳǇƭƛŬŎŀǝƻƴ 

ƻǾŜǊƴƛƎƘǘΣ ŀƴŘ ǘƘŜ ƳǳƭǝǇƭƛŜŘ ǇƭŀǎƳƛŘǎ ǿŜǊŜ ƛǎƻƭŀǘŜŘ όŎƘŀǇǘŜǊ тΦнΦмлύΦ wŜǎǘǊƛŎǝƻƴ ŘƛƎŜǎǘ ǿƛǘƘ 

9ŎƻwL ŀƴŘ bƻǘL όŎƘŀǇǘŜǊ тΦнΦтύ ǿŀǎ ŦƻƭƭƻǿŜŘ ōȅ ǘƘŜ ŀƴŀƭȅǎƛǎ ƻƴ ŀƴ ŀƎŀǊƻǎŜ ƎŜƭΣ ŀƴŘ ŀ ǇƭŀǎƳƛŘ 

ŎƻƴǘŀƛƴƛƴƎ ŀƴ ƛƴǎŜǊǘ ƻŦ ǘƘŜ ŜȄǇŜŎǘŜŘ ǎƛȊŜ ǿŀǎ ǎŜǉǳŜƴŎŜŘΦ !ǎ Ǉ9{/π¦Ǌŀ ƛƴŎƻǊǇƻǊŀǘŜǎ ǘǿƻ a/{Σ 



II Material and methods: Semi-quantitative expression analysis 

57 
 

ǘƘŜ ǇƭŀǎƳƛŘ ŀƴŘ Ǉ9{/π¦Ǌŀ ƘŀǊōƻǊƛƴƎ tǎ/tw ǿŜǊŜ ŘƛƎŜǎǘŜŘ ǿƛǘƘ .ŀƳIL ŀƴŘ {ŀƭL όŎƘŀǇǘŜǊ тΦнΦтύΦ 

tǎ/tw ƘŀŘ ōŜŜƴ ƛƴǎŜǊǘŜŘ ƛƴǘƻ a/{πLL ƻŦ ŀ ǎŜǇŀǊŀǘŜ Ǉ9{/π¦Ǌŀ ǇƭŀǎƳƛŘ ƛƴ ǇǊŜǾƛƻǳǎ ŜȄǇŜǊƛƳŜƴǘǎ 

όYŜƴǘǊŀǘƘΣ ǳƴǇǳōƭƛǎƘŜŘύΦ ¢ƘŜ ƭƛƴŜŀǊƛȊŜŘ Ǉ9{/π¦ǊŀΣ ŎƻƴǘŀƛƴƛƴƎ ǘƘŜ ǎŜǉǳŜƴŎŜ ƻŦ ƛƴǘŜǊŜǎǘΣ ŀƴŘ 

ǊŜǎǘǊƛŎǘŜŘ tǎ/tw ǿŜǊŜ ŜȄǘǊŀŎǘŜŘ ŦǊƻƳ ŀƴ ŀƎŀǊƻǎŜ ƎŜƭΣ ǇǳǊƛŬŜŘ όŎƘŀǇǘŜǊ тΦмΦуύ ŀƴŘ ƭƛƎŀǘŜŘ ǳǎƛƴƎ 

¢пπƭƛƎŀǎŜ όŎƘŀǇǘŜǊ тΦнΦнΦнύΦ ¢ƘŜ ŎƻƴǎǘǊǳŎǘ όƛƴǎŜǊǘǎ ƛƴ a/{πL ŀƴŘ πLLύ ǿŀǎ ƛƴǘǊƻŘǳŎŜŘ ƛƴǘƻ 9Φ Ŏƻƭƛ 

9½ ōȅ ǘǊŀƴǎŦƻǊƳŀǝƻƴ ŦƻǊ ƳǳƭǝǇƭƛŎŀǝƻƴ ŀƴŘ ǎǳōǎŜǉǳŜƴǘƭȅ ƛǎƻƭŀǘŜŘΦ wŜǎǘǊƛŎǝƻƴ ŘƛƎŜǎǘ ǿƛǘƘ 

.ŀƳIL ŀƴŘ {ŀƭL ǿŀǎ ǇŜǊŦƻǊƳŜŘ ŀƴŘ ŀƴŀƭȅȊŜŘΦ tƭŀǎƳƛŘǎ ǿƛǘƘ ōŀƴŘǎ ƻŦ ǘƘŜ ŜȄǇŜŎǘŜŘ ǎƛȊŜ ƻŦ 

tǎ/tw ǿŜǊŜ ǎŜǉǳŜƴŎŜŘ ƛƴ ōƻǘƘ a/{πL ŀƴŘ a/{πLLΦ LŦ ǎŜǉǳŜƴŎƛƴƎ ǊŜǾŜŀƭŜŘ ƛƴǎŜǊǝƻƴ ƻŦ ǘƘŜ 

ǎŜǉǳŜƴŎŜ ƻŦ ƛƴǘŜǊŜǎǘ ƛƴ a/{πL ŀƴŘ tǎ/tw ƛƴ a/{πLLΣ ƎƭȅŎŜǊƻƭ ǎǘƻŎƪǎ ǿŜǊŜ ƳŀŘŜ ŦƻǊ ǇǊŜǎŜǊǾŀǝƻƴ 

ŀƴŘ ǊŀǇƛŘ ŀƳǇƭƛŬŎŀǝƻƴ ƻŦ ǘƘŜ ǇƭŀǎƳƛŘ όŎƘŀǇǘŜǊ тΦнΦмнύΦ ¢ƘŜ ǇƭŀǎƳƛŘΣ ƘŀǊōƻǊƛƴƎ ōƻǘƘ ƎŜƴŜ 

ǎŜǉǳŜƴŎŜǎΣ ǿŀǎ ǘƘŜƴ ƛƴǘǊƻŘǳŎŜŘ ƛƴǘƻ {Φ ŎŜǊŜǾƛǎƛŀŜ ̧ tIрлм ŦƻǊ ƘŜǘŜǊƻƭƻƎƻǳǎ ŜȄǇǊŜǎǎƛƻƴ 

όŎƘŀǇǘŜǊ фΦпύΦ 

8 Semi-quantitative expression analysis 

Information about the expression levels of genes encoding the investigated enzymes in 

Sarcandra glabra was obtained by semi-quantitative expression analysis. For this, RNA was 

isolated, reverse transcribed to cDNA and analyzed by PCR. The intensity of the bands from 

the PCR reactions on agarose gels was evaluated using ImageJ.  

Plant parts of Sarcandra glabra were collected from winter 2023 to spring 2024. After 

harvesting flowers, fruits, young and old leaves, young and old stems, and young and old roots, 

the material was frozen in liquid nitrogen and stored at Ȥ80 °C for up to 6 months. Directly 

before isolation of RNA, the plant parts were lyophilized and stored in sealed tubes with silica 

gel. High quality total RNA was isolated according to the protocol designed by Pearson et al. 

(2006) (chapter 7.1.2). RNA was checked for integrity on agarose gels, and spectrophotometric 

analysis was performed to evaluate concentration and purity. DNase I digest was performed 

to remove gDNA remnants (chapter 7.1.5). The samples were subsequently purified using the 

same method, starting with 50 µl of the DNA-free RNA and using only a tenth of the volumes 

mentioned (Pearson et al. 2006). The purified RNA was repeatedly checked for impurities 

spectrophotometrically and the concentrations were determined. hƴƭȅ wb!Σ ƘŀǾƛƴƎ ŀƴ 

!нслκ!нул ōŜǘǿŜŜƴ мΦул ŀƴŘ нΦлл ǿŀǎ ǇǊƻŎŜǎǎŜŘ ŦǳǊǘƘŜǊΦ Three biological replicates (n = 3) of 

RNA from each tissue were reverse-transcribed into cDNA in parallel by using 250 ng and the 

RevertAid First Strand cDNA Synthesis kit (Thermo Scientific).  
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The cDNA was used as a template for PCR (Table 8). Special expression analysis primer pairs 

were designed for SgHCTs, SgCYP98s, and SgAct-1 with the help of the qPCR Primer & Probe 

Design Tool. All SgHCTs and SgCP98s, respectively, were checked for homologous regions. 

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

parameters were set to guarantee identical conditions in the PCR reactions (length: 18 to 

25 bp; melting temperature 55 to 65 °C; difference in melting temperature < 2 °C; GC-content 

40 to 60 %; amplicon size: 180 to 220 bp). RNAfold and RNAcofold was used to predict 

eventual interfering secondary structures of primers, which were avoided (> 8 kcal/mol), if 

possible. {Ǝ!Ŏǘπм ƘŀŘ ōŜŜƴ ƛŘŜƴǝŬŜŘ ŜŀǊƭƛŜǊΣ ōȅ ǎŜŀǊŎƘƛƴƎ ŦƻǊ ƘƻƳƻƭƻƎƻǳǎ ǎŜǉǳŜƴŎŜǎ ƛƴ ǘƘŜ 

ǘǊŀƴǎƭŀǘŜŘ ǘǊŀƴǎŎǊƛǇǘƻƳŜ ƻŦ {ŀǊŎŀƴŘǊŀ ƎƭŀōǊŀ ǳǎƛƴƎ tŀ!Ŏǘ όD¦нтнлнтύΣ ǿƘƛŎƘ ǊŜǎǳƭǘŜŘ ƛƴ ŀ 

ǘƻǘŀƭ ƻŦ он Ƙƛǘǎ ό¢ŀōƭŜ Ǿƛύ όŎƘŀǇǘŜǊ мнΦмύΦ Three individual PCR reactions were performed to 

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

template and primers, were added from a master mix. 

In a first PCR, primer pairs were tested (Table 8). The resulting bands at about 200 bp were 

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

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

fragments into pDrive, competent E. coli EZs were transformed with the vectors. The 

transformants were incubated on plates for blue-white screening and some white colonies 

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

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

with the correct size were then sequenced (Table xv). This PCR was also used to confirm the 

presence of all tested sequences in total RNA. 

¢ŀōƭŜ уΦ tǊƛƳŜǊ ǎŜǉǳŜƴŎŜǎ ŀƴŘ t/w ŎƻƴŘƛǝƻƴǎ ŦƻǊ ŀƳǇƭƛŬŎŀǝƻƴ ƻŦ ǇŀǊǝŀƭ ǎŜǉǳŜƴŎŜǎ ƻŦ {ƎI/¢ǎΣ 
{Ǝ/¸tфу ŀƴŘ {Ŏ!ŎǘπмΦ tǊƛƳŜǊǎ ǿŜǊŜ ŘŜǎƛƎƴŜŘ ŦƻǊ ǊŜƎƛƻƴǎ ƻŦ {ƎI/¢ǎ ǿƛǘƘ ƘƛƎƘŜǎǘ ŘƛǎǇŀǊƛǘȅΣ ǳǎƛƴƎ 
ǘƘŜ qPCR Primer & Probe Design ToolΦ !ŘƻǇǘŜŘ ŀƴŘ ƳƻŘƛŬŜŘ ŦǊƻƳ .ǀƳŜƪŜ ŀƴŘ tŜǘŜǊǎŜƴ 
όнлнрύ ǿƛǘƘ ŀŘŘƛǝƻƴŀƭ ƛƴŦƻǊƳŀǝƻƴΦ 

Sequence Amplified 
region 
[bp] 

Primers Cycling program and 
composition 

SgHST 57 to 256 f: GCCTAACCATAGCCTGTGGAAC 
r: TCTCTATCCGTCCATCTTCGTCTC 

94 °C 120 s, 
[94 °C 30 s, 59/57/55 °C 
30 s, 72 °C 20 s] x40 
 
1.0 µl cDNA from all 
tissues diluted 1:10 
5.0 µl GoTaq buffer I  
3.0 µl MgCl2 (25 mM) 
0.5 µl dNTPs (10 mM) 

SgHQT1 651 to 838 f: ATGCCAACCAGATCCCGCAG 
r: GGCCGTCAGTGGCGATAAATAG 

SgHQT2 392 to 590 f: CGTTGCTTTTGGTGCAGTACAC 
r: TCTCTTCCCTTCAGAACCGTCC 

SgRAS 295 to 502 f: GAGGGCGTGATGTTCATTGAGG 
r: TTATGGTGTGGTTGAGGCGGAG 

SgHCT-F 956 to 
1127 

f: TGGAGGAAGCAGGATTGGGAC 
r: AACACAACGCCATAGGCAGAC 
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[RAS] 
Cluster 

553 to 768 f: GCTAGATTGTCGCTAGGGAAGC 
r: CATAATTGCTCTCGACACTCGATCC 

0.5 µl of each primer 
(10 µM) 
0.1 µl GoTaq 
14.4 µl H2O 

SgCYP98A
235 

624 to 814 f: GGCAATCGTATCCAATGGTTTGAAG 
r: AATGTTGCTTGGCCCCACTC 

SgCYP98A
234 

288 to 477 f: CCGAGTAGCTCCAGAAGAACATCC 
r: GTCACCAGAATCCAGCACAATACC 

SgAct-1 411 to 608 f: GCCATGCCCGTTGCTATTAATTC 
r: GGAGGTTTACGAGCACGAAGG 

 

The second PCR was performed in order to determine the number of cycles in which a linear 

amplification of all sequences can be observed. ¢ƘŜ ƛƴǘŜƴǎƛǘȅ ƻŦ ǘƘŜ ōŀƴŘǎ ƻƴ ǘƘŜ ŀƎŀǊƻǎŜ ƎŜƭ 

ƛǎ ŘƛǊŜŎǘƭȅ ŘŜǇŜƴŘŜƴǘ ƻƴ ǘƘŜ ŀƳƻǳƴǘ ƻŦ ǘƻǘŀƭ wb! ƻǊ ǘƘŜ ǘǊŀƴǎŎǊƛǇǝƻƴ ǊŀǘŜ ƻŦ ŜŀŎƘ ƎŜƴŜΦ 

IƻǿŜǾŜǊΣ ǘƘŜ ƳŀȄƛƳǳƳ ƴǳƳōŜǊ ƻŦ ŀƳǇƭƛŬŎŀǝƻƴǎ ƛǎ ƭƛƳƛǘŜŘ ōȅ ǘƘŜ ŎƻƳǇƻǎƛǝƻƴ ƻŦ ǘƘŜ t/wΣ ǘƘŜ 

ǎǘŀōƛƭƛǘȅ ƻŦ ǘƘŜ ǇƻƭȅƳŜǊŀǎŜ ŀƴŘ ǘƻ ǘƘŜ ƳŜǘƘƻŘ ƻŦ ŘŜǘŜŎǝƻƴΦ ¢ƻƻ ŦŜǿ ŀƳǇƭƛŬŎŀǝƻƴǎ ǊŜǎǳƭǘ ƛƴ 

Ŧŀƛƴǘ ōŀƴŘǎΣ ǿƘŜǊŜŀǎ ǘƻƻ Ƴŀƴȅ ŎȅŎƭŜǎ ƭŜŀŘ ǘƻ ƛƴŘƛǎǝƴƎǳƛǎƘŀōƭŜ ōǊƛƎƘǘƴŜǎǎΦ For this, 25, 30, 35, 

and 40 cycles were chosen (Table 9). A mixture of all tissues was taken as template to simulate 

ŀ ΨƳŜŀƴ-ǘƛǎǎǳŜΩΦ CƻǊ ŀƭƭ ƴƛƴŜ ǎŜǉǳŜƴŎŜǎΣ ŀ ŘƛŦŦŜǊŜƴŎŜ ƛƴ ǘƘŜ ƛƴǘŜƴǎƛǘȅ ƻŦ ǘƘŜ ōŀƴŘǎ from different 

numbers of reaction cycles should be distinguishable, which implies linear amplification. Each 

1 % (w/v) agarose gel was run under the same conditions (120 V, 25 min, 0.5 µg/ml EtOBr), 

using 7.00 µl sample and exactly 4.00 µl GeneRuler DNA ladder as marker on each gel. Thus, 

gels were made comparable, and the intensity of the bands was calculated as described in the 

following. A black and white photograph of the gels was taken. ImageJ was employed to 

outline the band as well as an area of the gel at the same height as background and to 

determine the average intensity. The absolute intensity (Ὅ) was then calculated by  

Ὅ ὓ ὓ ὃz  Σ 
 

όпύ 

where ὓ is the mean grey value (the average intensity or ΨōǊƛƎƘǘƴŜǎǎΩ) of the band and the 

background, respectively, and ὃ  the area of the band. A band with a size of 200 bp of the 

marker (GeneRuler DNA ladder, Figure 7) was used as reference. Ὅ of each band was 

relativized to Ὅ of the 200 bp band, which resulted in the relative Intensity (Ὅ [%]).Ὅ [%] was 

calculated by 

Ὅ  Σ 

 

όрύ 

with Ὅ  being the absolute intensity of the respective band, and Ὅ  being the absolute 

intensity of the band of the standard DNA ladder at 200 bp (Figure 7). Using this method, the 

intensity of the bands was quantified. Negative Ὅ was observed, when bubbles or particles 

increased ὓ .  
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¢ŀōƭŜ фΦ !ǎǎŀȅ ŎƻƳǇƻǎƛǝƻƴ ŀƴŘ t/w ŎƻƴŘƛǝƻƴǎ ŦƻǊ ǾŜǊƛŬŎŀǝƻƴ ƻŦ ƭƛƴŜŀǊ ŀƳǇƭƛŬŎŀǝƻƴΦ 

Cycling program Composition 

94 °C 120 s, 
[94 °C 30 s, 59°C 30 s, 72 °C 20 s] x25 to x40 

1.0 µl cDNA from all tissues diluted 1:10 
5.0 µl GoTaq buffer I  
3.0 µl MgCl2 (25 mM) 
0.5 µl dNTPs (10 mM) 
0.5 µl of each primer (10 µM) 
0.1 µl GoTaq  
14.4 µl H2O 

 

Finally, the semiquantitative expression analysis was executed as a third PCR (Table 10). ¢ƘŜ 

ŎƻƴŘƛǝƻƴǎ ǿŜǊŜ ŀǎǎŜǎǎŜŘ ƛƴ ǘƘŜ ǇǊŜŎŜŘƛƴƎ t/wǎΣ ŀƴŘ ŀ ǘŜƴŦƻƭŘ Řƛƭǳǝƻƴ ƻŦ ǘƘŜ Ŏ5b! ǘŜƳǇƭŀǘŜǎΣ 

ŀǎ ǿŜƭƭ ŀǎ ор ŎȅŎƭŜǎ ƻŦ ŀƳǇƭƛŬŎŀǝƻƴ ǿŜǊŜ ǎǳƛǘŀōƭŜ ŦƻǊ ŀƭƭ ƎŜƴŜǎΣ ŜȄŎŜǇǘ {ƎIv¢н ό¢ŀōƭŜ млύΦ ¢ƘŜ 

ŀōǳƴŘŀƴŎŜ ƻŦ {ƎIv¢н ǘǊŀƴǎŎǊƛǇǘǎ ǿŀǎ ōŜƭƻǿ ǘƘŜ ƭŜǾŜƭ ƻŦ ŘŜǘŜŎǝƻƴ ǳƴŘŜǊ ǘƘŜǎŜ ŎƻƴŘƛǝƻƴǎΣ 

ǘƘŜǊŜŦƻǊŜ ŀƴŀƭȅǎƛǎ ƻŦ ǘƘƛǎ ƎŜƴŜ ǿŀǎ ǊŜǇŜŀǘŜŘ ǳǎƛƴƎ ŀŘƧǳǎǘŜŘ ŎƻƴŘƛǝƻƴǎΦ All seven Sarcandra 

glabra tissue cDNAs were tested with the same primer pairs.  

The relative expression (Ὁ) was determined using ImageJ by  

Ὁ  Σ 

 

όсύ 

where Ὅ  is the Ὅ of the band and Ὅ  compared to the intensity of Ὅ  in each 

tissue. Ὁ indicates the transcript abundance in % of the transcript abundance of SgAct-1. Since 

SgAct-м ǿŀǎ ŎƻƴǎƛŘŜǊŜŘ ŀ ΨƘƻǳǎŜƪŜŜǇƛƴƎ ƻǊ ǊŜŦŜǊŜƴŎŜ ƎŜƴŜΩΣ ǳƴŘŜǊ ŀǎǎǳƳǇǘƛƻƴ ƻŦ ŎƻƴǎƛǎǘŜƴǘ 

expression of equal levels in each tissue. 

¢ŀōƭŜ млΦ !ǎǎŀȅ ŎƻƳǇƻǎƛǝƻƴ ŀƴŘ ŎȅŎƭƛƴƎ ǇǊƻƎǊŀƳ ŦƻǊ ŜȄǇǊŜǎǎƛƻƴ ŀƴŀƭȅǎƛǎΦ !ŘŀǇǘŜŘ ŦǊƻƳ 
.ǀƳŜƪŜ ŀƴŘ tŜǘŜǊǎŜƴ όнлнрύ ŀƴŘ ǎǳǇǇƭŜƳŜƴǘŜŘ ǿƛǘƘ ŀŘŘƛǝƻƴŀƭ ƛƴŦƻǊƳŀǝƻƴΦ 

Sequence Cycling program Composition 

SgHST 

94 °C 120 s, 
[94 °C 30 s, 59°C 30 s, 72 °C 
20 s] x35 

1.0 µl cDNA diluted 1:10 
5.0 µl GoTaq buffer I  
3.0 µl MgCl2 (25 mM) 
0.5 µl dNTPs (10 mM) 
0.5 µl of each primer 
(10 µM) 
0.1 µl GoTaq 
14.4 µl H2O 

SgHQT1 

SgRAS 

SgHCT-F 

[RAS] Cluster 

SgCYP98A235 

SgCYP98A234 

SgAct-1 

SgHQT2 94 °C 120 s  
[94 °C 30 s, 59°C 30 s, 72 °C 
20 s] x40 

1.0 µl cDNA  
5.0 µl GoTaq buffer I  
3.0 µl MgCl2 (25 mM) 
0.5 µl dNTPs (10 mM) 
0.5 µl of each primer 
(10 µM) 
0.1 µl GoTaq 
14.4 µl H2O 
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9 Protein biochemistry 

9.1 Heterologous protein expression in Escherichia coli 

E. coli is well known for its high reproduction rates and easy handling. The ability to express 

proteins from circular DNA makes it suitable to heterologously produce proteins. After 

plasmids carrying nucleotide sequences of HCTs from S. glabra had been introduced into E. 

coli SoluBL21 (chapter 7.3.1), the respective strain was multiplied overnight (chapter 7.2.9). 

For heterologous expression, 100 ml TB medium containing 0.1 mg/ml ampicillin were 

inoculated with 2 ml of these overnight cultures. While incubating at 37 °C and 220 rpm, the 

optical density at 600 nm was checked regularly until an optical density of 0.4 to 0.6 was 

reached. Expression of the inserted genes was induced by adding IPTG to a final concentration 

of 1 mM. The cultures were incubated at 25 °C and 180 rpm for 20 h. Bacteria were harvested 

by centrifugation at 4 °C and 10000 g for 10 min. The cell pellet was frozen in liquid nitrogen 

and stored for at least 1 h at -80 °C or until further processing. Afterwards, the pellet was 

thawed and resuspended in 4 ml 50 mM KPi pH 8.0 per 1 g bacteria. Before cell lysis, the 

bacteria were incubated for 30 min on ice with 50 mg lysozyme. Triple ultrasonication for 30 s 

at 100 % amplitude and 0.5 cycles with intermediate 30 s cooling followed. The supernatant 

of a 10 min centrifugation at 4 °C and 10000 g was further used as crude protein extract (CE) 

for preliminary enzyme essays or further purification. 

9.2 Metal-affinity chromatography 

For the purification of heterologously expressed enzymes, CE was purified by metal-affinity 

chromatography with help of the N-terminally attached 6xHis-tag. HCT sequences encoding 

enzymes of interest were introduced into pET-15b in front of a CATCATCATCATCATCAC 

sequence, which codes for six histidine residues. The purification was conducted by adding 

imidazole and NaCl to the CE to a final concentration of 10 mM and 300 mM, respectively. 

After 1 h of incubation on ice with 1 ml Ni-NTA resin in a disposable column, the matrix settled 

down and the liquid was drained. The 6xHis-tag binds the proteins to the Ni2+-containing resin, 

and unwanted proteins drain off. The column was washed five times with 2 ml 50 mM KPi 

pH 8.0 containing 20 mM imidazole and 300 mM NaCl. Elution took place with the same buffer 

but 250 mM imidazole in three 1 ml steps (Ni-eluate) by displacing the proteins from the Ni2+ 

with high imidazole concentrations. Samples from each step were collected and stored at 

Ȥ20 °C for later analyses. The Ni-NTA column was reused after washing with 10 ml 

demineralized water, 10 ml 0.5 M NaOH and 2.0 M NaCl, 10 ml demineralized water, and 
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finally 10 ml 20 % (v/v) ethanol. The columns were stored, covered with 2 ml 20 % (v/v) 

ethanol, at 4 °C afterwards. 

9.3 Gel permeation chromatography 

A reusable, prepacked PD10 column (GE-Healthcare) was prepared by equilibrating it with 

30 ml 0.1 M KPi pH 7.0 to 8.0 beforehand. For desalting and changing the buffer conditions, 

2.5 ml of the three 1 ml Ni-eluates (chapter 9.2) were transferred to the PDȤ10 column. After 

the solution had entered the matrix, the proteins were eluted and desalted with 3.5 ml 0.1 M 

KPi (His-PD10-eluate). The pH of the 0.1 M KPi was chosen, depending on the expressed 

enzyme (Table 11). Thus, the influence of imidazole and NaCl on the activity of the enzymes 

was avoided. The purified protein extract was aliquoted and stored until further use at -80 °C. 

A sample of the His-PD-eluate was taken for subsequent analysis. The PD10 columns were 

rinsed with 30 ml demineralized water, stored at 4 °C and eventually reused. 

¢ŀōƭŜ ммΦ .ǳũŜǊǎ ŦƻǊ ǘƘŜ Ŝƭǳǝƻƴ ƻŦ ǘƘŜ ǇǳǊƛŬŜŘ {ƎI/¢ǎ 

Enzyme Buffer 

SgHST 0.1 M KPi pH 7.5 

SgHQT1 0.1 M KPi pH 7.0 

SgHQT2 0.1 M KPi pH 7.5 

SgRAS 0.1 M KPi pH 8.0 

SgHCT-F 0.1 M KPi pH 7.0 

[RAS] Cluster 0.1 M KPi pH 7.0 

 

9.4 Heterologous protein expression in Saccharomyces cerevisiae 

S. cerevisiae was used for heterologous expression since glycosylation and incorporation into 

the cell membrane are enabled. Fresh yeast transformants, harboring a pESC-Ura plasmid with 

inserts in MCS-I and MCS-II (chapter 7.3.2), were picked from SCD-URA plates, were spread on 

fresh medium and incubated for 48 to 72 h at 30 °C, until enough colonies were grown. For 

heterologous expression, the plates were stored at 4 °C for only up to one week and 

transferred to new plates regularly. Sterilized 500 ml baffled Erlenmeyer flasks were filled with 

90 ml liquid SCD-URA medium and inoculated with groups of yeast colonies the size of a 

pinhead. To achieve a high number of cells, the cultures were incubated for 48 h at 30 °C and 

140 rpm. Yeast cells were harvested afterwards in 50 ml tubes by 5 min centrifugation at 3000 

g and 4 °C. The cell pellet was resuspended in 90 ml SCG-URA supplemented with 12.5 mg/l 

FeSO4 and 200 µM 5-aminolevulinic acid for induction of expression. The suspension was 

transferred into sterilized 500 ml baffled Erlenmeyer flasks and incubated for another 22 to 

24 h at 30 °C and 140 rpm. Galactose induced the co-expression of both introduced enzymes. 



II Material and methods: Protein biochemistry 

63 
 

The cells were harvested by spinning them down at 3000 g and 4 °C for 5 min. The pellet was 

resuspended in 10 ml 0.1 M Tris-HCl pH 7.5, 1 mM DTT and 1 mM sodium 

diethyldithiocarbamate (DIECA), incubated on ice for 5 min and again harvested by 

centrifugation. Afterwards, cells were resuspended in 1.5 ml of the same buffer and 

transferred to 7 ml tubes, filled with 2.5 g glass beads. Disruption of the yeast cells took place 

in a benchtop homogenizer (Minilys) for 8x30 s at 4000 rpm with intermediate cooling. After 

the glass beads had settled, the supernatant was collected. Washing the glass beads with 

additional 0.5 ml of the stated buffer led to higher yields. CE was obtained from the 

supernatant of a subsequent centrifugation for 20 min at 5000 g and 4 °C. To perform Western 

blots, samples of the pellet and the CE were taken and stored at -80 °C. After CE was harvested, 

the preparation of microsomes containing the enzyme of interest was conducted.  

9.5 Preparation of microsomes 

Since CYPs are usually associated to the membrane of the endoplasmic reticulum, formation 

of microsomes and separation from soluble proteins was conducted. Microsomes precipitated 

while stirring yeast-CE (chapter 9.4) at medium speed at 4 °C and slowly adjusting the solution 

to 50 mM MgCl2 from a 1 M stock solution. After mixing for 20 min, centrifugation at 60000 g 

was conducted for 20 min at 4 °C. The supernatant, containing soluble proteins, was removed 

and a sample was collected for later analysis. The pellet was resuspended in 1.0 ml 0.1 M Tris-

HCl pH 7.5, 1 mM DTT and 1 mM DIECA and transferred to a Potter-Elvehjem glass 

homogenizer. Any residues were washed with 0.2 ml of the same buffer and transferred as 

well. The Potter-Elvehjem glass homogenizer was cooled on ice, and the suspension was 

homogenized five times during intense mixing. Shearing forces, occurring between the glass 

surfaces while resuspending, ensured even microsome sizes. A sample of the microsomal 

fraction (MF) was stored separately for Western blot analysis. The protein concentration was 

determined (chapter 9.6), and after adjusting MF to a protein concentration of 1 mg/ml, the 

microsomes were either flash frozen with liquid nitrogen and stored in a -80 °C freezer or used 

for enzyme assays directly.  

9.6 Determination of protein concentrations according to Bradford (1976) 

The protein concentration of all protein preparations was determined according to Bradford 

(1976). Coomassie Brilliant Blue is a triphenyl methane dye changing absorbance from 465 nm 

to 595 when interacting with proteins, which can be measured photometrically. In a 1 ml 

polystyrene cuvette 10 µl of a protein solution was mixed with 990 µl Bradford solution. A 

blank, consisting of 10 µl 0.1 M KPi pH 7.0, and a standard of 10 µl 1 mg/ml bovine serum 

albumin (BSA) were treated equally. Three replicates of each were prepared, and after 15 min, 
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the absorbance was determined at 595 nm. The concentration of the protein solutions was 

calculated with help of the BSA standard after subtraction of the blank. Protein extracts with 

a concentration below 0.5 mg/ml were determined in triplicates by interpolation from a BSA 

calibration curve.  

9.7 Sodium dodecyl sulfate-polyacrylamide gel electrophoresis  

Extracts from heterologous expression were subjected to sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE), a method for separation of proteins according 

to the length of the amino acid chain.  

Several fractions of the heterologous expression of proteins and their consecutive purification 

were separated on a polyacrylamide gel essentially according to Laemmli (1970). An 

electrophoresis chamber was prepared and tested for leakage. The components for two 

separation gels were mixed in a beaker: 3.1 ml 1.5 M Tris-HCl pH 8.8, 3.6 ml water, 5.1 ml 

ROTIPHORESE®Gel 30 (37.5:1), 0.5 ml 10 % (w/v) SDS, 20 µl tetramethylethylenediamine, 

87 µl 10 % (w/v) ammonium persulfate (APS). Directly after the addition of APS, the 

polymerization starter, the gel solution was mixed and 5 ml per gel were poured between 

glass plates. 1 ml isopropanol was gently pipetted onto the gel to flatten the surface and to 

exclude air. The gel polymerized for 20 to 40 min, then the isopropanol was carefully removed 

with filter paper. The components for two stacking gels were mixed analogously: 1.25 ml 

0.5 M Tris-HCl pH 6.8, 2.8 ml water, 375 µl ROTIPHORESE®Gel 30 (37.5:1), 0.2 ml 10 % (w/v) 

SDS, 10 µl tetramethylethylenediamine, 40 µl 10 % (w/v) APS, 5 µl 15.75 mg/ml bromophenol 

blue. After adding APS, about 2 ml of the mix were pipetted between the glass plates onto the 

separation gel, and the sample comb was inserted. The stacking gel hardened for 20 to 40 min.  

In the meantime, protein samples were prepared. 15 µl of a protein solution, equivalent to 

0.5 to 20 µg protein, were placed in a reaction tube, and 5 µl Laemmli-buffer, consisting of 

2.4 ml 1 M Tris-HCl pH 6.8, 4 ml glycerol, 2.5 ml H2O, 1 ml -̡mercaptoethanol, 0.01 % (w/v) 

bromophenol blue, and 8 % (w/v) SDS, were added. Cell pellets from heterologous expression 

in yeast were resuspended in 75 µl 0.1 M Tris-HCl pH 7.5 before adding 25 µl Laemmli buffer. 

Soluble proteins were denatured at 95 °C for 5 min, whereas membrane-bound proteins were 

denatured at 55 °C for 5 min. The reaction tubes were shortly spun down before applying their 

contents to the gel. 

The gels were transferred to the electrophoresis chamber, which was half filled with 

electrophoresis buffer, composed of 25 mM Tris-HCl pH 8.5, 192 mM glycine and 0.1 % (w/v) 

SDS. The sample comb was removed, the pockets equilibrated with buffer and charged with 

20 µl of the samples. RotiMark® Tricolor (Figure 8 A and B) was used as a standard size ladder 
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to estimate the protein size. Electrophoresis was performed at 200 V, 80 mA and 100 W for 

1.5 h. When applying the electric field, the protein mixture is separated, based on 

polyacrylamide acting as a molecular sieve. Afterwards, the chamber was disassembled, and 

the stacking gel cut off.  

To visualize the bands on the SDS-PAGE gel, it was stained 

on a shaking platform, until the gel was deep blue. The 

staining solution consisted of 0.25 % (w/v) Coomassie 

Brilliant Blue R250, 45 % (v/v) methanol, 10 % (v/v) acetic 

acid. Staining could be accelerated by microwaving for 30 s 

at 600 W. The color was removed with 45 % (v/v) 

methanol, 10 % (v/v) acetic acid with intermittent 

exchange of the solution until the background was 

colorless, but the bands were still blue and sharp. The gels 

were documented by photography and stored at 4 °C. 

9.8 Western blot 

As an alternative to staining, SDS gels were used for Western blot. N- or C-terminally attached 

tags were used for selective binding by primary antibodies from mice. Mouse antibody 

epitopes were then bound by secondary antibodies with coupled alkaline phosphatase. This 

enables formation of dibromodichloroindigo and a formazan derivative during staining 

(Altman 1976).  

Trays were filled with the necessary buffers to equilibrate the membrane, the polyacrylamide 

gel and Whatman filter papers. After disassembling the SDS-PAGE chamber, the 

polyacrylamide gel was shaken in transfer buffer for 5 to 20 min, until the other materials 

were prepared. Transfer buffer was freshly made and consisted of 25 mM Tris-HCl pH 8.3 and 

20 % (v/v) (Towbin et al. 1979). A discontinuous buffer system was used for the semi-dry 

transfer since different pH-values on the anode and cathode sides increases the efficiency of 

the protein transfer (composition: user guide of the Immobilon®-P membrane). Two Whatman 

filter papers were soaked in anode buffer I (A-I: 300 mM Tris-HCl pH 10.4 and 10 % (v/v) 

methanol). A third filter paper was soaked in anode buffer II (A-II: 25 mM Tris-HCl pH 10.4, 

10 % (v/v) methanol). The polyvinylidene fluoride membrane was activated in methanol for 

15 s and washed with water for 2 min before incubation in transfer buffer. Three additional 

filter papers were moistened with cathode buffer (C: 25 mM Tris-HCl pH 9.4, 40 mM glycine 

and 10 % (v/v) methanol). Finally, the blot was carefully assembled, stacking the first two filter 

papers (A-I) on the anode, followed by the third filter paper (A-II) and the membrane. Air 

between the layers was removed. The gel was placed on top without sliding over the 

A:  

 
 

B: 

 
 

Figure 8. RotiMark® Tricolor 
A: on a SDS gel and B: on a 
Western blot 
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membrane, which could lead to 

unwanted binding of the proteins. 

The three remaining filter papers (C) 

were stacked on the gel, and the 

cathode was placed on top, after 

removing liquid remains (Figure 9). 

The blotting chamber was finally 

closed, and pressure was evenly 

applied. Proteins were transferred from the polyacrylamide gel to the polyvinylidene fluoride 

membrane, where they were immobilized during 40 to 45 min at 2.5 mA/cm2, 200 V and 

100 W.  

Afterwards, the blot was disassembled, and the membrane prepared for immunodetection 

(https://www.sysy.com/protocols/blot.php). All following washing and incubation steps were 

performed under shaking on a rocking platform. The membrane was washed three times for 

5 min with TBS-T (10 mM Tris-HCl pH 7.4, 0.9 % (w/v) NaCl and 0.05 % (w/v) Tween 20). Free 

binding sites were blocked with 5 % (w/v) skimmed milk powder in TBS-T for at least 2 h at 

room temperature or 16 h at 4 °C. After washing two times for 5 min with TBS-T, the 

membrane was incubated with primary antibodies for 1 h at room temperature. For detection 

of the 6xHis-tagged proteins, mouse anti-6xHis-tag antibodies were chosen, which were 

diluted 1:2500 with 1 % (w/v) skimmed milk powder in TBS-T. Anti-c-Myc or anti-FLAG-tag 

antibodies were diluted identically and were used for the detection of c-Myc or FLAG epitopes, 

respectively. Following eight times washing for 5 min, the membrane was incubated with 

secondary goat anti-mouse antibodies with coupled alkaline phosphatase, which were diluted 

1:2500 with 1 % (w/v) BSA in TBS-T. Before staining, the membrane was washed five times for 

5 min with TBS-T and equilibrated for 5 min with substrate buffer (100 mM Tris-HCl pH 9.5, 

100 mM NaCl and 5 mM MgCl2). In the meantime, the staining solution was prepared: 5-

bromo-4-chloro-3-indolyl-phosphate (BCIP) and nitro blue tetrazolium chloride (NBT) were 

dissolved in substrate buffer to a final concentration of 0.16 mg/ml and 0.3 mg/ml, 

respectively. Stock solutions of 20 mg/ml BCIP in dimethylsulfoxide (DMSO) and 50 mg/ml 

NBT in 70 % (v/v) DMSO were stored at 4 °C. The membrane was incubated with 10 ml staining 

solution for 5 to 15 min under exclusion of light, until clear purple bands were visible. Colored 

bands at the expected size are proof for successful protein expression. ¢ƘŜ Ƴŀǎǎ ƻŦ ǘƘŜ ǇǊƻǘŜƛƴ 

ǿŀǎ ŜǎǝƳŀǘŜŘ ōȅ ŎƻƳǇŀǊƛƴƎ ǘƘŜ ŎŀƭŎǳƭŀǘŜŘ Ƴŀǎǎ ǿƛǘƘ ǘƘŜ Ƴŀǎǎ ƛƴŘƛŎŀǘŜŘ ōȅ ǘƘŜ ƳŀǊƪŜǊ 

όCƛƎǳǊŜ ф .ύΦ Prolonged staining did not result in stronger bands, but in a dark red background, 

instead. By washing the membrane three times with distilled water staining was stopped. The 

finished blots were documented by photography, dried and stored in the dark. The 

 
Figure 9. Schematic structure of the assembly of the 
Western blot 
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polyacrylamide gel was always stained with Coomassie afterwards to confirm quantitative 

transfer of the proteins. 

10 Determination of enzyme activities 

10.1 General performance of enzyme assays  

Enzyme assays were in general performed in 1.5 ml reaction tubes on a thermal cycler or a 

water bath, to keep a constant temperature. These enzyme assays consisted of 0.1 M KPi or 

Tris-HCl buffer, substrates and purified enzyme solution, and had a volume of 125 µl. The tests 

were at least prepared in duplicates (n = 2) and were started by adding enzyme solution and 

intensive mixing. After incubation at a constant temperature, the tests were stopped by 

addition of 6 M HCl, intensive shaking, and cooling on ice. Negative controls were performed 

under identical conditions, but were either stopped before adding enzyme, or purified enzyme 

extracts of an empty vector control were applied instead of the active enzyme. Enzyme assays 

were extracted twice with 500 µl ethyl acetate. The organic solvent was added, the tubes were 

intensively mixed for 5 s, and subjected to centrifugation at 16000 g for 5 min. Ethyl acetate 

phases were combined and evaporated to dryness in a vacuum concentrator for about 45 min 

at 35 °C and 7.0 mbar. Dried extracts of enzyme assays were either stored at Ȥ80 °C or directly 

processed further to analysis. 

Activity tests were performed after verifying the expression of the recombinant proteins. 

Different substrate combinations were tested, and the reaction conditions were adjusted 

towards strong product formation by using optimized substrate concentrations, optimal pH-

values, a moderate temperature, high amounts of protein and prolonged incubation. 

Determination of linear substrate turnover was always performed before biochemical 

characterization to avoid a false decrease or increase of AUC and a Vmax derived thereof. 

During the reaction, the concentration of substrates can be reduced significantly. This could 

lead to a restriction of accessibility, which limits the maximal turnover. Therefore, initial 

enzyme assays were observed over a time course of 5 to 60 min. Consequently, assays were 

stopped before the turnover began levelling. 

Analysis of the optimal pH conditions were conducted similarly, except, the pH-range of the 

buffer system was varied. The pH optimum was only determined for one substrate with high 

acceptance in 0.1 M KPi or Tris-HCl. The absolute pH was measured from mock-assays with 

double the total volume. Instead of purified enzyme, buffer was taken. Assays were incubated 

at a moderate temperature up to 1 h with purified enzyme preparations, and three replicates 

(n = 3) were analyzed. 
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After assuring linearity under the adapted pH conditions, the optimal incubation temperature 

was tested in a thermal cycler in triplicates (n = 3). The exact temperature was determined by 

measuring the temperature in a 1.5 ml tube filled with 125 µl water. Dependence on 

temperature was only determined for one substrate combination for each of the tested 

enzymes. 

To determine catalytic properties or Michaelis-Menten kinetics of the enzymes, such as Km or 

Vmax, up to nine replicates (n = 9) were analyzed. The assays were performed as close as 

possible to the optimal pH and temperature conditions. The range of substrate concentration 

was tested beforehand, and linearity was accessed for the lowest and highest concentration 

of the varied substrate. As reactions of HCTs, as well as CYP98, are both dependent on two 

substrates, Michaelis-Menten kinetics were always recorded for both substrates, while 

keeping the other at a constant and high level of about ten times Km. 

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

class and homolog. 

10.2 Composition of assays with SgHCTs 

To test for activity of the heterologously expressed HCTs, enzyme assays were carried out. 

DŜƴŜǊŀƭƭȅΣ ŀǎǎŀȅǎ ŎƻƴǘŀƛƴŜŘ лΦм a Ytƛ ǇI тΦлΣ ŀƴ ŀŎȅƭ ŘƻƴƻǊ ŀǎ ǿŜƭƭ ŀǎ ŀƴ ŀŎȅƭ ŀŎŎŜǇǘƻǊ 

ǎǳōǎǘǊŀǘŜΦ ¢ƘŜ ŀŘŘƛǝƻƴ ƻŦ м ǘƻ р ҡƎ ƻŦ ǇǳǊƛŬŜŘ I/¢ ǎǘŀǊǘŜŘ ǘƘŜ ǘŜǎǘ ǿƘƛƭŜ ǘƘŜ ŀŘŘƛǝƻƴ ƻŦ нл ҡƭ 

с b I/ƭ ǎǘƻǇǇŜŘ ǘƘŜ ǊŜŀŎǝƻƴΦ !ƊŜǊǿŀǊŘǎΣ ǘƘŜ ǘŜǎǘǎ ǿŜǊŜ ŜȄǘǊŀŎǘŜŘ ǿƛǘƘ рлл ҡƭ ŜǘƘȅƭ ŀŎŜǘŀǘŜ 

ǘǿƛŎŜΣ ŀƴŘ ǘƘŜ ƻǊƎŀƴƛŎ ǇƘŀǎŜǎ ǿŜǊŜ ŎƻƳōƛƴŜŘ ŀƴŘ ŜǾŀǇƻǊŀǘŜŘ ōŜŦƻǊŜ ǊŜŘƛǎǎƻƭǾƛƴƎ ǘƘŜ ǊŜǎƛŘǳŜ 

ƛƴ рл ҈ όǾκǾύ ƳŜǘƘŀƴƻƭΣ ŀŎƛŘƛŬŜŘ ǿƛǘƘ лΦлм ҈ όǾκǾύ IоthпΣ ŦƻǊ It[/ ƻǊ [/πa{ ŀƴŀƭȅǎƛǎΦ  

CƻǊ ǘƘŜ ƛƴƛǝŀƭ ǎŜŀǊŎƘ ŦƻǊ ǇǳǘŀǝǾŜ ŀŎŎŜǇǘƻǊ ǎǳōǎǘǊŀǘŜǎΣ ŀǎǎŀȅǎ ǿŜǊŜ ŎƻƳǇƻǎŜŘ ƻŦ ǇπŎƻǳƳŀǊƻȅƭπ

/ƻ!Σ ŀŎŎŜǇǘƻǊ ǎǳōǎǘǊŀǘŜΣ ŎƻƴŎŜƴǘǊŀǝƻƴǎ ŘŜǇŜƴŘƛƴƎ ƻƴ ǘƘŜ ŀǾŀƛƭŀōƛƭƛǘȅ ŀƴŘ ǎƻƭǳōƛƭƛǘȅ ό¢ŀōƭŜ мнύ. 

! ƭƛǎǘ ƻŦ ŀƭƭ ǇǳǘŀǝǾŜ ǎǳōǎǘǊŀǘŜǎ ŀƴŘ ǘƘŜ ŀŎŎŜǇǘŀƴŎŜ ƻŦ ǘƘŜ {ƎI/¢ǎ ŎƻǾŜǊŜŘ ƛƴ ǘƘƛǎ ǿƻǊƪ ƛǎ 

ǇǊŜǎŜƴǘŜŘ ƭŀǘŜǊ όŎƘŀǇǘŜǊ моΦрΦмΦнύΦ Lƴ ǎƻƳŜ ŎŀǎŜǎΣ нлл ҡa ōŜƴȊƻȅƭπ/ƻ! ǿŀǎ ǘŜǎǘŜŘ ǎƛƴŎŜ ǘƘŜ 

ŦƻǊƳŀǝƻƴ ƻŦ ŀ ōŜƴȊƻȅƭ ŜǎǘŜǊ Ƴŀȅ ōŜ ǇǊŜŦŜǊǊŜŘΦ When activity was verified, the best accepted 

acceptor was taken and p-coumaroyl-CoA was exchanged by cinnamoyl, caffeoyl, feruloyl, 

sinapoyl, benzoyl, or anthraniloyl-CoA. 

¢ŀōƭŜ мнΦ /ƻƳǇƻǎƛǝƻƴ ƻŦ ǎǘŀƴŘŀǊŘ ŀǎǎŀȅǎ ǿƛǘƘ {ƎI/¢ǎ 

Conditions Composition 

30 °C 
t = 3 h 
negative control: t = 0 min 
n = 2 

0.1 M KPi pH 7.0 
200 µM (hydroxy)cinnamoyl-CoA 
0.8 to 8 mM acceptor substrate 
5 µg SgHCT 
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CoA esters were usually dissolved in water or KPi pH 7.0, whereas some acceptors substrates 

had to be dissolved in 50 % (v/v) methanol or special stock solutions were prepared, 

depending on their solubility. 3-Hydroxyanthranilic and 5-hydroxyanthranilic acid were 

dissolved in 1 M HCl, whereas 2,5-dihydroxybenzoic and 3,4-dihydroxybenzoic acid were 

dissolved in 1 M NaOH. In assays, where these solutions were used, an equal amount of 1 M 

NaOH or HCl was applied to neutralize the pH of the solvent.  

Kinetics were recorded mainly with p-coumaroyl-CoA as hydroxycinnamoyl donor. Caffeoyl-

CoA was also tested in combination with the acceptor with the best acceptance. 

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

conditions, and for the kinetic determinations are displayed in the following: SgHST: Table 13, 

SgHQT1: Table 14, SgHQT2: Table 15, SgRAS: Table 16. 

¢ŀōƭŜ моΦ !ǎǎŀȅ ŎƻƳǇƻǎƛǝƻƴǎ ŀƴŘ ǊŜŀŎǝƻƴ ŎƻƴŘƛǝƻƴǎ ŦƻǊ ǘƘŜ ŘŜǘŜǊƳƛƴŀǝƻƴ ƻŦ ǘƘŜ ƻǇǝƳŀƭ ǇIΣ 
ǘƘŜ ƻǇǝƳŀƭ ǘŜƳǇŜǊŀǘǳǊŜΣ ŀƴŘ aƛŎƘŀŜƭƛǎπaŜƴǘŜƴ ƪƛƴŜǝŎǎ ǿƛǘƘ {ƎI{¢Φ Km and Vmax were 
recorded for the variable substrate. 

Parameter  Conditions Composition 

pH-optimum 
 

25 °C 
t = 5 min  
negative control: t = 0 
min 
n = 3 
ƳŜŀǎǳǊŜŘ ǇIΥ сΦмфΣ сΦпфΣ 
сΦурΣ тΦорΣ тΦррΣ тΦтл 

0.1 M KPi pH 6.00 to 8.50 
200 µM caffeoyl-CoA 
400 µM shikimic acid 
2.88 µg SgHST 

temperature optimum 
 

0 to 60 °C 
t = 5 min  
negative control: t = 0 
min 
n = 3 
ƳŜŀǎǳǊŜŘ temperatures: 
лΦлΣ млΦлΣ моΦсΣ мфΦлΣ 
ноΦнΣ нуΦрΣ ооΦлΣ оуΦмΣ 
пуΦлΣ ртΦн ϲ/ 

0.1 M KPi pH 7.5 
200 µM caffeoyl-CoA 
400 µM shikimic acid 
1.44 µg SgHST  

Variable 
substrate 

Constant 
substrate 

Conditions Composition 

p-coumaroyl-
CoA 

shikimic acid 25 °C 
t = 6 min, negative 
control: t = 0 min 
n = 9 

0.1 M KPi pH 7.5 
2.5 to 400 µM p-coumaroyl-
CoA 
16 mM shikimic acid 
0.04 µg/0.01 µg SgHST 

caffeoyl-CoA shikimic acid 25 °C 
t = 2.5 min, negative 
control: t = 0 min 
n = 9 

0.1 M KPi pH 7.5 
30 mM shikimic acid 
5 to 150 µM caffeoyl-CoA 
0.32 µg SgHST 



II Material and methods: Determination of enzyme activities 

70 
 

p-coumaroyl-
CoA 

quinic acid 25 °C  
t = 10 min, negative 
control: t = 0 min 
n = 9 

0.1 M KPi pH 7.5 
1 to 200 µM p-coumaroyl-
CoA  
160 mM quinic acid pH 7.0 
0.2 µg SgHST 

p-coumaroyl-
CoA 

3-hydroxy-
anthranilic 
acid 

25 °C 
t = 10 min, negative 
control: empty vector  
n = 9 

0.1 M KPi pH 7.5 
0.5 to 20 µM p-coumaroyl-
CoA  
6 mM 3-hydroxyanthranilic 
acid (in 1 M HCl + 7.96 µl 1 M 
NaOH) 
0.08 µg SgHST 

shikimic acid p-coumaroyl-
CoA 

25 °C 
t = 10 min, negative 
control: t = 0 min 
n = 9 

0.1 M KPi pH 7.5 
200 µM p-coumaroyl-CoA 
0.125 to 12 mM shikimic acid 
0.03 µg SgHST 

shikimic acid caffeoyl-CoA 25 °C 
t = 2.5 min, negative 
control: t = 0 min 
n = 9 

0,1 M KPi pH 7.5 
300 µM caffeoyl-CoA 
1.25 to 40 mM shikimic acid 
0.32 µg SgHST 

quinic acid p-coumaroyl-
CoA 

25 °C 
t = 10 min, negative 
control: t = 0 min 
n = 9 

0.1 M KPi pH 7.5 
200 µM p-coumaroyl-CoA 
2 to 160 mM quinic acid pH 
7.0 
0.33/1.0 µg SgHST 

3-hydroxy-
anthranilic 
acid  

p-coumaroyl-
CoA 

25 °C 
t = 30 min, negative 
control: empty vector  
n = 9 

0.1 M KPi pH 7.5 
80 µM p-coumaroyl-CoA 
0.125 to 12 mM 3-hydroxy-
anthranilic acid (in 1 M HCl + 
15.93 µl 1 M NaOH) 
0.08 µg SgHST 

 

¢ŀōƭŜ мпΦ !ǎǎŀȅ ŎƻƳǇƻǎƛǝƻƴǎ ŀƴŘ ǊŜŀŎǝƻƴ ŎƻƴŘƛǝƻƴǎ ŦƻǊ ǘƘŜ ŘŜǘŜǊƳƛƴŀǝƻƴ ƻŦ ǘƘŜ ƻǇǝƳŀƭ ǇIΣ 
ǘƘŜ ƻǇǝƳŀƭ ǘŜƳǇŜǊŀǘǳǊŜΣ ŀƴŘ aƛŎƘŀŜƭƛǎπaŜƴǘŜƴ ƪƛƴŜǝŎǎ ǿƛǘƘ {ƎIv¢мΦ Km and Vmax were 
recorded for the variable substrate. 

Parameter  Conditions Composition 

pH-optimum 40 °C 
t = 10 min  
negative control: t = 0 
min 
n = 3 
ƳŜŀǎǳǊŜŘ pH: ǇI пΦомΣ 
рΦтсΣ сΦпуΣ сΦумΣ тΦллΣ 
тΦлф 

0.1 M KPi pH 6.00 to 8.50 
25 µM p-coumaroyl-CoA 
20 mM quinic acid 
0.32 µg SgHQT1 
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temperature optimum 0 to 60 °C 
t = 2.5 min  
negative control: t = 0 
min 
n = 3 
ƳŜŀǎǳǊŜŘ temperatures: 
лΦлΣ млΦмΣ мфΦсΣ нпΦуΣ 
нфΦтΣ опΦсΣ офΦсΣ ппΦсΣ 
пфΦпΣ слΦл ϲ/ 

0.1 M KPi pH 7.0 
80 µM caffeoyl-CoA 
40 mM quinic acid 
0.72 µg SgHQT1 

Variable 
substrate 

Constant 
substrate 

Conditions Composition 

p-coumaroyl-
CoA 

quinic acid 40 °C 
t = 10 min 
negative control: t = 0 
min 
n = 9 

0.1 M KPi pH 7.0 
5 to 200 µM p-coumaroyl-CoA 
80 mM quinic acid pH 7.0 
0.25 µg SgHQT1 

p-coumaroyl-
CoA 

shikimic acid 40 °C 
t = 10 min 
negative control: t = 0 
min 
n = 3 

0.1 M KPi pH 7.0 
10 to 400 µM p-coumaroyl-
CoA 
320 mM shikimic acid pH 7.0 
0.25 µg SgHQT1 

caffeoyl-CoA quinic acid 40 °C 
t = 5 min 
negative control: t = 0 
min 
n = 9 

0.1 M KPi pH 7.0 
80 mM quinic acid, pH 7.0 
5 to 100 µM caffeoyl-CoA 
0.25 µg SgHQT1 

quinic acid p-coumaroyl-
CoA 

40 °C 
t = 10 min 
negative control: t = 0 
min 
n = 9 

0.1 M KPi pH 7.0 
200 µM p-coumaroyl-CoA 
1 to 80 mM quinic acid pH 7.0 
0.25 µg SgHQT1 

quinic acid caffeoyl-CoA 40 °C 
t = 5 min 
negative control: t = 0 
min 
n = 9 

0.1 M KPi pH 7.0 
100 µM caffeoyl-CoA 
1 to 80 mM quinic acid pH 7.0 
0.25 µg SgHQT1 

shikimic acid p-coumaroyl-
CoA 

40 °C 
t = 5 min 
negative control: t = 0 
min 
n = 3 

0.1 M KPi pH 7.0 
400 µM p-coumaroyl-CoA 
10 to 320 mM shikimic acid 
pH 7.0 
0.5 µg SgHQT1 
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¢ŀōƭŜ мрΦ !ǎǎŀȅ ŎƻƳǇƻǎƛǝƻƴǎ ŀƴŘ ǊŜŀŎǝƻƴ ŎƻƴŘƛǝƻƴǎ ŦƻǊ ǘƘŜ ŘŜǘŜǊƳƛƴŀǝƻƴ ƻŦ ǘƘŜ ƻǇǝƳŀƭ ǇIΣ 
ǘƘŜ ƻǇǝƳŀƭ ǘŜƳǇŜǊŀǘǳǊŜΣ ŀƴŘ aƛŎƘŀŜƭƛǎπaŜƴǘŜƴ ƪƛƴŜǝŎǎ ǿƛǘƘ {ƎIv¢нΦ Km and Vmax were 
recorded for the variable substrate. 

Parameter  Conditions Composition 

pH-optimum (KPi) 30 °C 
t = 10 min 
negative control: t = 0 
min 
n = 3 
ƳŜŀǎǳǊŜŘ pH: сΦлмΣ сΦпрΣ 
сΦутΣ тΦмтΣ тΦорΣ тΦпн 

0.1 M KPi pH 6.00 to 8.50 
80 µM p-coumaroyl-CoA 
8 mM quinic acid 
0.65 µg SgHQT2 

pH-optimum (Tris-HCl) 30 ° 
t = 10 min 
negative control: t = 0 
min 
n = 3 
ƳŜŀǎǳǊŜŘ pH: сΦнмΣ сΦфлΣ 
тΦтоΣ уΦмуΣ уΦртΣ уΦто 

0.1 M Tris-HCl pH 7.00 to 
9.50 
80 µM p-coumaroyl-CoA 
8 mM quinic acid 
0.65 µg SgHQT2 

temperature optimum 5 to 50 °C 
t = 10 min 
negative control: t = 0 
min 
n = 3 
ƳŜŀǎǳǊŜŘ temperatures: 
рΦуΣ млΦсΣ мпΦрΣ мфΦуΣ 
нпΦоΣ нфΦрΣ ооΦуΣ пмΦмΣ 
прΦлΣ пфΦм ϲ/ 

0.1 M KPi pH 7.5 
80 µM p-coumaroyl-CoA 
8 mM quinic acid 
3.26 µg SgHQT2 

Variable 
substrate 

Constant 
substrate 

Conditions Composition 

p-coumaroyl-
CoA 

quinic acid 30 °C 
t = 15 min 
negative control: t = 0 
min 
n = 9 

0.1 M KPi pH 7.5 
25 to 400 µM p-coumaroyl-
CoA 
160 mM quinic acid pH 7.0 
0.65 µg SgHQT2 

caffeoyl-CoA quinic acid 30 °C 
t = 30 min 
negative control: t = 0 
min 
n = 9 

0.1 M KPi pH 7.5 
50 to 800 µM caffeoyl-CoA 
160 mM quinic acid pH 7.0 
1.0 µg SgHQT2 

quinic acid p-coumaroyl-
CoA 

30 °C 
t = 15 min 
negative control: t = 0 
min 
n = 9 

0.1 M KPi pH 7.5 
400 µM p-coumaroyl-CoA 
1 to 160 mM quinic acid pH 
7.0 
0.65 µg SgHQT2 
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quinic acid 
 

caffeoyl-CoA 30 °C 
t = 15 min 
negative control: t = 0 
min 
n = 9 

0.1 M KPi pH 7.5 
800 µM caffeoyl-CoA 
1 to 160 mM quinic acid pH 
7.0 
1.0 µg SgHQT2 

 

¢ŀōƭŜ мсΦ !ǎǎŀȅ ŎƻƳǇƻǎƛǝƻƴǎ ŀƴŘ ǊŜŀŎǝƻƴ ŎƻƴŘƛǝƻƴǎ ŦƻǊ ǘƘŜ ŘŜǘŜǊƳƛƴŀǝƻƴ ƻŦ ǘƘŜ ƻǇǝƳŀƭ ǇIΣ 
ǘƘŜ ƻǇǝƳŀƭ ǘŜƳǇŜǊŀǘǳǊŜΣ ŀƴŘ aƛŎƘŀŜƭƛǎπaŜƴǘŜƴ ƪƛƴŜǝŎǎ ǿƛǘƘ {Ǝw!{Φ Km and Vmax were 
recorded for the variable substrate. bƻǘŜΥ ǘƘŜ ŎƻƴŎŜƴǘǊŀǝƻƴǎ ƻŦ ǇIt[ ŀƴŘ 5It[ ǊŜŦŜǊ ǘƻ ǘƘŜ 
ŎƻƴŎŜƴǘǊŀǝƻƴ ƻŦ ǘƘŜ wπŜƴŀƴǝƻƳŜǊ ƛƴ ŀ ǊŀŎŜƳƛŎ ƳƛȄǘǳǊŜΦ 

Parameter  Conditions Composition 

pH optimum 30 °C 
t = 10 min 
negative control: t = 0 
min 
n = 3 
ƳŜŀǎǳǊŜŘ pH: рΦтлΣ сΦнсΣ 
сΦтоΣ тΦмпΣ тΦплΣ тΦро 

0.1 M KPi pH 6.0 to 8.5 
200 µM caffeoyl-CoA 
4 mM pHPL 
7.38 µg SgRAS 

temperature optimum 0 to 70 °C 
t = 20 min 
negative control: t = 0 
min 
n = 3 
ƳŜŀǎǳǊŜŘ temperatures: 
лΦнΣ млΦмΣ мрΦмΣ мфΦуΣ 
нпΦсΣ нфΦрΣ опΦпΣ офΦоΣ 
ппΦмΣ пфΦлΣ рфΦрΣ суΦр ϲ/ 

0.1 M KPi pH 8.0 
200 µM caffeoyl-CoA 
4 mM pHPL 
3.69 µg SgRAS 

Variable 
substrate 

Constant 
substrate 

Conditions Composition 

p-coumaroyl-
CoA 

4-hydroxy-
phenyllactic 
acid 

25 °C 
t = 15 min 
negative control: t = 0 
min 
n = 9 

0.1 M KPi pH 8.0 
2.5 to 300 µM p-coumaroyl-
CoA 
4 mM pHPL 
0.19/0.38 µg SgRAS 

p-coumaroyl-
CoA 

3,4-
dihydroxy-
phenyllactic 
acid 

25 °C 
t = 5 min 
negative control: t = 0 
min 
n = 9 

0.1 M KPi pH 8.0 
2.5 to 100 µM p-coumaroyl-
CoA 
4 mM DHPL 
0.2 µg SgRAS 

caffeoyl-CoA 4-hydroxy-
phenyllactic 
acid 

25 °C 
t = 60 min 
negative control: t = 0 
min 
n = 9 

0.1 M KPi pH 8.0 
10 to 640 µM caffeoyl-CoA 
4 mM pHPL 
1.84/1.28 µg SgRAS 
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pHPL p-coumaroyl-
CoA 

25 °C 
t = 20 min 
negative control: t = 0 
min 
n = 9 

0.1 M KPi pH 8.0 
200 µM p-coumaroyl-CoA 
0.1 to 7 mM pHPL  
1.0 µg SgRAS 

pHPL caffeoyl-CoA 25 °C 
t = 40 min 
negative control: t = 0 
min 
n = 9 

0.1 M KPi pH 8.0 
400 µM caffeoyl-CoA 
0.1 to 7 mM pHPL 
0.38 µg SgRAS 

3,4-dihydroxy-
phenyllactic 
acid 

p-coumaroyl-
CoA 

25 °C 
t = 20 min 
negative control: t = 0 
min 
n = 9 

0.1 M KPi pH 8.0 
100 µM p-coumaroyl-CoA 
0.1 to 7 mM 3,4-dihydroxy-
phenyllactic acid 
1.0 µg SgRAS 

 

10.2.1.1 Special substrate search for SgHCT-F 

After standard assays had been performed (chapter 10.2), no activity was detected with any 

of the substrates used. Thus, conditions for the search of substrates were adjusted. Since мсπ

ƘȅŘǊƻȄȅǇŀƭƳƛǝŎ ŀŎƛŘ ƛǎ ǇƻƻǊƭȅ ǎƻƭǳōƭŜ ƛƴ ǿŀǘŜǊΣ млл Ƴa ǎǘƻŎƪ ǎƻƭǳǝƻƴǎ ǿŜǊŜ ǇǊŜǇŀǊŜŘ ōȅ 

ŘƛǎǎƻƭǾƛƴƎ ƛǘ ƛƴ ŜƛǘƘŜǊ рл ҈ όǾκǾύ ƳŜǘƘŀƴƻƭΣ м ҈ όǾκǾύ ¢Ǌƛǘƻƴ ƻǊ м ҈ όǾκǾύ bπŘƻŘŜŎȅƭπ̡π5π

ƳŀƭǘƻǎƛŘŜ ό55aύ ǳƴŘŜǊ ŀǇǇƭƛŎŀǝƻƴ ƻŦ ƘŜŀǘΦ !ŘŘƛǝƻƴŀƭƭȅΣ ŀ рл Ƴa ǎǘƻŎƪ ǎƻƭǳǝƻƴ ǿŀǎ ǇǊŜǇŀǊŜŘ 

ōȅ ŘƛǎǎƻƭǾƛƴƎ ƛƴ нл ҈ όǾκǾύ ŜǘƘŀƴƻƭ ŀƴŘ ƴŜǳǘǊŀƭƛȊƛƴƎ ǿƛǘƘ YhIΦ {ǘŀƴŘŀǊŘ ŀŎǝǾƛǘȅ ǘŜǎǘǎ ǿŜǊŜ ǘƘŜƴ 

ǇŜǊŦƻǊƳŜŘ ŀǎ ŘŜǎŎǊƛōŜŘ όŎƘŀǇǘŜǊ млΦнύΣ ǳǎƛƴƎ у ƻǊ п Ƴa мсπƘȅŘǊƻȄȅǇŀƭƳƛǝŎ ŀŎƛŘΣ ǊŜǎǇŜŎǝǾŜƭȅΣ 

ŀƴŘ р ҡƎ ǇǳǊƛŬŜŘ {ƎI/¢πCΦ 

10.3 Composition of assays with SgCYP98s 

The activity of in S. cerevisiae heterologously expressed SgCPY98s was tested in enzyme 

assays. Standard activity tests consisted of 0.1 M Tris-HCl pH 7.5, 400 µM NADPH, or 

nicotinamide adenine dinucleotide (NADH) alternatively, and 1 to 40 µM substrate, which was 

usually dissolved in 50 % (v/v) methanol. The reaction was started by adding 100 µg SgCYP98 

MF. All assays were incubated in a thermal cycler at a temperature of 25 °C for up to 3 h while 

shaking with 1200 rpm (Table 17). The reaction was stopped by the addition of 50 µl 6 M HCl, 

followed by intensive mixing and storing the tubes on ice. For negative controls, MF of yeasts 

transformed with empty pESC-Ura were used. By adding 500 µl ethyl acetate to the assays, 

shaking them intensively, and centrifuging the tubes for 5 min at 16000 g, reaction products 

were extracted. The extraction was repeated once and the organic phases were combined. 

Ethyl acetate was evaporated and the dry assays were stored at -80 °C. For subsequent 

analysis, the assays were subjected to HPLC or LC-MS after dissolving in 30 to 50 % (v/v) 
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methanol, acidified with 0.01 % H3PO4 and centrifugation at 16000 g for 10 min. pure 

SgCYP98. The following substrates were used for standard assays: p-coumaroyl-5-O-shikimic 

acid, p-coumaroyl-3-O-quinic acid, p-coumaroyl-4-O-quinic acid, p-coumaroyl-5-O-quinic acid, 

p-coumaroyl-пΩ-hydroxyphenyllactic acid, caffeoyl-пΩ-hydroxyphenyllactic acid, p-coumaroyl-

оΩΣпΩ-dihydroxyphenyllactic acid, p-coumaroyl-N-tyramine, p-coumaroyl-2-N-anthranilic acid, 

p-coumaroyl-2-N-3-hydroxyanthranilic acid, p-coumaroyl-2-N-5-hydroxyanthranilic acid, p-

coumaroylthreonine, and 4-coumaric acid. 

¢ŀōƭŜ мтΦ /ƻƳǇƻǎƛǝƻƴ ƻŦ ǎǘŀƴŘŀǊŘ ŀǎǎŀȅǎ ǿƛǘƘ {Ǝ/¸tфуǎ 

Conditions Composition 

1200 rpm 
20 °C 
t = 3 h 
negative control: t = 0 min 
n = 2 

0.1 M Tris-HCl pH 7.5 
1 to 40 µM substrate 
400 µM NADPH or NADH 
100 µg SgCYP98 MF (including PsCPR) 

 

After activity was proven, different buffer conditions were tested to achieve high turnover 

rates. For this, the volume of enzyme was reduced and the buffer volume increased. An 

acceptor substrate, which was readily hydroxylated, was used to monitor activity and linearity 

was estimated beforehand. Six different 0.1 M KPi and 0.5 M Tris-HCl buffers were used to 

cover a range of pH 6.0 to 8.5 and pH 7.0 to 9.5, respectively (Table 18). Since components of 

the assay could possibly influence pH, the precise pH was determined (Table 18). For this, the 

volume of the assay was doubled, and the substrate was substituted by 50 % (v/v) methanol. 

The buffer showing the highest activity was used in subsequent tests. 

Determination of the optimal temperature was approached similarly. The conditions, as 

mentioned above, were chosen, but the temperature for incubation was varied from 5 to 50 °C 

(Table 18). The exact temperature in the reaction tubes was determined (Table 18). Enzyme 

assays were started after preincubation at the set temperature. 

Michaelis-Menten kinetics were determined by keeping NADPH at a constant saturating 

concentration (Table 18). The concentration of the hydroxycinnamoyl ester/amide was varied, 

while sticking close to the optimal pH and temperature. The linearity was always checked 

beforehand. After determination of the Km of the hydroxycinnamoyl ester/amide, the 

concentration of this substrate was increased to about ten times Km and kept constant, while 

varying the NADPH concentration (Table 18). Thus, Km for both reaction partners was 

determined. 

In comparison to the biochemical characterization of SgHCTs, only the Km and the activity of 

SgCYP98 were determined. Extracts from the preparation of microsomes from crude yeast 



II Material and methods: Determination of enzyme activities 

76 
 

extracts contained various membrane-bound proteins. Thus, MF could not be considered as 

pure SgCYP98.  

¢ŀōƭŜ муΦ !ǎǎŀȅ ŎƻƳǇƻǎƛǝƻƴǎ ŀƴŘ ǊŜŀŎǝƻƴ ŎƻƴŘƛǝƻƴǎ ŦƻǊ ǘƘŜ ŘŜǘŜǊƳƛƴŀǝƻƴ ƻŦ ǘƘŜ ƻǇǝƳŀƭ ǇIΣ 
ǘƘŜ ƻǇǝƳŀƭ ǘŜƳǇŜǊŀǘǳǊŜΣ ŀƴŘ aƛŎƘŀŜƭƛǎπaŜƴǘŜƴ ƪƛƴŜǝŎǎ ǿƛǘƘ {Ǝ/¸tфу!норΦ Km and Amax were 
recorded for the variable substrate.  

Parameter  Conditions Composition 

pH-optimum (KPi) 1200 rpm 
20 °C 
t = 30 min 
negative control: t = 0 
min 
n = 3 
ƳŜŀǎǳǊŜŘ pH: сΦолΣ сΦтнΣ 
тΦмуΣ тΦсрΣ тΦфсΣ уΦмм 

0.1 M KPi pH 6.00 to 8.50 
40 µM p-coumaroyl-пΩ-
hydroxyphenyllactic acid 
400 µM NADPH 
25 µg SgCYP98A235 MF 
(including PsCPR) 

pH-optimum (Tris-HCl) 1200 rpm 
20 °C 
t = 15 min 
negative control: t = 0 
min 
n = 3 
ƳŜŀǎǳǊŜŘ pH: тΦоуΣ тΦтуΣ 
уΦнсΣ уΦрпΣ уΦтсΣ фΦлм 

0.5 M Tris-HCl pH 7.00 to 
9.50 
40 µM p-coumaroyl-пΩ-
hydroxyphenyllactic acid 
400 µM NADPH 
55 µg SgCYP98A235 MF 
(including PsCPR) 

temperature optimum 1200 rpm 
5 to 50 °C 
t = 15 min 
negative control: t = 0 
min 
n = 3 
ƳŜŀǎǳǊŜŘ temperatures: 
рΦфΣ фΦсΣ мнΦсΣ нлΦмΣ нпΦнΣ 
нфΦтΣ опΦсΣ офΦсΣ прΦоΣ 
пфΦн ϲ/ 

0.1 M Tris-HCl pH 7.50 
40 µM p-coumaroyl-пΩ-
hydroxyphenyllactic acid 
400 µM NADPH 
100 µg SgCYP98A235 MF 
(including PsCPR) 

Variable 
substrate 

Constant 
substrate 

Conditions Composition 

NADPH p-coumaroyl-
пΩ-
hydroxyphen
yl-lactic acid 

1200 rpm 
20 °C 
t = 10 min 
negative control: t = 0 
min 
n = 9 

0.1 M Tris-HCl pH 7.00 
80 µM p-coumaroyl-пΩ-
hydroxyphenyllactic acid 
2.5 to 400 µM NADPH 
50 µg SgCYP98A235 MF 
(including PsCPR) 
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p-coumaroyl-
пΩ-hydroxy-
phenyllactic 
acid 

NADPH 1200 rpm 
20 °C 
t = 20 min 
negative control: t = 0 
min 
n = 9 

0.1 M Tris-HCl pH 7.00 
2.5 to 120 µM p-coumaroyl-
пΩ-hydroxyphenyllactic acid 
(substitution with 50 % (v/v) 
methanol) 
400 µM NADPH 
50 µg SgCYP98A235 MF 
(including PsCPR) 

 

11 Analytical and chemical methods 

11.1 High performance liquid chromatography 

11.1.1 Analysis of enzyme assays 

11.1.1.1 VWR-Hitachi Chromaster 

Qualitative and quantitative analysis of enzyme assays were performed by extracting the 

enzyme assays, evaporating the organic phase and redissolving the residue in solvent for HPLC 

analysis. A VWR-Hitachi Chromaster system was utilized with an isocratic elution of 30 to 65 % 

(v/v) methanol acidified with 0.01 % (v/v) H3PO4 at a flow rate of 1 ml/min and 35 °C on a 

Hypersil ODS column (250 x 4 mm with a particle size of 5 µm and a 20 x 4 mm pre-column; 

Dr. Maisch GmbH). The methanol concentration in the solvent and the specific wavelength for 

detection depended on the expected product (Table 19). Since the device was equipped with 

a diode array detector, additional wavelengths were analyzed and considered. To identify 

product peaks, 20 µl of 25 to 100 µM of authentic standards, dissolved in 50 % (v/v) methanol 

and 0.01 % (v/v) H3PO4, were injected prior to enzyme assays. Retention times and AUC of the 

standards were then compared to those from assays. The autosampler allowed a volume for 

injections from 5 to 100 µl.  

¢ŀōƭŜ мфΦ hǾŜǊǾƛŜǿ ƻŦ ǘƘŜ ǎƻƭǾŜƴǘ ǳǎŜŘ ƛƴ It[/ ŀƴŀƭȅǎŜǎ ŀƴŘ ǘƘŜ ǿŀǾŜƭŜƴƎǘƘ ŀǘ ǿƘƛŎƘ 
όƘȅŘǊƻȄȅύŎƛƴƴŀƳƻȅƭ ŘŜǊƛǾŀǝǾŜǎ ǿŜǊŜ ŘŜǘŜŎǘŜŘΦ  

Resulting product Solvent Acyl donor Wavelength [nm] 

caffeoylshikimic acid 
derivatives 

30 % (v/v) methanol + 
0.01 % H3PO4 

benzoyl-CoA 230 

chlorogenic acid 
derivatives 

30 % (v/v) methanol + 
0.01 % H3PO4 

cinnamoyl-CoA 280 

rosmarinic acid 
derivatives 

45 % (v/v) methanol + 
0.01 % H3PO4 

p-coumaroyl-CoA 312 

(hydroxy)anthranilic 
esters or amides 

45 % (v/v) methanol + 
0.01 % H3PO4 

caffeoyl-CoA 333 
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Resulting product Solvent Acyl donor Wavelength [nm] 

(hydroxy)benzoic acid 
esters or amides 

45 % (v/v) methanol + 
0.01 % H3PO4 

feruloyl-CoA 333 

benzyl benzoate 
derivatives 

65 % (v/v) methanol + 
0.01 % H3PO4 

sinapoyl-CoA 333 

16-hydroxyhexanedioic 
acid derivatives 

65 % (v/v) methanol + 
0.01 % H3PO4 

anthraniloyl-CoA 280 

 

11.1.1.2 Merck-Hitachi 

In the beginning of this work, a second HPLC system was used. In first tests with SgHST, a 

Merck-Hitachi system with an Equisil ODS RP18 column (250 x 4 mm with a particle size of 

5 µm and a 20 x 4 mm pre-column; Dr. Maisch GmbH) and the isocratic elution with 35 % (v/v) 

methanol acidified with 0.01 % (v/v) H3PO4 was utilized. Sample loops for the exact injection 

of 20 or 100 µl were installed, depending on the volume needed. The detector was adjusted 

to 333 nm for the detection of caffeoylshikimic acid. The determination of the pH-optimum, 

temperature optimum, and the substrate saturation kinetic for caffeoyl-CoA with a constant 

shikimic acid concentration were analyzed under these conditions. 

11.1.2 Analysis of Sarcandra glabra extracts 

Plant parts of Sarcandra glabra were extracted and quantitatively analyzed by HPLC. The 

aforementioned VWR-Hitachi Chromaster system was used (chapter 11.1.1.1), with 30 % (v/v) 

methanol acidified with 0.01 % (v/v) H3PO4. The run time was set to 75 min and 20 µl of the 

ethanolic extracts or authentic standards (25 to 100 µM) were injected. 

11.1.3 Semi-preparative HPLC 

For the identification and purification of substances, which were the products of enzyme 

assays, the aforementioned Merck-Hitachi system was used with 30 % (v/v) methanol 

acidified with 0.3 % (v/v) acetic acid (chapter 11.1.1.2). A semi-preparative Equisil ODS RP18 

column (250 x 8 mm with a particle size of 5 µm and a 20 x 4 mm pre column; Dr. Maisch 

GmbH) was installed and the flow rate was increased to 4 ml/min to achieve an adequate 

pressure and separation efficiency. 

11.2 Liquid chromatography with coupled mass spectrometry 

Verification of compounds from enzyme assays, ethanolic S. glabra extracts and authentic 

standards was conducted by liquid chromatography with coupled mass spectrometry (LC-MS). 

Liquid chromatography was performed using an Agilent Technologies HPLC 1260 with a 

Multospher 120 RP18 column (250 x 2 mm, particle size 5 µm; CS Chromatographie Service 
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GmbH) and two different methods (long method and short method) were conducted, using a 

solvent system of 0.1 % (v/v) formic acid (solvent A) and 0.1 % (v/v) formic acid in acetonitrile 

(solvent B). 

Detection was performed with a diode array detector at 190 to 400 nm and a micrOTOF-Q III 

with ESI source (Bruker Daltonics), calibrated with 5 mM sodium formate under application of 

the negative or the positive ionization mode. A sample volume of 5 µl was injected in the 

positive mode, whereas the negative mode utilized 10 µl. The mass spectrometer was 

calibrated for masses ranging from a mass-to-charge ratio (m/z) 100 to 1000. 

Qualitative analysis of ethanolic S. glabra extracts was performed by separating the extracts 

in the long LC method and detecting the peaks in the negative MS mode. Verification of 

product formation in enzyme assays with SgHCTs or SgCYP98s utilized the short LC method 

and either the negative, or the positive MS mode, depending on the expected product. 

Expected masses were calculated using the Compass DataAnalysis software 4.2 (Bruker), 

based on the molecular formula. 

LC-MS analyses were thankfully handled by the LC-MS team (L. Ludwig-Radtke and A. Schraub) 

from the group of Prof. Dr. Li (Marburg), who also kindly provided the LC-MS instruments, 

which were financially supported by the DFG grant INST 160/620-1. 

11.2.1 Long method 

For the long method, a flow rate of 0.25 ml/min, a temperature of 20 °C and the following 

linear gradient was set: 0-пл Ƴƛƴ р ҈ . Ҧ млл ҈ .Σ пл-45 min 100 % B, 45-45.10 min 100 % B 

Ҧ р ҈ .Σ прΦмл-55 min 5 % B. 

11.2.2 Short method 

The short method applied a flow rate of 0.5 ml/min at a temperature of 25 °C and the 

following linear gradient: 0-мл Ƴƛƴ р ҈ . Ҧ млл ҈ .Σ мл-15 min 100 % B, 15-15.10 min 100 % 

. Ҧ р ҈ .Σ мрΦмл Ƴƛƴ Ҧ 20 min 5 % B. 

11.3 Spectrophotometric analysis: recording UV-Vis spectra 

A Specord 200 Plus (Analytik Jena) photometer was used to record spectra from 200 to 

500 nm. Quartz cuvettes were always employed, and the temperature was controlled by a 

water bath. The wavelength scan mode was used to record spectra against reference cuvette.  
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11.4 Synthesis of (hydroxy)cinnamoyl-CoA 

Cinnamoyl-, pC-, caf-, feruloyl- and sinapoyl-CoA play an important role as activated 

(hydroxy)cinnamic acids and substrates for BAHDs. As these substances were commercially 

not available, they were synthesized from the respective (hydroxy)cinnamoyl succinimides 

basically according to Stöckigt and Zenk (1975). Synthesis of corresponding 

(hydroxy)cinnamoyl-coenzyme A derivatives was performed accordingly (Stöckigt and Zenk 

1975), whereas the purification of the coenzyme A thioesters was performed as described in 

Beuerle and Pichersky (2002). 

For (hydroxy)cinnamoyl succinimides, 5.0 mmol (hydroxy)cinnamic acid and N-

hydroxysuccinimide were added to a 250 ml Erlenmeyer flask and dissolved in a 60 °C 

ultrasonic bath in about 100 ml absolute ethyl acetate (dried with sodium sulfate). The 

following steps were performed under a fume hood for safety reasons. After cooling the 

reaction mix to 36 °C, 5.7 mmol liquid dicyclohexyl carbodiimide was added with an Eppendorf 

pipette. Dicyclohexyl carbodiimide was liquefied by carefully heating to 40 °C. Higher 

temperature may lead to disintegration and toxic vapors. The reaction mix was gently mixed 

and shaken. Chemical reaction took place while incubating at room temperature in the dark 

for 16 to 24 h. The insoluble residue was filtered off and the organic phase was extracted 

several times with 100 ml 1 M NaHCO3. Phase separation was accelerated by centrifugation 

at 20000 g for 20 min, the ethyl acetate phase was dried with Na2SO4 and subsequently 

evaporated at 50 °C and 145 mbar. The residue was then redissolved in 1 ml acetone and 

applied to quantitative silica gel GF UV254 plates 20*20 cm, 2000 micron (Analtech). Thin layer 

plates were developed in 5 % (v/v) methanol in chloroform for about 1.5 h. Bands for the 

respective (hydroxy)cinnamoyl succinimides were compared to literature values and 

standards. The silica gel containing the substance of interest was scraped off completely, 

without taking adjacent bands, and extracted with ethyl acetate. Centrifugation at 20000 g for 

20 min helped clearing the organic phase from silica gel residues. The extract was first dried 

in a rotary evaporator at 50 °C and 145 mbar, and second, in a beaker for about one week at 

room temperature in a vacuum exsiccator filled with silica gel, until constant mass was 

observed. (Hydroxy)cinnamoyl succinimide was pulverized and stored at -20 °C. 

Synthesis of (hydroxy)cinnamoyl-CoA was started by dissolving 300 µmol NaHCO3 in 6 ml 

demineralized water in an Erlenmeyer flask. After gassing the solution for 15 min with N2, 30 

µmol CoA were added and treatment with N2 was continued. 200 µmol (hydroxy)cinnamoyl 

succinimide was dissolved in 1 ml acetone and added drop by drop leading to a white 

precipitate. The reaction mix was stirred during addition of acetone, until the precipitate 

nearly vanished and the solution cleared. After storing the flask at room temperature for 24 h, 
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the organic phase was evaporated in a vacuum concentrator. Ammonium acetate was added 

to a final concentration of 4 % (w/v) and the solution centrifuged at 20000 g for 10 min to get 

a clear solution. In the meantime, solid phase extraction columns (Chromabond® C18 ec 

6 ml/1000 mg) were preconditioned by washing with 30 ml each demineralized water, 

methanol, and 4 % (w/v) ammonium acetate, respectively. After applying the solution to the 

column, the resin was rinsed twelve times with 2 ml 4 % (w/v) ammonium acetate. 

(Hydroxy)cinnamoyl-CoA was eluted with 12x 2 ml demineralized water.  

Analysis of the fractions was performed in quartz cuvettes in a spectrophotometer. Rinsing 

with ammonium acetate showed removal of free CoA, whereas elution fractions with an 

absorbance spectrum according to literature (Stöckigt and Zenk 1975) were lyophilized at 

0.01 mbar. for 24 h. A second purification step followed, in case purity was not given. For this, 

the (hydroxy)cinnamoyl-coenzyme A solutions were applied to cellulose F 20 x 20 cm (Merck) 

thin layer chromatography plates and developed in acetic acid/water/1-butanol (2:3:5). Bands 

were scraped off and eluted twice with demineralized water. Remaining particles were 

removed by centrifugation at 20000 g for 10 min. Lyophilization at 0.01 mbar for 24 h was 

followed by adjusting the concentration after spectrophotometric measurements.  

12 Bioinformatics 

12.1 BLAST homology search 

Basic Local Alignment Search Tool (BLAST) is a bioinformatic software, which finds similar 

sequences by alignments with a query sequence in standard or custom nucleotide (BLASTN) 

or protein (BLASTP) datasets (Altschul et al. 1990). Default parameters (e-value: <10; Matrix: 

BLOSUM62; Gap cost: Existence: 11, Extension: 1; conditional composition-based adjustment; 

no SEG) were used to identify putative enzyme sequences in the translated de novo 

transcriptome assembly of Sarcandra glabra όǘŀȄƛŘΥ фнфнтΣ ǎŀƳǇƭŜ ŎƻŘŜΥ h{IvΣ ǎŀƳǇƭŜǎ ǘŀƪŜƴ 

ŦǊƻƳ ƭŜŀǾŜǎ) and Ascarina rubricaulis όǘŀȄƛŘΥ ннсстоΣ ǎŀƳǇƭŜ ŎƻŘŜΥ ²½C9ύΣ ǿƘƛŎƘ ǿŜǊŜ ōƻǘƘ 

ŘŜǇƻǎƛǘŜŘ ƛƴ ǘƘŜ мƪt ŘŀǘŀōŀǎŜ ό/ŀǊǇŜƴǘŜǊ Ŝǘ ŀƭΦ нлмфΤ [ŜŜōŜƴǎπaŀŎƪ Ŝǘ ŀƭΦ нлмфύ. The bait 

sequences for the identification of RAS and CYP98 homologs were the protein sequences of 

Plectranthus scutellarioides PsRAS (CAK55166) (Sander and Petersen 2011) and PsCYP98A14 

(CAD20576) (Eberle et al. 2009), the bait for an actin homolog in Sarcandra glabra was tŜǊǎŜŀ 

ŀƳŜǊƛŎŀƴŀ tŀ!Ŏǘ όD¦нтнлнтύ. Additionally, BLASTP-searches (protein-protein BLAST) were 

conducted in standard databases όƴǊΥ ŀƭƭ ƴƻƴπǊŜŘǳƴŘŀƴǘ ǇǊƻǘŜƛƴǎ ƛƴ DŜƴ.ŀƴƪ /5{ ǘǊŀƴǎƭŀǝƻƴǎΣ 
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t5tΣ {ǿƛǎǎtǊƻǘΣ tLwΣ twCΣ ŜȄŎƭǳŘƛƴƎ ŜƴǾƛǊƻƴƳŜƴǘŀƭ ǎŀƳǇƭŜǎ ŦǊƻƳ ²D{ ǇǊƻƧŜŎǘǎύ to identify 

similarities with already identified or characterized proteins. This was used as an indicator for 

the putative function of proteins translated from identified sequences. 

12.2 HMMer-search: finding additional sequences 

HMMer is a bioinformatic software tool, which is based on Hidden Markov Models (HMMs). 

These HMMs are created using a multiple sequence alignment, which serves as a basis for an 

algorithm, that models the probability of conserved or variable domains within a sequence 

family. A translated transcriptome is then used as a database for amino acid sequences and 

HMMer-search compares each sequence to the HMM. The resulting log-odds score reflects 

the likelihood of homology and is then related to the statistical significance. An Ψexpect valueΩ 

(e-value) is used to describe the expected number of random matches in the given database.  

The transcriptomes of Sarcandra glabra όǘŀȄƛŘΥ фнфнтΣ ǎŀƳǇƭŜ ŎƻŘŜΥ h{Iv) and Ascarina 

rubricaulis όǘŀȄƛŘΥ ннсстоΣ ǎŀƳǇƭŜ ŎƻŘŜΥ ²½C9ύ were translated into the respective amino acid 

sequences and downloaded from the 1kP database (Carpenter et al. 2019; Leebens-Mack et 

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

Stockholm format and used as input data. ! ǘƻǘŀƭ ƻŦ нму .!I5 ǎŜǉǳŜƴŎŜǎΣ ǿƘƛŎƘ ǿŜǊŜ 

ǊŜǘǊƛŜǾŜŘ ŦǊƻƳ ǘƘŜ ǎǳǇǇƭŜƳŜƴǘŀǊȅ Řŀǘŀ ƻŦ YǊǳǎŜ Ŝǘ ŀƭΦ όнлннύ ŀƴŘ aƻƎƘŜ Ŝǘ ŀƭΦ όнлноύΣ ŀǎ ǿŜƭƭ 

ŀǎ ŀŘŘƛǝƻƴŀƭ ǎŜǉǳŜƴŎŜǎ ό/ŀƴƴŀ ƛƴŘƛŎŀ όǎŎŀũƻƭŘπ¢½b{πнлннрсуύΣ CƻŜƴƛŎǳƭǳƳ ǾǳƭƎŀǊŜ 

όCƻŜǾǳƭI/¢мΣ CƻŜǾǳƭI/¢нύΣ {ŀƭǾƛŀ ƳƛƭǝƻǊǊƘƛȊŀ ό!5!слмунύΣ tǊǳƴǳǎ ǇŜǊǎƛŎŀ ό·tψллтнмрофрΣ 

·tψллтнмрофсύΣ aŜƴǘƘŀ ƭƻƴƎƛŦƻƭƛŀ όaŜƴƭƻƴ!¢мΣ aŜƴƭƻƴ!¢нΣ aŜƴƭƻƴ!¢пΣ aŜƴƭƻƴ!¢сύΣ 

.ŀƳōǳǎŀ ƳǳƭǝǇƭŜȄ ό./¸нтлтсΣ .5wсмнуфύΣ /ŀǊǘƘŀƳǳǎ ǝƴŎǘƻǊƛǳǎ όǎŎŀũƻƭŘπ[¦/DπнуофпсύΣ 

DƭŜŎƘƻƳŀ ƘŜŘŜǊŀŎŜŀ ό/5DрснрлΣ /5DрснрмύΣ !ǘǊƻǇŀ ōŜƭƭŀŘƻƴƴŀ ό²tCптсмрύύΣ ǿŜǊŜ ŀƭƛƎƴŜŘ 

ό¢ŀōƭŜ нлΣ ŜȄŎŜǇǘ ǎŜǉǳŜƴŎŜǎ ŦǊƻƳ {ŀǊŎŀƴŘǊŀ ƎƭŀōǊŀ ŀƴŘ !ǎŎŀǊƛƴŀ ǊǳōǊƛŎŀǳƭƛǎύΦ CƻǊ /¸tфуǎΣ ǘƘŜ 

ŀƭƛƎƴƳŜƴǘ ǿŀǎ ōŀǎŜŘ ƻƴ пп ǎŜǉǳŜƴŎŜǎ ό¢ŀōƭŜ нмΣ ŜȄŎŜǇǘ ǎŜǉǳŜƴŎŜǎ ŦǊƻƳ {ŀǊŎŀƴŘǊŀ ƎƭŀōǊŀ ŀƴŘ 

!ǎŎŀǊƛƴŀ ǊǳōǊƛŎŀǳƭƛǎύΦ HMMer-searches were started offline after downloading several 

recommended software packagesΦ 

12.3 Sequence similarity calculations and pairwise comparison 

Sequence similarity calculations for amino acid sequences of HCTs and CYP98s were 

performed with EMBOSS Needle by pairwise comparison in order to evaluate the percentual 

identity and similarity of the sequences (www.bioinformatics.nl/cgi-bin/emboss/needle) 

(Madeira et al. 2024). 
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12.4 Sequence alignments 

CLC Sequence Viewer 8.0.0 was used for alignments of amino acid sequences from HCTs and 

CYP98s, standard settings (gap open cost: 10; gap extension cost: 1; end gap cost: as any other; 

alignment: very accurate) were chosen and the very accurate alignment mode was executed. 

By aligning several amino acid sequences from homologous enzymes, conserved single amino 

acid residues or regions can be observed.  

12.5 Phylogenetic analysis 

In this work, a number of HCT and CYP98 sequences was analyzed with MEGA version 11, using 

the Maximum Likelihood method with 1000 bootstraps and the JTT matrix-based model (Jones 

et al. 1992; Tamura et al. 2021). Neighbor-Join and BioNJ algorithms were applied 

automatically to a matrix of pairwise distances estimated using the JTT model for the heuristic 

search for initial trees, and the topology with superior log likelihood was selected. A high 

number of bootstraps is associated with the robustness of the tree. Only the tree with the 

highest log likelihood (LogL) is shown here. Numbers next to the branches represent the 

percentage of trees, in which the associated taxa clustered together. The length of the 

branches refers to the number of amino acid substitutions per site, which correlates with 

evolutionary distance. Alignments were performed using the ClustalW algorithm (Thompson 

et al. 1994), and in the following, positions containing gaps or missing data were eliminated.  

HCT or CYP98 amino acid sequences were collected from databanks, such as Genbank, 

Uniprot, Phytozome, the 1kP database and other genome or transcriptome assemblies. The 

dataset mainly included characterized HCTs and benzoyl-CoA:benzylalcohol 

benzoyltransferases (BBTs) or CYP98s. In the following, accession numbers, which were 

retrieved from Genbank, Uniprot or Phytozome, names of the enzymes, including the 

numbering of CYPs, the abbreviations for species, accepted substrates and the family are listed 

(Tables 20 and 21). Selected literature, which either deals with the respective enzyme in form 

of a biochemical characterization, or from which the sequence data originate, is depicted. 

Whenever sequences were not available in named collections, scaffold numbers from 

transcriptome sequencing, such as data from 1kP, or names, as suggested in the 

corresponding literature, were used. Substrates, that could not be experimentally verified or 

were only poorly accepted, are shown in brackets. The acceptance of certain substrates is 

shown only to get an impression of the function of characterized enzymes. The list of HCTs 

and BBTs, which are phylogenetically analyzed here is displayed in Table 20, whereas the set 

of CYP98s is shown in Table 21. 
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Additional sequences of putative HCTs from Sarcandra glabra and Ascarina rubricaulis were 

obtained from BLASTP- and HMMer-searches in the translated transcriptomes. Only full-

length sequences were taken into consideration for phylogenetic analysis (S. glabra: 

scaffold_OSHQ_2008674, scaffold_OSHQ_2048702, scaffold_OSHQ_2009048; A. rubricaulis: 

scaffold_WZFE_2009497, scaffold_WZFE_2014443, scaffold_WZFE_2195393) (Table xviii). It 

was assumed that in the case of ArHCT-3, scaffolds WZFE_2001106 (front part) and 

WZFE_2001107 (rear part) were part of the same original sequence, as the mid part was 

identical. For phylogenetic analysis, the sequences were aligned, and a theoretical full-length 

was used.  

Table 20. Sequences used for phylogenetic analysis of HCTs, including the accession number, 
the chosen abbreviation, species and family, and the literature, which covers or mentions the 
sequence. Abbreviations of the hydroxycinnamoyl acceptor substrates: A ς anthranilic acid, 
hydroxyanthranilic acid, Ag ς agmatine, B ς benzyl alcohol, F ς fatty acid derivatives, G ς 
glycerol, H ς tetrahydroxyhexanedioic acid, La ς L-amino acids, M ς malic acid, P ς 4-
hydroxyphenyllactic or 3,4-dihydroxyphenyllactic acids, Pi ς piscidic acid, Pt ς pseudotropine, 
Q ς quinic acid, S ς shikimic acid, Sp ς spermidine, spermine, T ς tartaric acid, + ς additional 
substrates 

Accession_name_substrate Abbreviation Species and 
family 

Literature 

QAA12830_ActracHPT1_Pi Actrac Actaea racemosa 
(Ranunculaceae) 

Werner and 
Petersen 2019 

MW248389_AntagrHCT6_SA Antagr Anthoceros 
agrestis 
(Anthocerotaceae) 

Ernst et al. 
2022 

NP_179497_ArathaSHT_Sp Aratha Arabidopsis 
thaliana 
(Brassicaceae) 

Grienenberger 
et al. 2009 

scaffold-WZFE-2020003-
AscrubHCT-1 
scaffold-WZFE-2195511-
AscrubHCT-2 
scaffold-WZFE-2001106-2001107-
AscrubHCT-3 
scaffold-WZFE-2009497_Ascrub 
scaffold-WZFE-2014443_Ascrub 
scaffold-WZFE-2195393_Ascrub 

Ascrub Ascarina 
rubricaulis 
(Chloranthaceae) 

This work 

WPF47615_AtrbelTS_Pt Atrbel Atropa belladonna 
(Solanaceae) 

Zeng et al. 2024 

AB076980_AvesatHHT1_A Avesat Avena sativa 
(Poaceae) 

Yang et al. 2004 

BCY27076_BammulHQT1_Q 
BDR61289_BammulHCT1_S 

Bammul Bambusa 
multiplex 
(Poaceae) 

Nomura et al. 
2022 
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Accession_name_substrate Abbreviation Species and 
family 

Literature 

scaffold-TZNS-
2022568_CanindHCT_B 

Canind Canna indica 
(Cannaceae) 

Bauerbach, 
unpublished 
results 

scaffold-LUCG-
283946_CartinHCT_SQ 

Cartin Carthamus 
tinctorius 
(Asteraceae) 

Fan et al. 2021; 
Liu et al. 2024 

KT222891_CicintHCT1_SQ 
KT222892_CicintHCT2_SQ 
KT222893_CicintHQT1_QS 
KT222894_CicintHQT2_QS 
KT222895_CicintHQT3_QS 
MG457243_CicintSHT1_Sp 
MG457244_CicintSHT2_Sp 

Cicint Cichorium intybus 
(Asteraceae) 

Legrand et al. 
2016; Delporte 
et al. 2018 

AF500200_ClabreBEBT_B Clabre Clarkia breweri 
(Onagraceae) 

D'Auria et al. 
2002 

EF137954_CofcanHCT_SQ 
EF153931_CofcanHQT_Q 

Cofcan Coffea canephora 
(Rubiaceae) 

Lallemand et al. 
2012 

KAA0066341_CucmelAAT3_B Cucmel Cucumis melo var. 
Cantalupensis 
(Cucurbitaceae) 

El-Sharkawy et 
al. 2005 

EU839580_CyncarHQT2_QS Cyncar Cynara 
cardunculus 
(Asteraceae) 

Comino et al. 
2007 

Z84386_DiacarHCBT2_A Diacar Dianthus 
caryophyllus 
(Caryophyllaceae) 

Yang et al. 1998 

MT936803_EchpurHHT_T 
MT936805_EchpurHCT_SQ 

Echpur Echinacea 
purpurea 
(Asteraceae) 

Fu et al. 2021 

JQ413187_ErycocHQT_(Q) Erycoc Erythroxylum coca 
(Erythroxylaceae) 

Schmidt et al. 
2015 

FoevulHCT1_SQ 
FoevulHCT2_SQ 

Foevul Foeniculum 
vulgare (Apiaceae) 

Marschner, 
unpublished 
results 

CDG56250_GlehedRAS1 
CDG56251_GlehedRAS2 

Glehed Glechoma 
hederacea 
(Lamiaceae)  

Sander and 
Petersen 2011 

BAF97626_HorvulACT1-1_Ag Horvul Hordeum vulgare 
(Poaceae) 

Burhenne et al. 
2003 

DQ886904_LavangAAT1_P Lavang Lavandula 
angustifolia 
(Lamiaceae) 

Landmann et 
al. 2011 

Marema_MeHFT_F Marema Marchantia 
emarginata 
(Marchantiaceae) 

Wang et al. 
2017 
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Accession_name_substrate Abbreviation Species and 
family 

Literature 

AXN55971_MarpalHCT_SQ Marpal Marchantia 
paleacea 
(Marchantiaceae) 

Wu et al. 2018 

OAE34410_MarpolHCT_SQ+ Marpol Marchantia 
polymorpha 
(Marchantiaceae) 

Kriegshauser et 
al. 2021 

FR670523_MeloffRAS_P Meloff Melissa officinalis 
(Lamiaceae) 

Weitzel and 
Petersen 2011 

MenlonAT1_SPQ  
MenlonAT2_S(P)  
MenlonAT4_SP 
MenlonAT6_SPQ 

Menlon Mentha longifolia 
(Lamiaceae) 

Zhou et al. 
2024a 

AF500202_NictabBBT_B 
AJ507825_NictabHCT_S 
AJ582651_NictabHQT_Q 
MN787045_NictabSHT_(Sp) 

Nictab Nicotiana 
tabacum 
(Solanaceae) 

Hoffmann et al. 
2003; 
Hoffmann et al. 
2004; 
Niggeweg et al. 
2004; Taguchi 
et al. 2005; 
Onkokesung et 
al. 2012 

MN542659_OcitenRAS Ociten Ocimum 
tenuiflorum 
(Lamiaceae) 

Suthar et al. 
2021 

XM_015786263_OrysatHCT4_SG Orysat Oryza sativa 
(Poaceae) 

Kim et al. 2011 

AB723827_PanvirHCT1a_SQ 
AFY17066_PanvirHCT-like1_Q 
KC696573_PanvirHCT2a_SQA 

Panvir Panicum virgatum 
(Poaceae) 

(Escamilla-
Treviño et al. 
2014) 

AGH61997_PerfruRAS Perfru Perilla frutescens 
(Lamiaceae) 

Lu et al. 2013 

MH878831_PhacamHST_S(QP) 
MH878832_PhacamHQT_Q(SP) 
MH878833_PhacamRAS_P(QS) 
MH878834_PhacamSHT_Sp 

Phacam Phacelia 
campanularia 
(Boraginaceae) 

Levsh et al. 
2019 

KX443573_PhavulHHHT_H Phavul Phaseolus vulgaris 
(Fabaceae) 

Sullivan 2017; 
Fanelli et al. 
2025  

XP_024361034_PhypatHCT_SAQ+ Phypat Physcomitrium 
patens 
(Funariaceae) 

Kriegshauser et 
al. 2021 

AXN55972_PlaappHCT_SQ Plaapp Plagiochasma 
appendiculatum 
(Aytoniaceae) 

Wu et al. 2018 
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Accession_name_substrate Abbreviation Species and 
family 

Literature 

EF121452_PinradHCT_S Pinrad Pinus radiata 
(Pinaceae) 

Wagner et al. 
2007 

CAK55166_PlescuRAS_P 
FN647681_PlescuHCT2_S 

Plescu Plectranthus 
scutellarioides 
(Lamiaceae) 

Sander and 
Petersen 2011 

EU603313_PoptriHCT1_(QS) 
KP228019_PoptriBBT_B 
XM_006368430_PoptriHCT6_(QS) 

Poptri Populus 
trichocarpa 
(Salicaceae) 

Yu et al. 2009 

XP_007215395_PruperHCT4 
XP_007215396_PruperHCT5 

Pruper Prunus persica 
(Rosaceae) 

Su et al. 2023 

MN787043_RiccomAHT_(Sp)  Riccom Ricinus communis 
(Euphorbiaceae) 

Perrin et al. 
2021 

MN787046_RoscanSHT_(Sp) Roscan Rosa canina 
(Rosaceae) 

Perrin et al. 
2021 

ADA60182_SalmilRAS_(P) Salmil Salvia miltiorrhiza 
(Lamiaceae) 

Di et al. 2013; 
Wang et al. 
2015 

PP449349_SarglaHST_SAQ+ 
PP449350_SarglaHQT1_QSA+ 
PP449351_SarglaRAS_P 
PP449352_SarglaHQT2_Q(S)+ 
PQ336776_SarglaHCT_F_(B) 
cluster_22883_29589_Sargla 
scaffold-OSHQ-2008674_Sargla 
scaffold-OSHQ-2048702_Sargla 
scaffold-OSHQ-2009048_Sargla 

Sargla Sarcandra glabra 
(Chloranthaceae) 

this work, Xie 
et al. 2020; Li et 
al. 2024; 
Bömeke and 
Petersen 2025 

XM_002979015_SelmoeHCT1a_SA+ Selmoe Selaginella 
moellendorffii 
(Selaginellaceae) 

Wu et al. 2018 

AJ582652_SollycHQT_Q 
XP_004235891_SollycHCT_(S) 
MN787044_SollycSHT_(Sp) 

Sollyc Solanum 
lycopersicum 
(Solanaceae) 

Niggeweg et al. 
2004; Perrin et 
al. 2021 

XM_002452390_SorbicHCT_SQ Sorbic Sorghum bicolor 
(Poaceae) 

Walker et al. 
2013 

AXB87812_TripraHDT1_La 
EU861218_TripraHCT1A_S(Q) 
EU861219_TripraHCT2_M 
FJ151489_TripraHCT1B_S 

Tripra Trifolium pratense 
(Fabaceae) 

Sullivan 2009; 
Sullivan and 
Zarnowski 
2011; Sullivan 
and 
Knollenberg 
2021 

MN787047_VitvinSHT_(Sp) Vitvin Vitis vinifera 
(Vitaceae) 

Perrin et al. 
2021 

 



II Material and methods: Bioinformatics 

88 
 

Table 21. Sequences used for phylogenetic analysis of CYP98s, including the accession 
number, the chosen abbreviation, species and family, and the literature, which covers or 
mentions the sequence. Abbreviations of accepted substrates: A ς p-coumaroyl-2-N-
anthranilic acid, O - p-coumaroyl-2-N-3-hydroxyanthranilic acid, P ς p-coumaroyl-пΩ-
hydroxyphenyllactic acid, p-coumaroyl-оΩΣпΩ-dihydroxyphenyllactic acid, caffeoyl-пΩ-
hydroxyphenyllactic acid, Q ς p-coumaroyl-3-O-quinic acid, p-coumaroyl-4-O-quinic acid, p-
coumaroyl-5-O-quinic acid, S ς p-coumaroyl-3-O-shikimic acid, p-coumaroyl-4-O-shikimic acid, 
p-coumaroyl-5-O-shikimic acid, T ς p-coumaroyl-2-threonic acid, Ya ς p-coumaroyl-2-N-
tyramine, + ς other substrates 

Accession_name_substrate Abbreviation Species and 
family 

Literature 

XP_011625941_AmbtriCYP98A84_ASQ+ 
XP_006836224_AmbtriCYP98A85_Ya(S) 

Ambtri Amborella 
trichopoda 
(Amborellaceae) 

Alber et al. 
2019 

QPI70542_AntagrCYP98A147_SAOYaP Antagr Anthoceros 
agrestis 
(Anthocerota-
ceae) 

Ernst et al. 
2022 

OAP09214_ArathaCYP98A3_SQ 
OAP19075_ArathaCYP98A8 
OAP16063_ArathaCYP98A9 

Aratha Arabidopsis 
thaliana  
(Brassicaceae) 

Matsuno 
et al. 2009; 
Zapata et 
al. 2016 

scaffold-WZFE-2004614_Ascrub_CYP98-1 
scaffold-WZFE-2019035_Ascrub_CYP98-2 

Ascrub Ascarina 
rubricaulis 
(Chloranthaceae) 

This work 

XP_003568200_BradisCYP98A4_SQ+ Bradis Brachypodium 
distachyon 
(Poaceae) 

!ƭōŜǊ Ŝǘ ŀƭΦ 
нлмф 

KAG0602175_CerpurCYP98 
 

Cerpur Ceratodon 
purpureus 
(Ditrichaceae) 
 

Genbank 
submission 

ABB83676_CofcanCYP98A35_SQ 
ABB83677_CofcanCYP98A36_S 

Cofcan Coffea 
canephora 
(Rubiaceae) 

Mahesh et 
al. 2007 

ACO25188_CyncarCYP98A49_SQ Cyncar Cynara 
cardunculus 
(Asteraceae) 

Moglia et 
al. 2008 

AAY54293_GinbilC3H 
 

Ginbil Ginkgo biloba 
(Ginkgoaceae) 
 

Genbank 
submission 

NP_001235563_GlymaxCYP98A2 Glymax Glycine max 
(Fabaceae) 

(Siminszky 
et al. 1999) 

BAC44836_LiteryCYP98A6_P Litery Lithospermum 
erythrorhizon 
(Boraginaceae) 

Matsuno 
et al. 2002 
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Accession_name_substrate Abbreviation Species and 
family 

Literature 

AGQ48118_LonjapC3H_SQ Lonjap Lonicera japonica 
(Caprifoliaceae) 

Pu et al. 
2013 

UWV81047_ManescC3H_SQ Manesc Manihot 
esculenta 
(Euphorbiaceae) 

Xu et al. 
2015 

PTQ40913_MarpolCYP98 
 

Marpol Marchantia 
polymorpha 
(Marchantiaceae) 

Genbank 
submission 

ABC59086_MedtruCYP98A37 Medtru Medicago 
truncatula 
(Fabaceae) 

Reddy et 
al. 2005; Li 
et al. 2007 

AAL99200_OcibasCYP98A13-1_SQ 
AAL99201_OcibasCYP98A13-2_SQ 

Ocibas Ocimum 
basilicum 
(Lamiaceae) 

Gang et al. 
2002 

BAO20879_PanvirC3H1a_SQ 
BAO20880_PanvirC3H2a_SQ 

Panvir Panicum 
virgatum 
(Poaceae) 

Shen et al. 
2013; 
Escamilla-
Treviño et 
al. 2014 

QDF44409_PhacamCYP98A111_S 
QDF44410_PhacamCYP98A112_P 
QDF44411_PhacamCYP98A113_P 

Phacam Phacelia 
campanularia 
(Boraginaceae) 

Levsh et al. 
2019 

XP_024360823_PhypatCYP98A34_ASQYa Phypat Physcomitrium 
patens 
(Funariaceae) 

Renault et 
al. 2017; 
Alber et al. 
2019 

AAL47685_PintaeCYP98A19_SQA+ 
 

Pintae Pinus taeda 
(Pinaceae) 

Anterola et 
al. 2002; 
Alber et al. 
2019 

CAD20576_PlescuCYP98A14_P Plescu Plectranthus 
scutellarioides 
(Lamiaceae) 

Eberle et 
al. 2009 

ABY85195_PopalbxgranC3H Popalbxgran Populus alba x 
Populus 
grandidentata 
(Salicaceae) 

Coleman 
et al. 
2008a 
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Accession_name_substrate Abbreviation Species and 
family 

Literature 

XP_006373687_PoptriCYP98A23_SQTYa+ 
KAI5560160_PoptriCYP98A25 
XP_002308860_PoptriCYP98A27_SQ 

Poptri Populus 
trichocarpa  
(Salicaceae) 

Coleman 
et al. 
2008b; 
Coleman 
et al. 
2008a; 
Chen et al. 
2011; 
Alber et al. 
2019 

POPJ-2000876_PtevitCYP98A104_A Ptevit Pteris vittata 
(Pteridaceae) 
 

Alber et al. 
2019 

AEG19446_RutgraCYP98A22_SQ Rutagra Ruta graveolens 
(Rutaceae) 

Karamat et 
al. 2012 

AJD25229_SalmilCYP98A75_P 
AJD25230_SalmilCYP98A76 
AJD25231_SalmilCYP98A77 
ADP00279_SalmilCYP98A14_P 

Salmil Salvia 
miltiorrhiza 
(Lamiaceae) 

Di et al. 
2013 

·/bффнррψ¢нмп{ψSarglaCYP98A235_PSQ 
t±оофропψSarglaCYP98A234 

Sargla Sarcandra glabra 
(Chloranthaceae) 

This work, 
Li et al. 
2024 

XP_002981149_SelmoeCYP98A38_ASQ Selmoe Selaginella 
moellendorffii 
(Selaginellaceae) 

Alber et al. 
2019 

AAC39316_SorbicCYP98A1 Sorbic Sorghum bicolor 
(Poaceae) 

Bak et al. 
1998 

ACV91106_TripraCYP98A44_S Tripra Trifolium 
pratense 
(Fabaceae) 

Sullivan 
2009 

CAE47489_TriaesCYP98A10_SQYa 
CAE47490_TriaesCYP98A11_SQYa 
CAE47491_TriaesCYP98A12_SQYa 

Triaes Triticum 
aestivum 
(Poaceae) 

Morant et 
al. 2007 

 

12.6 Codon optimization and synthesized genes 

Codon optimization is the process of changing a coding nucleotide sequence without changing 

the resulting amino acid sequence, in order to adjust the codons to the presence and 

concentrations of aminoacyl-tRNAs in a heterologous organism (Chung and Lee 2012; Fu et al. 

2020). The basis therefore is the different utilization of aminoacyl-tRNA by organisms, which 

is promoted by the possibility to use different codons for the same amino acid. For example, 

the eucaryotic S. cerevisiae uses the codon UGU to code for the incorporation of the amino 
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acid cysteine, whereas Physcomitrium patens prefers the codon UGC (Szövényi et al. 2017). A 

nucleotide sequence, adjusted to the codon usage of the host organism leads to an 

enhancement of protein formation. 

Depending on the heterologous expression system, different codon usage was considered. 

Codon optimization was performed externally by BioCat GmbH 

(https://www.biocat.com/gene-synthesis), when purchasing genes from Sarcandra glabra to 

be expressed in S. cerevisiae. The sequence of interest was sent to the manufacturer, with 

additional information, such as restriction sites, additional amino acids or sequences to avoid. 

The sequences were then codon-optimized, synthesized and inserted into the plasmid pUC57. 

The plasmid arrived lyophilized, was resuspended in 50 µl demineralized water for further 

processing, and stored at -20 °C. 

  



III Results: BAHD hydroxycinnamoyltransferases from Sarcandra glabra 

92 
 

III Results 

13 BAHD hydroxycinnamoyltransferases from Sarcandra glabra 

13.1 Fishing for HCT sequences in Sarcandra glabra (and Ascarina rubricaulis) 

!ǘ ǘƘŜ ōŜƎƛƴƴƛƴƎ ƻŦ ǘƘŜ ǿƻǊƪΣ ǘƘŜ мƪt ŘŀǘŀōŀǎŜ ǿŀǎ ǳǝƭƛȊŜŘ ǘƻ ǎŜŀǊŎƘ ƛƴ ǘƘŜ ǘǊŀƴǎŎǊƛǇǘƻƳŜ ƻŦ 

{ŀǊŎŀƴŘǊŀ ƎƭŀōǊŀ ŦƻǊ I/¢ǎΦ !ǎ ƘƻƳƻƭƻƎǎ ǘƻ w!{ ǿŜǊŜ ƻŦ ƘƛƎƘŜǎǘ ƛƴǘŜǊŜǎǘΣ ǘƘŜ ŀƳƛƴƻ ŀŎƛŘ 

ǎŜǉǳŜƴŎŜ ƻŦ ǘƘŜ ŀƭǊŜŀŘȅ ŎƘŀǊŀŎǘŜǊƛȊŜŘ tǎw!{ ǿŀǎ ǳǎŜŘ ŀǎ ōŀƛǘ ǎŜǉǳŜƴŎŜ ŦƻǊ ǎŜŀǊŎƘŜǎΣ ǳǎƛƴƎ 

ǘƘŜ .[!{¢t ŀƭƎƻǊƛǘƘƳΦ ¢ƘŜ Ƴƻǎǘ ǇǊƻōŀōƭŜ όƭƻǿŜǎǘ ŜπǾŀƭǳŜύ ŀƳƛƴƻ ŀŎƛŘ ǎŜǉǳŜƴŎŜǎ ŦǊƻƳ ǇǊƻǘŜƛƴ 

ōƭŀǎǘǎ ƛƴ {ŀǊŎŀƴŘǊŀ ƎƭŀōǊŀ ŀǊŜ ǎƘƻǿƴΣ ǎƻǊǘŜŘ ōȅ ƛƴŎǊŜŀǎƛƴƎ ŜπǾŀƭǳŜ ό¢ŀōƭŜ ǾƛƛύΦ ¢ƘŜ ƭŜƴƎǘƘ ƻŦ ǘƘŜ 

ƘƻƳƻƭƻƎƻǳǎ ŀƳƛƴƻ ŀŎƛŘ ǎŜǉǳŜƴŎŜΣ ǘƘŜ ƛŘŜƴǝǘȅ ƛƴ ҈ ƻŦ ǘƘŜ ƘƻƳƻƭƻƎƻǳǎ ǊŜƎƛƻƴΣ ǘƘŜ ǇǊŜƭƛƳƛƴŀǊȅ 

ƴŀƳŜǎΣ ŀǎ ǿŜƭƭ ŀǎ ǘƘŜ ŜƴȊȅƳŜ ƴŀƳŜǎ ƛƴŎƭǳŘƛƴƎ ǘƘŜƛǊ ŀŎŎŜǎǎƛƻƴ ŀǊŜ ŘŜǇƛŎǘŜŘΦ ¢ƘŜ ǎŜŀǊŎƘ 

ǊŜǎǳƭǘŜŘ ƛƴ пп ǎŎŀũƻƭŘǎ ƛƴ ǘƻǘŀƭΣ ŀƴŘ ǎƛȄ ƻŦ ǘƘŜƳ ƘŀǾƛƴƎ ŀƴ ŜπǾŀƭǳŜ ōŜƭƻǿ мΦллϊмлπрлΣ ǿŜǊŜ ǘŀƪŜƴ 

ƛƴǘƻ ŦǳǊǘƘŜǊ ŎƻƴǎƛŘŜǊŀǝƻƴΦ ¢ƘŜ ǎŎŀũƻƭŘǎ ǿŜǊŜ ƴŀƳŜŘ {ƎI/¢π! ǘƻ {ƎI/¢πCΣ ŀƴŘ ǘƘŜ ƭŜƴƎǘƘ ƻŦ 

ǘƘŜǎŜ ǎŜǉǳŜƴŎŜǎ ǾŀǊƛŜŘ ōŜǘǿŜŜƴ олп ŀƴŘ прм ŀŀΣ ǿƛǘƘ ŀƴ ƛŘŜƴǝǘȅ ƻŦ нт ǘƻ рн ҈ ǘƻ tǎw!{Φ !ƭƭ 

ŎƻǾŜǊŜŘ ǇǳǘŀǝǾŜ {ƎI/¢ǎΣ ŜȄŎŜǇǘ {ƎI/¢π9Σ ǿŜǊŜ ŀōƻǳǘ ппл ŀŀ ƭƻƴƎ ŀƴŘ ǎƘƻǿŜŘ ƳŜǘƘƛƻƴƛƴŜ ƛƴ 

ǘƘŜ ōŜƎƛƴƴƛƴƎ ƻŦ ǘƘŜ ǎŜǉǳŜƴŎŜ ŀǎ ǿŜƭƭ ŀǎ ǘȅǇƛŎŀƭ .!I5 ƳƻǝŦǎ ŀƴŘ ǿŜǊŜ ǘƘŜǊŜŦƻǊŜ ŎƻƴǎƛŘŜǊŜŘ 

ŀǎ ŎƻƳǇƭŜǘŜΦ {ƎI/¢π9 όǎŎŀũƻƭŘψh{IvψнллфуроύΣ ƛƴǎǘŜŀŘΣ ǿŀǎ ƻƴƭȅ олп ŀŀ ŀƴŘ ƘŀŘ ƴƻ ǎǘŀǊǘ 

ƳŜǘƘƛƻƴƛƴŜΦ ¢ƘŜǊŜŦƻǊŜΣ ǘƘŜ ǎŜǉǳŜƴŎŜ ǿŀǎ ŎƻƴǎƛŘŜǊŜŘ ƛƴŎƻƳǇƭŜǘŜ ŀƴŘ ǘƘŜ ŀōǎŜƴŎŜ ƻŦ ǘƘŜ рΩπ

ŜƴŘ ǿŀǎ ŀǎǎǳƳŜŘΦ .ŀǎŜŘ ƻƴ ŀ ǇǳōƭƛŎŀǝƻƴ ōȅ ·ƛŜ Ŝǘ ŀƭΦ όнлнлύΣ ǎŎŀũƻƭŘπh{Ivπнллулпт ǿŀǎ 

ǘŀƪŜƴ ƛƴǘƻ ŦǳǊǘƘŜǊ ŎƻƴǎƛŘŜǊŀǝƻƴ ƭŀǘŜǊΣ ŀǎ ƛǘ ǿŀǎ ǇǊƻǇƻǎŜŘ ǘƻ ǘŀƪŜ ǇŀǊǘ ƛƴ w! ōƛƻǎȅƴǘƘŜǎƛǎΦ 

¢ƘŜ ǎŜǉǳŜƴŎŜǎ ŦƻǊ {ƎI/¢π! όҐ {ƎI{¢Σ PP449349ύΣ {ƎI/¢π/ όҐ {ƎIv¢мΣ PP449350ύΣ {ƎI/¢π9 

όҐ {ƎIv¢нΣ PP449352ύΣ {ƎI/¢π5 όҐ {Ǝw!{Σ PP449351ύ ŀƴŘ {ƎI/¢πC όҐ {ƎI/¢πCΣ PQ336776ύ 

ǿŜǊŜ ŘŜǇƻǎƛǘŜŘ ƛƴ DŜƴ.ŀƴƪ όƘǧǇǎΥκκǿǿǿΦƴŎōƛΦƴƭƳΦƴƛƘΦƎƻǾκƎŜƴōŀƴƪκύ ŀƴŘ ŀŎŎŜǎǎƛƻƴǎ ǿŜǊŜ 

ƻōǘŀƛƴŜŘΦ  

¢ƘŜ ǘǊŀƴǎŎǊƛǇǘƻƳŜ ƻŦ !ǎŎŀǊƛƴŀ ǊǳōǊƛŎŀǳƭƛǎΣ ǿƘƛŎƘ ǿŀǎ ŀƭǎƻ ŘŜǇƻǎƛǘŜŘ ƛƴ ǘƘŜ мƪt ŘŀǘŀōŀǎŜΣ ǿŀǎ 

ǎŜŀǊŎƘŜŘ ŦƻǊ ǎŎŀũƻƭŘǎΣ ŎƻŘƛƴƎ ŦƻǊ ǇǳǘŀǝǾŜ I/¢ǎΣ ŀǎ ǿŜƭƭΦ .[!{¢tπǎŜŀǊŎƘŜǎ ǊŜǾŜŀƭŜŘ по ǎŎŀũƻƭŘǎ 

ǿƛǘƘ ƘƻƳƻƭƻƎȅ ǘƻ tǎw!{ ό¢ŀōƭŜ ǾƛƛƛύΦ ¢ƘŜ ǎŎŀũƻƭŘǎ ǿŜǊŜ мрт ǘƻ ппм ŀŀ ƛƴ ƭŜƴƎǘƘ ŀƴŘ ǿŜǊŜ ол ǘƻ 

рн ҈ ƛŘŜƴǝŎŀƭ ǘƻ tǎw!{Φ 

13.2 Bringing the sequences into context: BLASTP similarity searches with HCTs 

¢ƘŜ b/.L ǎǘŀƴŘŀǊŘ ŘŀǘŀōŀǎŜ ǿŀǎ ǎŜŀǊŎƘŜŘ ŦƻǊ ǇǊƻǘŜƛƴǎ ǿƛǘƘ ƘƛƎƘ ǎƛƳƛƭŀǊƛǘȅ ǘƻ ǘƘŜ ŀƳƛƴƻ ŀŎƛŘ 

ǎŜǉǳŜƴŎŜǎ ƻŦ ǘƘŜ ŜȄǇǊŜǎǎŜŘ {ƎI/¢ǎ όŀŎŎŜǎǎŜŘ нфΦмлΦнлнпύΦ ¢ƘŜ ǘƻǇ ǘƘǊŜŜ Ƙƛǘǎ ŦǊƻƳ .[!{¢tπ
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ǎŜŀǊŎƘŜǎ ǿƛǘƘ {ƎI{¢Σ {ƎIv¢мΣ {ƎIv¢нΣ {Ǝw!{Σ {ƎI/¢πCΣ ŀƴŘ ώw!{ϐ /ƭǳǎǘŜǊΣ ŜȄŎƭǳŘƛƴƎ ǇǊƻǘŜƛƴǎ 

ŜƴǝǘƭŜŘ ΨƘȅǇƻǘƘŜǝŎŀƭ ǇǊƻǘŜƛƴΩ ǿŜǊŜ ŎƻƴǎƛŘŜǊŜŘΦ  

¢ƘŜ ƘƛƎƘŜǎǘ ƛŘŜƴǝǘȅ όумΦсм ҈ύ ŦƻǊ {ƎI{¢ ǿŀǎ ŦƻǳƴŘ ǿƛǘƘ ŀ ǎƘƛƪƛƳŀǘŜ hπ

ƘȅŘǊƻȄȅŎƛƴƴŀƳƻȅƭǘǊŀƴǎŦŜǊŀǎŜπƭƛƪŜ ŦǊƻƳ ¢ŜƭƻǇŜŀ ǎǇŜŎƛƻǎƛǎǎƛƳŀ ό·tψлпотлпфнсΦмύ ŀƴŘ ǿŀǎ 

ŦƻƭƭƻǿŜŘ ōȅ ƻǘƘŜǊ ǎƘƛƪƛƳŀǘŜ hπƘȅŘǊƻȄȅŎƛƴƴŀƳƻȅƭǘǊŀƴǎŦŜǊŀǎŜπƭƛƪŜ ǇǊƻǘŜƛƴǎ ŦǊƻƳ bŜƭǳƳōƻ 

ƴǳŎƛŦŜǊŀ ŀƴŘ aŀŎŀŘŀƳƛŀ ƛƴǘŜƎǊƛŦƻƭƛŀΦ {ƎIv¢м ŀƭǎƻ ǎƘƻǿŜŘ ŀōƻǳǘ тл ҈ ǎƛƳƛƭŀǊƛǘȅ ǘƻ ǎƘƛƪƛƳŀǘŜ 

hπƘȅŘǊƻȄȅŎƛƴƴŀƳƻȅƭǘǊŀƴǎŦŜǊŀǎŜπƭƛƪŜ ŜƴȊȅƳŜǎ ŦǊƻƳ ǘƘŜǎŜ ƻǊƎŀƴƛǎƳǎΦ .ƻǘƘ {ƎI{¢ ŀƴŘ {ƎIv¢м 

ǎƘŀǊŜŘ ǎƛƳƛƭŀǊƛǝŜǎ ǿƛǘƘ ƻǘƘŜǊ ƘȅŘǊƻȄȅŎƛƴƴŀƳƻȅƭπ/ƻ!ΥǎƘƛƪƛƳŀǘŜ ŀƴŘ ǉǳƛƴŀǘŜ hπ

ƘȅŘǊƻȄȅŎƛƴƴŀƳƻȅƭǘǊŀƴǎŦŜǊŀǎŜǎΦ !ƴ ƛŘŜƴǝǘȅ ƻŦ ŀōƻǳǘ рр ҈ ƛƴ ǎŜŀǊŎƘŜǎ ǿƛǘƘ {ƎIv¢н ǿŀǎ ǎƘŀǊŜŘ 

ǿƛǘƘ ǇǳǘǊŜǎŎƛƴŜ ƘȅŘǊƻȄȅŎƛƴƴŀƳƻȅƭǘǊŀƴǎŦŜǊŀǎŜ ŦǊƻƳ /ƻŎƻǎ ƴǳŎƛŦŜǊŀ ŀƴŘ tƘƻŜƴƛȄ ŘŀŎǘȅƭƛŦŜǊŀΣ ōǳǘ 

ƘȅŘǊƻȄȅŎƛƴƴŀƳƻȅƭπ/ƻ!ΥǎƘƛƪƛƳŀǘŜ ŀƴŘ ǉǳƛƴŀǘŜ hπƘȅŘǊƻȄȅŎƛƴƴŀƳƻȅƭǘǊŀƴǎŦŜǊŀǎŜǎ ǿŜǊŜ ŀƭǎƻ 

ŦƻǳƴŘ ǿƛǘƘƛƴ ǘƘŜ ǘƻǇ млл ƘƛǘǎΦ ¢ƘŜ ƭƻǿŜǎǘ ŜπǾŀƭǳŜǎ ŦǊƻƳ .[!{¢tπǎŜŀǊŎƘŜǎ ǿƛǘƘ {Ǝw!{ ǿŜǊŜ 

ŀŎƘƛŜǾŜŘ ŦƻǊ ǎƘƛƪƛƳŀǘŜ hπƘȅŘǊƻȄȅŎƛƴƴŀƳƻȅƭǘǊŀƴǎŦŜǊŀǎŜπƭƛƪŜ ǇǊƻǘŜƛƴǎ ŦǊƻƳ aŀƎƴƻƭƛŀ ǎƛƴƛŎŀΣ 

ƘŀǾƛƴƎ ŀōƻǳǘ ро ҈ ƛŘŜƴǝǘȅύΦ ¢ƘŜ {Ǝw!{ ǎŜǉǳŜƴŎŜ ŦǊƻƳ [ƛ Ŝǘ ŀƭΦ όнлнпύ ό·/bффнрпΦмύ ǿŀǎ ǘƘŜ 

ōŜǎǘ ƘƛǘΣ ǿƛǘƘ ŀƴ ƛŘŜƴǝǘȅ ƻŦ ффΦрр ҈Σ ǿƘƛŎƘ ƛǎ ŘǳŜ ǘƻ ŀ ŘƛũŜǊŜƴŎŜ ƻŦ ǘǿƻ ŀƳƛƴƻ ŀŎƛŘ ǊŜǎƛŘǳŜǎΦ 

{ƛƳƛƭŀǊƛǝŜǎ ǘƻ ǎǇŜǊƳƛŘƛƴŜ ƘȅŘǊƻȄȅŎƛƴƴŀƳƻȅƭǘǊŀƴǎŦŜǊŀǎŜǎ ŀƴŘ ƘȅŘǊƻȄȅŎƛƴƴŀƳƻȅƭπ

/ƻ!ΥǎƘƛƪƛƳŀǘŜ ŀƴŘ ǉǳƛƴŀǘŜ hπƘȅŘǊƻȄȅŎƛƴƴŀƳƻȅƭǘǊŀƴǎŦŜǊŀǎŜǎ ǿŜǊŜ ƻōǎŜǊǾŜŘΦ {ƎI/¢πC ǎƘƻǿŜŘ 

ǘƘŜ ƘƛƎƘŜǎǘ ƛŘŜƴǝǘȅ όтуΦут ҈ύ ǿƛǘƘ ōŜƴȊȅƭ ŀƭŎƻƘƻƭ hπōŜƴȊƻȅƭǘǊŀƴǎŦŜǊŀǎŜ ŦǊƻƳ aŀƎƴƻƭƛŀ ǎƛƴƛŎŀ 

ό·tψлрумлотрфΦмύΦ .ŜƴȊȅƭ ŀƭŎƻƘƻƭ hπōŜƴȊƻȅƭǘǊŀƴǎŦŜǊŀǎŜǎ ŦǊƻƳ ƻǘƘŜǊ ƻǊƎŀƴƛǎƳǎ ƘŀŘ ŀƴ ƛŘŜƴǝǘȅ 

ƻŦ ǳǇ ǘƻ тт ҈Φ ¢ƘŜ ǘƻǇ ǘƘǊŜŜ Ƙƛǘǎ ƛƴ .[!{¢tπǎŜŀǊŎƘŜǎ ǿƛǘƘ ǘƘŜ ǎŜǉǳŜƴŎŜ ƻŦ ώw!{ϐ /ƭǳǎǘŜǊ 

ǊŜǎǳƭǘŜŘ ƛƴ ŀƴ ƛŘŜƴǝǘȅ ƻŦ соΦом ǘƻ суΦсп ҈ ǿƛǘƘ ǎƘƛƪƛƳŀǘŜ hπƘȅŘǊƻȄȅŎƛƴƴŀƳƻȅƭǘǊŀƴǎŦŜǊŀǎŜǎ 

ŦǊƻƳ aŀƎƴƻƭƛŀ ǎƛƴƛŎŀΣ /ƛƴƴŀƳƻƳǳƳ ƳƛŎǊŀƴǘƘǳƳ ŦΦ ƪŀƴŜƘƛǊŀŜ ŀƴŘ ¢ƘŀƭƛŎǘǊǳƳ ǘƘŀƭƛŎǘǊƻƛŘŜǎΦ 

!ƴŀƭȅȊƛƴƎ ǘƘŜ ǘƻǇ ƻƴŜ ƘǳƴŘǊŜŘ .[!{¢ ƘƛǘǎΣ ǎƛƳƛƭŀǊƛǝŜǎ ƻŦ ǳǇ ǘƻ сн ҈ ǿŜǊŜ ŀŎƘƛŜǾŜŘ ǿƛǘƘ /9wнπ 

ƻǊ нсπƭƛƪŜ ǎŜǉǳŜƴŎŜǎΦ  

.[!{¢tπǎŜŀǊŎƘŜǎ ǿŜǊŜ ŀƭǎƻ ǇŜǊŦƻǊƳŜŘ ǿƛǘƘ ǇǳǘŀǝǾŜ I/¢ǎ ŦǊƻƳ !ǎŎŀǊƛƴŀ ǊǳōǊƛŎŀǳƭƛǎ ƛƴ ƻǊŘŜǊ 

ǘƻ ŜǎǝƳŀǘŜ ǘƘŜ ǇƻǘŜƴǝŀƭ ŦǳƴŎǝƻƴ ƻŦ ǘƘŜ ǊŜǎǇŜŎǝǾŜ ŜƴȊȅƳŜǎΦ !ǊI/¢πм ǎƘƻǿŜŘ ǘƘŜ ƘƛƎƘŜǎǘ 

ƛŘŜƴǝǘȅ όунΦуп ҈ύ ǿƛǘƘ ŀ ǘǊŀƴǎŦŜǊŀǎŜ ŦǊƻƳ aŀŎƭŜŀȅŀ ŎƻǊŘŀǘŀ όh±!млолсΦмύ ōǳǘ ǿŀǎ ŀƭǎƻ ŀōƻǳǘ 

ун ҈ ƛŘŜƴǝŎŀƭ ǘƻ ǎƘƛƪƛƳŀǘŜ hπƘȅŘǊƻȄȅŎƛƴƴŀƳƻȅƭǘǊŀƴǎŦŜǊŀǎŜπƭƛƪŜ ǎŜǉǳŜƴŎŜǎΦ ¢ƘŜ ǎŀƳŜ ǇǊƻǘŜƛƴǎ 

ǿŜǊŜ ŀƭǎƻ ƘƛƎƘƭƛƎƘǘŜŘ ŀǎ ǘƻǇ ǘƘǊŜŜ Ƙƛǘǎ ǿƛǘƘ !ǊI/¢πнΣ ōǳǘ ƻƴƭȅ ǿƛǘƘ ŀƴ ƛŘŜƴǝǘȅ ƻŦ ŀōƻǳǘ тл ǘƻ 

тм ҈Φ ¢ƘŜ ǘƻǇ ƻƴŜ ƘǳƴŘǊŜŘ .[!{¢t Ƙƛǘǎ ŦǊƻƳ ōƻǘƘ ǎŜǉǳŜƴŎŜǎ ŀǊŜ Ƴŀƛƴƭȅ ƘȅŘǊƻȄȅŎƛƴƴŀƳƻȅƭπ

/ƻ!ΥǎƘƛƪƛƳŀǘŜ ƻǊ ǉǳƛƴŀǘŜ hπƘȅŘǊƻȄȅŎƛƴƴŀƳƻȅƭǘǊŀƴǎŦŜǊŀǎŜǎΦ Lƴ ŎƻƴǘǊŀǎǘΣ !ǊI/¢πоΣ ǿƘƛŎƘ ǿŀǎ 

ŎƻƳǇƻǎŜŘ ƻŦ ǘƘŜ ŦǊƻƴǘŀƭ ǇŀǊǘ ƻŦ ǎŎŀũƻƭŘπ²½C9πнллммлс ŀƴŘ ǘƘŜ ǊŜŀǊ ǇŀǊǘ ƻŦ ǎŎŀũƻƭŘπ²½C9π

нллммлтΣ ǎƘƻǿŜŘ ǘƘŜ ƘƛƎƘŜǎǘ ƛŘŜƴǝǘȅ όуоΦтп ҈ύ ǿƛǘƘ w!{ ŦǊƻƳ {Φ ƎƭŀōǊŀ ό·/bффнрпΦмύΣ ǿƘƛŎƘ 

ǿŀǎ ŎƘŀǊŀŎǘŜǊƛȊŜŘ ƛƴŘŜǇŜƴŘŜƴǘƭȅ ό[ƛ Ŝǘ ŀƭΦ нлнпύ ŀƴŘ ƛǎ ŀƭǎƻ ǘƻǇƛŎ ƻŦ ǘƘƛǎ ǿƻǊƪ ό.ǀƳŜƪŜ ŀƴŘ 

tŜǘŜǊǎŜƴ нлнрύΦ hǘƘŜǊ ǎŜǉǳŜƴŎŜǎ ǿƛǘƘ ǊŀǘƘŜǊ ƘƛƎƘ ƛŘŜƴǝǘȅ ǿŜǊŜ ǎƘƛƪƛƳŀǘŜ hπ
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ƘȅŘǊƻȄȅŎƛƴƴŀƳƻȅƭǘǊŀƴǎŦŜǊŀǎŜπƭƛƪŜ ǇǊƻǘŜƛƴǎ ŦǊƻƳ aŀƎƴƻƭƛŀ ǎƛƴƛŎŀΣ ǿƛǘƘ ŀōƻǳǘ рп ҈ ƛŘŜƴǝǘȅΦ 

!ŘŘƛǝƻƴŀƭƭȅΣ ǎƛƳƛƭŀǊƛǝŜǎ ǘƻ ǎǇŜǊƳƛŘƛƴŜ ƘȅŘǊƻȄȅŎƛƴƴŀƳƻȅƭǘǊŀƴǎŦŜǊŀǎŜǎ ǿŜǊŜ ǊŜǾŜŀƭŜŘΦ 

13.3 HMMering BAHD sequences in Sarcandra glabra (and Ascarina rubricaulis) 

¢ƘŜ ǘǊŀƴǎŎǊƛǇǘƻƳŜ ƻŦ {ŀǊŎŀƴŘǊŀ ƎƭŀōǊŀ ǿŀǎ ǎŜŀǊŎƘŜŘ ŦƻǊ .!I5ǎ ǳǎƛƴƎ IaaŜǊΦ {ŜŀǊŎƘŜǎ 

ǊŜǾŜŀƭŜŘ оп ǎŎŀũƻƭŘǎ ǿƛǘƘ ŀƴ ŜπǾŀƭǳŜ ŦǊƻƳ нΦнϊмлπнлл ǘƻ фΦрϊмлπлс όŎǳǘƻũ ǾŀƭǳŜ Ҕ фΦрϊмлπлсύ ŦƻǊ 

ŀƭƭ ŘƻƳŀƛƴǎ ό¢ŀōƭŜ ƛȄύΦ ! ǇǊƻōŀōƭŜ ŦǳƴŎǝƻƴ ƻŦ ǘƘŜ ŜƴŎƻŘŜŘ ŜƴȊȅƳŜǎ ǿŀǎ ŀƴƴƻǘŀǘŜŘ ōȅ .[!{¢tπ

ǎŜŀǊŎƘŜǎ ƛƴ ǘƘŜ ǎǘŀƴŘŀǊŘ ŘŀǘŀōŀǎŜǎΣ ŎƻƴǎƛŘŜǊƛƴƎ ǘƘŜ Ƴƻǎǘ ƻŎŎǳǊǊƛƴƎ ƪŜȅǿƻǊŘǎ ό¢ŀōƭŜ ƛȄΣ 

Ψ!ƴƴƻǘŀǝƻƴΩύΦ ¢ƘŜ Ƴƻǎǘ ǇǊƻōŀōƭŜ Ƙƛǘǎ όƭƻǿŜǎǘ ŜπǾŀƭǳŜύ ƻŦ ǘƘŜ IaaŜǊπǎŜŀǊŎƘ ό{ƎI/¢π!Σ π.Σ π/Σ 

πCΣ π5Σ ŀƴŘ π9ύ ǿŜǊŜ ƛƴ ŀŎŎƻǊŘŀƴŎŜ ǿƛǘƘ ǘƘŜ ǘƻǇ Ƙƛǘǎ ƻŦ .[!{¢t ƘƻƳƻƭƻƎȅ ǎŜŀǊŎƘ ǿƛǘƘ tǎw!{ 

ό¢ŀōƭŜ ǾƛƛύΦ ¢ƘŜ ǇǳǘŀǝǾŜ ǇǊƻǘŜƛƴ ǎŜǉǳŜƴŎŜǎ ǿŜǊŜ ŀƴƴƻǘŀǘŜŘ ǳǎƛƴƎ ƘƻƳƻƭƻƎȅ ǎŜŀǊŎƘ ƛƴ ǎǘŀƴŘŀǊŘ 

ŘŀǘŀōŀǎŜǎ όŎƘŀǇǘŜǊ мнΦмύΦ aƻǎǘ ƻŦ ǘƘŜ ǎŜǉǳŜƴŎŜǎ ƘŀŘ ǎƛƳƛƭŀǊƛǝŜǎ ǿƛǘƘ Ƴŀƭƻƴȅƭπ/ƻ! 

ǘǊŀƴǎŦŜǊŀǎŜǎΣ ǎǝƭƭΣ ŀ ƭƻǘ ƻŦ ǘƘŜƳ ǿŜǊŜ ƛƴŎƻƳǇƭŜǘŜΦ ¢ƘŜ ǎŎŀũƻƭŘǎ ƭŜŀŘƛƴƎ ǘƻ ŜƴȊȅƳŜǎΣ ǿƘƛŎƘ ŀǊŜ 

ŎƻǾŜǊŜŘ ƛƴ ǘƘƛǎ ǿƻǊƪΣ ǿŜǊŜ ŀƴƴƻǘŀǘŜŘ ŀǎ I{¢Σ ..¢Σ w!{Σ {I¢ ƻǊ /9wнπƭƛƪŜΦ hǘƘŜǊ ǎŎŀũƻƭŘǎ ǿŜǊŜ 

ŀƴƴƻǘŀǘŜŘ ŀǎ ǎǇŜǊƳƛŘƛƴŜ ƻǊ ǇǳǘǊŜǎŎƛƴŜ ƘȅŘǊƻȄȅŎƛƴƴŀƳƻȅƭ ǘǊŀƴǎŦŜǊŀǎŜΣ ǿƘƛƭŜ ǎƻƳŜ ǎŜǉǳŜƴŎŜǎ 

ǿŜǊŜ ƻƴƭȅ ƛŘŜƴǝŬŜŘ ŀǎ ǇǳǘŀǝǾŜ .!I5Φ 

¢ƘŜ ǘǊŀƴǎƭŀǘŜŘ ǘǊŀƴǎŎǊƛǇǘƻƳŜ ƻŦ !ǎŎŀǊƛƴŀ ǊǳōǊƛŎŀǳƭƛǎ ǿŀǎ ŀƭǎƻ ǊŜǘǊƛŜǾŜŘ ŦǊƻƳ ǘƘŜ мƪt ŘŀǘŀōŀǎŜ 

ŀƴŘ ǘƘŜ ǎŀƳŜ ǎŜǘ ƻŦ .!I5ǎ ǿŀǎ ǳǎŜŘ ŀǎ Řŀǘŀ ƛƴǇǳǘ ŦƻǊ IaaŜǊπǎŜŀǊŎƘΦ IaaŜǊπǎŜŀǊŎƘ ǿŀǎ 

ǇŜǊŦƻǊƳŜŘ ŀŎŎƻǊŘƛƴƎƭȅ ŀƴŘ ор ǎŜǉǳŜƴŎŜǎ ǿŜǊŜ ŦƻǳƴŘΣ ŎƻƴǎƛŘŜǊƛƴƎ ŀƭƭ ŎƻƴǎŜǊǾŜŘ ŘƻƳŀƛƴǎΦ ¢ƘŜ 

ŜπǾŀƭǳŜ ǊŀƴƎŜŘ ŦǊƻƳ мΦмϊмлπмфф ǘƻ лΦллм όŎǳǘƻũ ǾŀƭǳŜ Ҕ лΦллмύ ό¢ŀōƭŜ ȄύΦ .[!{¢tπǎŜŀǊŎƘŜǎ ƛƴ ǘƘŜ 

ǎǘŀƴŘŀǊŘ ŘŀǘŀōŀǎŜǎ ǿŜǊŜ ǳǎŜŘ ǘƻ ŀƴƴƻǘŀǘŜ ŀ ǇǊƻōŀōƭŜ ŦǳƴŎǝƻƴ ƻŦ ǘƘŜ ŀƳƛƴƻ ŀŎƛŘ ǎŜǉǳŜƴŎŜǎ 

ό¢ŀōƭŜ ȄΣ Ψ!ƴƴƻǘŀǝƻƴΩύΦ ¢ƘŜ Ƴƻǎǘ ǇǊƻōŀōƭŜ Ƙƛǘǎ ƻŦ ǘƘŜ IaaŜǊπǎŜŀǊŎƘ ό!ǊI/¢πмΣ πнΣ πоπǊΣ πоπŦύ 

ǿŜǊŜ ŎƻƴƎǊǳŜƴǘ ǘƻ ǘƘŜ ǘƻǇ Ƙƛǘǎ ƻŦ .[!{¢tπǎŜŀǊŎƘ ό¢ŀōƭŜ ǾƛƛƛύΦ aƻǎǘ ƻŦ ǘƘŜ ǎŜǉǳŜƴŎŜǎ ƘŀŘ 

ǎƛƳƛƭŀǊƛǝŜǎ ǿƛǘƘ ƻƳŜƎŀπƘȅŘǊƻȄȅǇŀƭƳƛǘŀǘŜ hπŦŜǊǳƭƻȅƭ ǘǊŀƴǎŦŜǊŀǎŜǎ ƻǊ Ƴŀƭƻƴȅƭπ/ƻ! ǘǊŀƴǎŦŜǊŀǎŜǎΣ 

ǿƘƛƭŜ Ƴŀƴȅ ǎŜǉǳŜƴŎŜǎ ǿŜǊŜ ƛƴŎƻƳǇƭŜǘŜΦ !ǊI/¢ǎπмΣ πнΣ ŀƴŘ πо ǿŜǊŜ ŀƴƴƻǘŀǘŜŘ ŀǎ I{¢Σ I{v¢Σ 

w!{ ƻǊ {I¢Φ hǘƘŜǊ ǎŎŀũƻƭŘǎ ǿŜǊŜ ŀƴƴƻǘŀǘŜŘ ŀǎ {I¢Σ /9wнπƭƛƪŜ ƻǊ ǿŜǊŜ ƻƴƭȅ ƛŘŜƴǝŬŜŘ ŀǎ 

ǇǳǘŀǝǾŜ .!I5Φ 

13.4 Sequence analysis 

13.4.1 Sequence similarity and pairwise comparison 

!Ƴƛƴƻ ŀŎƛŘ ǎŜǉǳŜƴŎŜǎ ƻŦ {ƎI/¢ǎ ǿŜǊŜ ŎƻƳǇŀǊŜŘ ǳǎƛƴƎ 9Ƴōƻǎǎ bŜŜŘƭŜ όCƛƎǳǊŜ мл ! ŀƴŘ .ύΦ .ȅ 

ŎƻƳǇŀǊƛƴƎ ŀƭƭ ǊŜŎŜƛǾŜŘ ǎŜǉǳŜƴŎŜǎ ǿƛǘƘ ŜŀŎƘ ƻǘƘŜǊΣ ǘƘŜ ǇŜǊŎŜƴǘŀƎŜ ƻŦ ƛŘŜƴǝŎŀƭ ŀƴŘ ǎƛƳƛƭŀǊ 

ŀƳƛƴƻ ŀŎƛŘǎ ǿŀǎ ŎŀƭŎǳƭŀǘŜŘΦ IƛƎƘ ǎŜǉǳŜƴŎŜ ǎƛƳƛƭŀǊƛǝŜǎ ōŜǘǿŜŜƴ {ƎI{¢Σ {ƎIv¢мΣ {ƎIv¢нΣ 

{Ǝw!{ ŀƴŘ tǎw!{ ǿŜǊŜ ƻōǎŜǊǾŜŘΣ ǿƘƛƭŜ {ƎI/¢πC ŀƴŘ ώw!{ϐ /ƭǳǎǘŜǊ ǿŜǊŜ ǎǘǊƻƴƎƭȅ ŘƛǎǎƛƳƛƭŀǊΦ ¢ƘŜ 

ŀƳƛƴƻ ŀŎƛŘ ǎŜǉǳŜƴŎŜ ƻŦ {ƎI{¢ ŀƴŘ {ƎIv¢м ƛǎ сфΦс ҈ ƛŘŜƴǝŎŀƭ όCƛƎǳǊŜ мл !ύΣ ǿƘƛƭŜ ƛǘ ƛǎ уоΦм ҈ 
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ǎƛƳƛƭŀǊ ǊŜƎŀǊŘƛƴƎ ǘƘŜ ŎƘŜƳƛŎŀƭ ǇǊƻǇŜǊǝŜǎ ƻŦ ǘƘŜ ŀƳƛƴƻ ŀŎƛŘ ǊŜǎƛŘǳŜǎ όCƛƎǳǊŜ мл .ύΦ Lƴ 

ŎƻƳǇŀǊƛǎƻƴΣ {ƎI{¢ ƛǎ ƻƴƭȅ нуΦл ҈ ƻǊ ннΦф ҈ ƛŘŜƴǝŎŀƭ ǘƻ {ƎI/¢πC ŀƴŘ ώw!{ϐ /ƭǳǎǘŜǊΣ ǊŜǎǇŜŎǝǾŜƭȅ 

όCƛƎǳǊŜ мл !ύΦ {ƎIv¢м ǎƘƻǿǎ ǘƘŜ ƘƛƎƘŜǎǘ ǎƛƳƛƭŀǊƛǘȅ ǘƻ {ƎI{¢ όуоΦм ҈ύΣ ŀƴŘ ǎŜŎƻƴŘ ƘƛƎƘŜǎǘ ǘƻ 

{ƎIv¢н όсфΦс ҈ύ ŀƴŘ tǎw!{ όсуΦр ҈ύ όCƛƎǳǊŜ мл .ύΦ IƛƎƘŜǎǘ ƛŘŜƴǝǘȅ ǿƛǘƘ {ƎIv¢н ǿŀǎ ƻōǎŜǊǾŜŘ 

ŦƻǊ {ƎI{¢ ŀƴŘ {ƎIv¢м ǿƛǘƘ роΦо ŀƴŘ роΦн ҈ όCƛƎǳǊŜ мл !ύΦ {Ǝw!{ Ƙŀǎ ŀƴ ƻǾŜǊŀƭƭ ƛŘŜƴǝǘȅ ƻŦ 

ŀōƻǳǘ пл ҈ ǿƛǘƘ {ƎI{¢Σ {ƎIv¢мΣ {ƎIv¢н ŀƴŘ tǎw!{Σ ǿƘƛƭŜ ōŜƛƴƎ нтΦу ŀƴŘ нмΦф ҈ ƛŘŜƴǝŎŀƭ ǘƻ 

{ƎI/¢πC ŀƴŘ ώw!{ϐ /ƭǳǎǘŜǊΣ ǊŜǎǇŜŎǝǾŜƭȅ όCƛƎǳǊŜ мл !ύΦ {ƎI/¢πC ƛǎ ƻǾŜǊŀƭƭ ƻƴƭȅ ŀōƻǳǘ ну ǘƻ нн ҈ 

ƛŘŜƴǝŎŀƭ ǘƻ ǘƘŜ ƻǘƘŜǊ I/¢ǎΣ ŀƴŘ ǘƘŜ ώw!{ϐ /ƭǳǎǘŜǊ ǎŜǉǳŜƴŎŜ ƛǎ ƻƴƭȅ ŀōƻǳǘ нп ǘƻ нн ҈ ƛŘŜƴǝŎŀƭ 

όCƛƎǳǊŜ мл !ύΦ tǎw!{ ǿŀǎ ǳǎŜŘ ŀǎ ŀ ōŀƛǘ ǎŜǉǳŜƴŎŜ ŦƻǊ .[!{¢tπǎŜŀǊŎƘŜǎΣ ŀƴŘ ŀƴ ƛŘŜƴǝǘȅ ƻŦ ƻƴƭȅ 

ŀōƻǳǘ рл ҈ ǿƛǘƘ {ƎI{¢ ŀƴŘ {ƎIv¢м Ŏŀƴ ōŜ ƻōǎŜǊǾŜŘ όCƛƎǳǊŜ мл !ύΦ ¢ƘŜ ǎŜǉǳŜƴŎŜ ƛǎ ƻƴƭȅ ŀōƻǳǘ 

нт ǘƻ нп ҈ ƛŘŜƴǝŎŀƭ ǘƻ {ƎI/¢πC ŀƴŘ ώw!{ϐ /ƭǳǎǘŜǊΣ ǊŜǎǇŜŎǝǾŜƭȅ όCƛƎǳǊŜ мл !ύΦ  
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CƛƎǳǊŜ млΦ tŀƛǊǿƛǎŜ ŎƻƳǇŀǊƛǎƻƴ ƻŦ ŀƳƛƴƻ ŀŎƛŘ ǎŜǉǳŜƴŎŜǎ ŦǊƻƳ I/¢ǎ ƛƴ ҈Σ ǳǎƛƴƎ 9Ƴōƻǎǎ bŜŜŘƭŜΤ 

!Υ ƛŘŜƴǝǘȅΣ .Υ ǎƛƳƛƭŀǊƛǘȅΦ [ƛƎƘǘ ŎƻƭƻǊǎ ǊŜǇǊŜǎŜƴǘ ƘƛƎƘŜǊ ǇŜǊŎŜƴǘǳŀƭ ƛŘŜƴǝǘȅκǎƛƳƛƭŀǊƛǘȅΦ tǎw!{Υ 

tƭŜŎǘǊŀƴǘƘǳǎ ǎŎǳǘŜƭƭŀǊƛƻƛŘŜǎ w!{ ό/!Yррмссύ 

13.4.2 Alignment of SgHCTs 

¢ƘŜ ŀƳƛƴƻ ŀŎƛŘ ǎŜǉǳŜƴŎŜǎ ƻŦ ǘƘŜ ǎƛȄ {ƎI/¢ǎ ό{ƎI{¢Σ {ƎIv¢мΣ {ƎIv¢нΣ {Ǝw!{Σ {ƎI/¢πCΣ 

ώw!{ϐ /ƭǳǎǘŜǊύ ǿŜǊŜ ŀƭƛƎƴŜŘ ŀƴŘ ǘƘŜ ǎŜǉǳŜƴŎŜǎ ǿŜǊŜ ŀƴŀƭȅȊŜŘ ǊŜƎŀǊŘƛƴƎ ǘƘŜ ŎƻƴǎŜǊǾŀǝƻƴ ƻŦ 

ŎŜǊǘŀƛƴ ŀƳƛƴƻ ŀŎƛŘǎ ŀƴŘ ŀƳƛƴƻ ŀŎƛŘ ǎŜǉǳŜƴŎŜǎ όCƛƎǳǊŜ ммύΦ ¢ǿƻ ǘȅǇƛŎŀƭ ƳƻǝŦǎ ǿŜǊŜ ƘƛƎƘƭƛƎƘǘŜŘ 

ǿƛǘƘ ŀ ōƭŀŎƪ ŦǊŀƳŜΣ ŀƴŘ ŎƻƴǎŜǊǾŜŘ ǎƛƴƎƭŜ ŀƳƛƴƻ ŀŎƛŘǎ ǿŜǊŜ ŦǊŀƳŜŘ ŀƴŘ ƳŀǊƪŜŘ ōȅ ŀƴ ŀǊǊƻǿΦ 

¢ƘŜ IȄȄȄ5D ƳƻǝŦ ό{ƎI{¢Υ ŀŀ мрр ǘƻ мслύ Ŏƻƴǘŀƛƴǎ ŀ ŎƻƴǎŜǊǾŜŘ ƘƛǎǝŘƛƴŜ όIύΣ ǿƘƛŎƘ ǘŀƪŜǎ ǇŀǊǘ 

ƛƴ ǘƘŜ ŎŀǘŀƭȅǝŎ ƳŜŎƘŀƴƛǎƳ ƻŦ I/¢ǎ ŘǳǊƛƴƎ ǘƘŜ ŘŜǇǊƻǘƻƴŀǝƻƴ ƻŦ ǘƘŜ ǎǳōǎǘǊŀǘŜ όǎƘƛƪƛƳƛŎ ŀŎƛŘΣ 

ǉǳƛƴƛŎ ŀŎƛŘΣ ǇIt[ύ όaŀ Ŝǘ ŀƭΦ нллрΤ ²ŀƭƪŜǊ Ŝǘ ŀƭΦ нлмоΤ /ƘƛŀƴƎ Ŝǘ ŀƭΦ нлмуύ όCƛƎǳǊŜ ммύΦ ¢Ƙƛǎ 

ǎŜǉǳŜƴŎŜ ƳƻǝŦ ǿŀǎ ŦƻǳƴŘ ƛƴ ŀƭƭ {ƎI/¢ǎΣ ŜȄŎŜǇǘ ƛƴ {ƎI/¢πC ŀƴŘ ώw!{ϐ /ƭǳǎǘŜǊΣ ǿƘŜǊŜ ǘƘŜ 

ǎŜǉǳŜƴŎŜ ǿŀǎ ŀƭǘŜǊŜŘ ǘƻ I¢L{5! ŀƴŘ IaI±5tΣ ǊŜǎǇŜŎǝǾŜƭȅΦ ¢ƘŜ ǎŜŎƻƴŘ ǘȅǇƛŎŀƭ ƳƻǝŦ ƻŦ .!I5 

I/¢ǎ ƛǎ 5CD²D όCƛƎǳǊŜ ммύΦ !ǎǇŀǊǝŎ ŀŎƛŘ ό{ƎI{¢Υ 5оуоύ ƛƴǘŜǊŀŎǘǎ ǿƛǘƘ ŀ bπǘŜǊƳƛƴŀƭƭȅ ƭƻŎŀǘŜŘ 

ǘȅǊƻǎƛƴŜ ό{ƎI{¢Υ п̧пύ ŀƴŘ ǘƘŜ ǎƻƭǾŜƴǘ ŎƘŀƴƴŜƭ ƛǎ ƳŀƛƴǘŀƛƴŜŘ όaƻǊŀƭŜǎπvǳƛƴǘŀƴŀ Ŝǘ ŀƭΦ нлмрύΦ 
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¢ƘŜ ƛƴǘŜǊŀŎǝƴƎ ǘȅǊƻǎƛƴŜ ǿŀǎ ŦƻǳƴŘ ǘƻ ōŜ ŎƻƴǎŜǊǾŜŘ ƛƴ ŀƭƭ {ƎI/¢ǎΦ 5CD²D ƛǎ ƛƴ ǇǊƻȄƛƳƛǘȅ ǘƻ ǘƘŜ 

/πǘŜǊƳƛƴǳǎ ό{ƎI{¢Υ ŀŀ оуо ǘƻ оутύΣ ŀƴŘ ƛǎ ǇǊŜǎŜƴǘ ƛƴ {ƎI{¢Σ {ƎIv¢мΣ {Ǝw!{ ŀƴŘ {ƎI/¢πCΣ ōǳǘ 

ǿŀǎ ŀƭǘŜǊŜŘ ǘƻ 5CD¸D ƛƴ {ƎIv¢нΦ Lƴ ŎŀǎŜ ƻŦ ώw!{ϐ /ƭǳǎǘŜǊΣ ǘƘŜ ƳƻǝŦ ƛǎ ŀōǎŜƴǘ ŀƴŘ ƛǎ ǎǳōǎǝǘǳǘŜŘ 

ōȅ ǘƘŜ ǎŜǉǳŜƴŎŜ ±C95¢Φ 

 5ƛǎŎǊƛƳƛƴŀǝƻƴ ōŜǘǿŜŜƴ ǘƘŜ ŀŎȅƭ ŀŎŎŜǇǘƻǊ ǎǳōǎǘǊŀǘŜǎ ǿŀǎ ŀǎǎƛƎƴŜŘ ǘƻ ŀ ǇǊƻƭƛƴŜ όtύ ό{ƎI{¢Υ tопύ 

ŎƭƻǎŜ ǘƻ ǘƘŜ ǎǳōǎǘǊŀǘŜ ŎƘŀƴƴŜƭ ό²ŀƭƪŜǊ Ŝǘ ŀƭΦ нлмоύΦ ¢ƘŜ ǊŜǎƛŘǳŜ ǿŀǎ ŦƻǳƴŘ ƛƴ {ƎI{¢Σ {ƎIv¢н 

ŀƴŘ {Ǝw!{ όCƛƎǳǊŜ ммύΦ 

¢ȅǇƛŎŀƭƭȅΣ ŀ ŎƻƴǎŜǊǾŜŘ ǘƘǊŜƻƴƛƴŜ ŀƴŘ ǘǊȅǇǘƻǇƘŀƴ ŀǊŜ мм ŀƴŘ ф ŀƳƛƴƻ ŀŎƛŘǎ ό{ƎI{¢Υ ŀŀ ¢отн ŀƴŘ 

²отпύ ǳǇǎǘǊŜŀƳ ƻŦ 5CD²D ŀƴŘ ƛƴǘŜǊŀŎǘ ǿƛǘƘ ǘƘŜ ǎǳōǎǘǊŀǘŜ ƻǊ ƛƴǘŜǊƳŜŘƛŀǘŜ ό²ŀƭƪŜǊ Ŝǘ ŀƭΦ 

нлмоύ όCƛƎǳǊŜ ммύΦ ¢ƘǊŜƻƴƛƴŜ ǿŀǎ ŦƻǳƴŘ ƛƴ {ƎI{¢Σ {ƎIv¢м ŀƴŘ {Ǝw!{Σ ǘǊȅǇǘƻǇƘŀƴ ǿŀǎ 

ŎƻƴǎŜǊǾŜŘ ƛƴ {ƎIv¢н ŀǎ ǿŜƭƭΦ Lƴ {ƎIv¢нΣ ǘƘǊŜƻƴƛƴŜ ƛǎ ŎƘŀƴƎŜŘ ǘƻ ǾŀƭƛƴŜ ό±ύΦ !ƴ ŀǊƎƛƴƛƴŜ 

ό{ƎI{¢Υ wорфύ ǿŀǎ ƛŘŜƴǝŬŜŘ ƛƴ {ƎI{¢Σ {ƎIv¢м ŀƴŘ {ƎIv¢нΣ ǿƘƛŎƘ ƛǎ ǎǘŀǘŜŘ ǘƻ ŦŀŎƛƭƛǘŀǘŜ ǘƘŜ 

ŎƻƴǾŜǊǎƛƻƴ ƻŦ ƴƻƴπƴŀǝǾŜ ǎǳōǎǘǊŀǘŜǎ ƛƴ ŀ I/¢ ŦǊƻƳ {ŜƭŀƎƛƴŜƭƭŀ ƳƻŜƭƭŜƴŘƻǊŬƛ ōȅ ƛƴƅǳŜƴŎƛƴƎ ǘƘŜ 

ǎǳōǎǘǊŀǘŜ ǊŜŎƻƎƴƛǝƻƴ ό/ƘƛŀƴƎ Ŝǘ ŀƭΦ нлмуύ όCƛƎǳǊŜ ммύΦ !ŘŘƛǝƻƴŀƭƭȅΣ ƻƴƭȅ ƛƴ {Ǝw!{Σ ŀ ƭȅǎƛƴŜ 

ό{Ǝw!{Υ Yпмпύ ǿŀǎ ŦƻǳƴŘΣ ǿƘƛŎƘ Ƴŀȅ ƛƴǘŜǊŀŎǘ ǿƛǘƘ ǇIt[ ŀƴŘ ǇǊƻǾƛŘŜǎ ǘƘŜ ŎƻǊǊŜŎǘ ƻǊƛŜƴǘŀǝƻƴ 

ƛƴ ǘƘŜ ŀŎǝǾŜ ǎƛǘŜ ό[ŜǾǎƘ Ŝǘ ŀƭΦ нлмфύ όCƛƎǳǊŜ ммύΦ 

/ƻƴǎƛŘŜǊƛƴƎ ǘƘŜ ƭŜƴƎǘƘΣ ƎŀǇǎ ŀƴŘ ŀŘŘƛǝƻƴŀƭ ǎǘǊŜǘŎƘŜǎΣ {ƎIv¢м όпнн ŀŀύ ƛǎ ǘƘŜ ǎƘƻǊǘŜǎǘΣ 

ǿƘŜǊŜŀǎ {ƎI/¢πC ƛǎ ǘƘŜ ƭƻƴƎŜǎǘ όпрн ŀŀύ ƻŦ ǘƘŜ {ƎI/¢ǎΦ {ƎIv¢н Ŏƻƴǘŀƛƴǎ ǘǿƻ ƳŜǘƘƛƻƴƛƴŜ όaύ 

ǊŜǎƛŘǳŜǎ ǿƛǘƘƛƴ ǘƘŜ ŬǊǎǘ ǘŜƴ ŀƳƛƴƻ ŀŎƛŘǎΣ ǿƘƛŎƘ ŎƻǳƭŘ ƭŜŀŘ ǘƻ ŀ ǎƘƻǊǘŜƴŜŘ ǾŜǊǎƛƻƴ ƻŦ ǘƘƛǎ 

ŜƴȊȅƳŜ ōȅ ǘŀƪƛƴƎ ǘƘŜ ǎŜŎƻƴŘ ƳŜǘƘƛƻƴƛƴŜ ŀǎ ǎǘŀǊǝƴƎ ŀƳƛƴƻ ŀŎƛŘΦ {ƎI/¢πC ŀƴŘ ώw!{ϐ /ƭǳǎǘŜǊ 

ƘŀǾŜ ŀƴ ŀŘŘƛǝƻƴŀƭ /πǘŜǊƳƛƴŀƭ ǎǘǊŜǘŎƘ ƻŦ му ŀƴŘ мм ŀƳƛƴƻ ŀŎƛŘǎΣ ǊŜǎǇŜŎǝǾŜƭȅ όŀŀ птл ǘƻ пууύΦ 

13.4.3 Alignment of BBTs with SgHCT-F 

bƛƴŜ όǇŀǊǘƭȅύ ŎƘŀǊŀŎǘŜǊƛȊŜŘ ..¢ǎ ǿŜǊŜ ŀƭƛƎƴŜŘ ŀƴŘ ŀƴŀƭȅȊŜŘ ǊŜƎŀǊŘƛƴƎ ǘƘŜ ŎƻƴǎŜǊǾŀǝƻƴ ƻŦ 

ǘȅǇƛŎŀƭ .!I5 ƳƻǝŦǎ ǘƻƎŜǘƘŜǊ ǿƛǘƘ {ƎI/¢πC όCƛƎǳǊŜ мнύΦ {ŜŜ ¢ŀōƭŜ нн ŦƻǊ ǘƘŜ ŀōōǊŜǾƛŀǝƻƴǎ ƻŦ 

ǘƘŜ ǎŜǉǳŜƴŎŜǎΦ ¢ƘŜǎŜ ǎŜǉǳŜƴŎŜǎ ǿŜǊŜ ŎƘƻǎŜƴ ŦƻǊ ŀƴ ŀƭƛƎƴƳŜƴǘ ŀǎ ǘƘŜȅ ŀǊŜ ǎǘǊǳŎǘǳǊŀƭƭȅ ŎƭƻǎŜƭȅ 

ǊŜƭŀǘŜŘΦ  

¢ƘŜ ƻǾŜǊŀƭƭ ǎƛƳƛƭŀǊƛǘȅ ǊŀƴƎŜǎ ŦǊƻƳ ŀōƻǳǘ ст ǘƻ уп ҈Σ ǘƘǳǎΣ ǘƘŜ ǎŜǉǳŜƴŎŜǎ ŀǊŜ ǉǳƛǘŜ ŎƻƴǎŜǊǾŜŘ 

ƻǾŜǊŀƭƭΦ ¢ƘŜ IȄȄȄ5D ƳƻǝŦ ό{ƎI/¢πCΥ ŀŀ мср ǘƻ мтлύΣ ǿƘƛŎƘ ƛƴŎƭǳŘŜǎ ǘƘŜ ŎŀǘŀƭȅǝŎ ƛƳǇƻǊǘŀƴǘ 

ƘƛǎǝŘƛƴŜ ό{ƎI/¢πCΥ IмсрύΣ ƛǎ ŀƭǘŜǊŜŘ ƛƴ ŀƭƭ ǘƘŜ ŀƭƛƎƴŜŘ ǎŜǉǳŜƴŎŜǎ ǘƻ IȄȄȄ5! όCƛƎǳǊŜ мнύΦ ¢ƘŜ 

ŎƻƴǎŜƴǎǳǎ ǎŜǉǳŜƴŎŜ ƻŦ ǘƘƛǎ ƳƻǝŦ ƛǎ I¢a{5!Σ ōǳǘ ƛǘ ƛǎ I¢L{5! ƛƴ {ƎI/¢πCΦ hŦ ǎǘǊǳŎǘǳǊŀƭ 

ƛƳǇƻǊǘŀƴŎŜ ƛǎ ǘƘŜ 5CD²D ƳƻǝŦ ό{ƎI/¢πCΥ ŀŀ оул ǘƻ оупύΣ ǿƘƛŎƘ ƛǎ ǇǊŜǎŜƴǘ ƛƴ ŀƭƭ ǎŜǉǳŜƴŎŜǎ 

όCƛƎǳǊŜ мнύΦ ! ƳƻǊŜ bπǘŜǊƳƛƴŀƭƭȅ ƭƻŎŀǘŜŘ ǘȅǊƻǎƛƴŜ ό{ƎI/¢πCΥ п̧фύ ǿŀǎ ŦƻǳƴŘ ƛƴ ŀƭƭ ǎŜǉǳŜƴŎŜǎ 

όCƛƎǳǊŜ мнύΦ hǘƘŜǊ .!I5ǎ ǎƘƻǿŜŘ ŀ ŎƻƴǎŜǊǾŜŘ ǘƘǊŜƻƴƛƴŜ ό¢ύ ŀƴŘ ǘǊȅǇǘƻǇƘŀƴ ό²ύ мм ŀƴŘ ф 

ŀƳƛƴƻ ŀŎƛŘǎ ǳǇǎǘǊŜŀƳ ƻŦ ǘƘŜ 5CD²D ƳƻǝŦ όCƛƎǳǊŜ ммύΦ ¢ƘŜǎŜ ǘǿƻ ƛƴǘŜǊŀŎǝƴƎ ŀƳƛƴƻ ŀŎƛŘǎ ŀǊŜ 

ŀƭǘŜǊŜŘ ǘƻ ǎŜǊƛƴŜ ό{ƎI/¢πCΥ {осфύ ŀƴŘ ƭȅǎƛƴŜ όtǘ.9.¢Υ [отнύ ƻǊ ǾŀƭƛƴŜ ό{ƎI/¢πCΥ ±отмύ όCƛƎǳǊŜ 
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мнύΦ CǳǊǘƘŜǊƳƻǊŜΣ ŀ ŎƻƴǎŜǊǾŜŘ ǘƘǊŜƻƴƛƴŜ ό{ƎI/¢πCΥ ¢нсрύΣ ǿƘƛŎƘ ƛǎ ƴŜŎŜǎǎŀǊȅ ŦƻǊ ŎŀǘŀƭȅǝŎ 

ŀŎǝǾƛǘȅ ƻŦ ŀŎȅƭǘǊŀƴǎŦŜǊŀǎŜǎ ŦǊƻƳ /ǳŎǳƳƛǎ ƳŜƭƻ ό9ƭπ{ƘŀǊƪŀǿȅ Ŝǘ ŀƭΦ нллрύΣ ǿŀǎ ŦƻǳƴŘ ƛƴ ŀƭƭ 

ǎŜǉǳŜƴŎŜǎ όCƛƎǳǊŜ мнύΦ ¢ƘŜ ƭŜƴƎǘƘ ƻŦ ǘƘŜ ..¢ǎ ǾŀǊƛŜǎ ōŜǘǿŜŜƴ про ŀƴŘ псл ŀŀΦ 

¢ŀōƭŜ ннΦ [ƛǎǘ ƻŦ ..¢ ǎŜǉǳŜƴŎŜǎ ŀƴŘ ŀōōǊŜǾƛŀǝƻƴǎ ǳǎŜŘ ŦƻǊ ǎŜǉǳŜƴŎŜ ŀƭƛƎƴƳŜƴǘǎΦ 

Sequence abbreviation Species and family Accession 

CaAT20 Celastrus angulatus (Celastraceae) MT277444 

CbBEBT Clarkia breweri (Onagraceae) AF500200 

CiHCT Canna indica (Cannaceae) scaffold-TZNS-2022568 

CmAAT3 Cucumis melo var. cantalupensis 
(Cucurbitaceae) 

AAW51125 

LaHMT Lupinus albus (Fabaceae) AB181292 

NtBEBT Nicotiana tabacum (Solanaceae) AF500202 

PhBPBT Petunia x hybrida (Solanaceae) AY611496 

PtBEBT 
PtSABT 

Populus trichocarpa (Salicaceae) KP228019 
KP228018 

SgHCT-F Sarcandra glabra (Chloranthaceae) PQ336776 

 

13.5 Characterization of SgHCTs 

13.5.1 SgHST 

13.5.1.1 Preparation of the expression vector and heterologous expression 

¢ƘŜ ƎŜƴŜǊŀƭ ƳƻƭŜŎǳƭŀǊ ǿƻǊƪƅƻǿ ǿŀǎ ŦƻƭƭƻǿŜŘ ǘƻ ƻōǘŀƛƴ ǘƘŜ ŦǳƭƭπƭŜƴƎǘƘ ǎŜǉǳŜƴŎŜ ƻŦ {ƎI{¢ ŀƴŘ 

ǘƻ ǇǊŜǇŀǊŜ 9Φ Ŏƻƭƛ ǎǘǊŀƛƴǎΣ ǊŜŀŘȅ ŦƻǊ ŜȄǇǊŜǎǎƛƻƴ όŎƘŀǇǘŜǊ тΦоΦмύΦ ¸ƻǳƴƎ ƭŜŀǾŜǎ ƻŦ {ŀǊŎŀƴŘǊŀ 

ƎƭŀōǊŀ ǿŜǊŜ ƘŀǊǾŜǎǘŜŘ ŀƴŘ ŀōƻǳǘ млл ƳƎ ǿŜǊŜ ƎǊƻǳƴŘ ƛƴ ƭƛǉǳƛŘ ƴƛǘǊƻƎŜƴ ŦƻƭƭƻǿŜŘ ōȅ wb! 

ƛǎƻƭŀǝƻƴ ǿƛǘƘ ǘƘŜ wbŜŀǎȅ ƪƛǘ όŎƘŀǇǘŜǊ тΦмΦоύΦ ¢ƘŜ ŎƻƴŎŜƴǘǊŀǝƻƴ ǿŀǎ ŎƘŜŎƪŜŘ ǇƘƻǘƻƳŜǘǊƛŎŀƭƭȅΣ 

ŀƴŘ wb! ǎƘƻǿŜŘ ŀ ŎƻƴŎŜƴǘǊŀǝƻƴ ƻŦ нуΦу ƴƎκҡƭ ό!нслκ!нул ƻŦ мΦпсύΦ мм ҡƭ ƻŦ ǘƘŜ wb! ǿŜǊŜ 

ŎƻƴǾŜǊǘŜŘ ǘƻ Ŏ5b!Φ t/w ǿŀǎ ŎƻƴŘǳŎǘŜŘ ǿƛǘƘ ǘƘƛǎ Ŏ5b! ŀǎ ǘŜƳǇƭŀǘŜ ǘƻ ŀƳǇƭƛŦȅ ǘƘŜ ƴǳŎƭŜƻǝŘŜ 

ǎŜǉǳŜƴŎŜ ƻŦ {ƎI{¢ ό¢ŀōƭŜ пύΦ !ƎŀǊƻǎŜ ƎŜƭ ŜƭŜŎǘǊƻǇƘƻǊŜǎƛǎ ǊŜǾŜŀƭŜŘ ōŀƴŘǎ ƻŦ ŀōƻǳǘ молл ōǇ 

ƭŜƴƎǘƘ όCƛƎǳǊŜ мо !ύΣ ǿƘƛŎƘ ǿŜǊŜ ƭŀǘŜǊ ǎŜǉǳŜƴŎŜŘΣ ŀƴŘ ǘƘŜ t/w ǇǊƻŘǳŎǘ ŜƳŜǊƎŜŘ ŀǎ ǘƘŜ Ŧǳƭƭπ

ƭŜƴƎǘƘ ƻŦ {ƎI{¢ όмомм ōǇύ ό¢ŀōƭŜ ȄǾƛύΦ wŜǎǘǊƛŎǝƻƴ ŘƛƎŜǎǘ ƻŦ ǘƘŜ ƭŀǘŜǊ ŀǎǎŜƳōƭŜŘ ǇƭŀǎƳƛŘ όCƛƎǳǊŜ 

мо .ύ ŦƻƭƭƻǿŜŘ ōȅ ǎŜǉǳŜƴŎƛƴƎ ǊŜǾŜŀƭŜŘ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ Ǉ9¢πмрō ƘŀǊōƻǊƛƴƎ {ƎI{¢ ƛƴ ǘƘŜ 

ŜȄǇǊŜǎǎƛƻƴ ǎǘǊŀƛƴ ǘƘŀǘ ǿŀǎ ǳǎŜŘ ŦƻǊ ƘŜǘŜǊƻƭƻƎƻǳǎ ŜȄǇǊŜǎǎƛƻƴΦ 
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Figure 11. Alignment of amino acid sequences from SgHCTs. Six SgHCT sequences are 
stacked and ordered by their similarity. Amino acids are abbreviated by their one letter 
code and kept in different colors. A bar plot (salmon colored) shows the conservation from 
0 to 100 %. Generally accepted conserved motifs (HxxxDG and DFGWG) are superscripted 
and highlighted with a black frame. Typically conserved single amino acids are framed and 
marked with an arrow.  

M------KML INVRESTMVR PAAQTPNHSL W-NANVDLVV P-RFHTPSVY FYRHNGS--- PSFFDCRVLK

M--------I VKLKESTMVR PAQDTPSRKL W-NSNLDLVV S-RMHTPTVY FYKSNGS--- SNFFEARVLK

MGNSFHRRSM VTVIESSIVV PSVETPKHGL W-VSNLDLLA P-RAYTPTVY FYRPNGN--- PDFFVAKTLK

M--------- ATIKTSCTIK PAEPTPNHRL W-VSDVDLIM P-STHSSTVY FYRPIDT--- HASAIEK-MK

MASSLVFS-- VRRGEPVLVT PAKLTPHEFK K-LSDIDDQE GLRFQIPVIQ FYRNDPSMRG RGRDPARVIR

MSES---GSR VTVHSKLTVV SGIPVRRGKT YPFSVLDHLM GLHT-LRVVF YYRLDRP--- ----DREKLE

EALSKALVPF YPMAARL--K RDEDGRIEIN CNGEGVLFVE ADTDSIIDDF GD-FAPTMEL KQ-LIPAVDY

EALSKALVPF YPVAGRL--A RDQNRRIEID CNGEGVLFVE AVTDSVMDDL GD-FTPTPDL KN-LIPTVDY

NALSKALVPF YPFAGRL--G FDRDRRIEIK CNGEGALFIE AEEESTIDEY GD-FTPSLKM RESLVPRVDS

KALSQALVQF YPLAGRLRPA DDCDGRLELE CNGEGAVFYE AESDGEVKDY SD-FKPTPEL GK-LVPTVDY

EALSEALVFY YPFAGRLREG --PGRKLMVE CTGEGVMFIE ADADVSLDHF GDALQPPFPC LEELLFDVPG

AALCDVLSYY PPVTGRLRRG DDQNW--EVN CNDAGVRVLE AKVNVSVDEW LRSAHVSEE- -KDLTYWEDM

SGDISSYPLL VLQVTRFKCG GTSLGVGMQH HVADGASGLH FVNAWSDVAS G-----LEIS IPPFIDRTLL

TDDISSYPLV VLQVTHFKCG GVSLGTGLQH HVADGASALH FINTWSDFSR G-----LQLT IPPFIDRTLL

GDGYPPCPLL LIQVTSFRCG GVCLGVGVHH TVSDGAASLH FINAWSDIAR G-----LDAE VRPFLDRTIL

DTYVGDWPLL LVQYTVFKCG GACLGLAVNH TISDGVVSLD FVSTWAKIAR GELSNGVAVA DKPFLDRTVL

SANVLNSPLL LIQVTRLSCG GFIFALRLNH TISDAQGLVQ FMTAVGEMAR GARTP----S VAPVWQRELL

PEDPCIWSPF YVQINEFEGG GLAIGLSCTH MHVDPHCATL FIKAWADAYR RA-----SIA NHPFFHPPGL

KARDPPTPKF HHVEYQPPPS MKTRQQTEES QTCPNPTSVA ILKISRDQLN LLKSKSKKGS NPP---TYSS

KAREPPTPCF HHIEYQPPPT LKTPQQISKC Q--PDP-AVA SFRISRDQIT LLKSKSRD-- ------KFSS

RARKPPTILF DHAEYNLNP- -----QTKPS SIDSKPFSSA IFTISREQLA LIKKKNNNDD KELGTISYST

KGREPPTVTF KHEEFDDPPA L---MGSTPE KERAKESTVA MLKLTKDQVL TLKHAANEGR TAADGPAYSR

NSRDTPRVSY AHREYDQVP- -----DTKGT LMPLDDMAHR SFFFGSKEMA AIRQHVPEHL R-----TCSG

RGRSTPNLNT RSAENYAAKS MAKPP----- --PPVKMSTA TFRFSDATVK KCLLEIQD-- ---QCPDATP

YEMLAGHVW- RCACKARDLP RDQATKMYIA TDGRARLRPA LPPGYFGNVI FTATPVAIAG DLESSL-TYC

YETLAAHVW- RCACEARDLP EDQATQLFIA TDGRSRLRPP LPPGYLGNVI FPVTPKALSG DLVSKPPTYA

YETLAAHVW- RCACKARGLN SSQETRVYIT ADARNRLRPP LPPGYLGNAI FTSSAVAVVG DVRGKPLGHA

FEAVSAHVW- RCACKARELN EEQETCFRMA VDARTRLIPP LPNRFFGNSV FTGTTIVRSG EVVSNPLSFT

FELLTACLW- RCRTIALGAD PEEEVRVICI VNARSKYNPP LPDGYYGNAF AFPVALSTAE KLCKNPSGYA

FDVLTALFWT RVEC-AKNRE HVGPHKLSIC IDFRRLMHAP LPHGFYGNAL HFSSVSSDRV ELEEAGLGHM

AGKIHDALVR MDDEYLRSAL DYL--ELQPD LSALVRGAHT --------FR CPNIGITSWS RLPIHDADFG

ASKIREELAR MDDTYLRSGI DYL--EMQPD LTALIRGAHT --------FR YPNLGVTSWT RLPIYEADFG

ASKIRQAIAR LDDEYLRSSL DFL--ELQDD LECLRRGSGT --------FP STDLSIVCWT SLPIHEADFG

TGKVRGAVQM NTDAYLRSAL DFL--KSQED LSTLRVGSHT VGCGRVTYYG CPNFGITSWL SLPIFDADFG

VELVRKAKGV VTQDYMQSTA DLMVTKGRPH FTVVR----- ---------- --TYLVSDVT RAGFGNVDFG

AELIHRHLSK MEEEEYWSAI DWV--ESQKD -----QGGKF VPPFRMYG-- -PEITCANME HVSAYGVVFE

WGRPIFMGPG GIAYEGL--- -AFILPSPKN DG--SLSLAI SLQSEHMLRF ---------- --------QK

WGRPIFMGPG LISYEGL--- -AYILPSPTN DG--SLTLEI SLLSEHMASF ---------- --------KK

YGRPVFMGPA SFFYGGL--- -AYIMPNASK DG--GISLAL SLESEHMRQF ---------- --------SK

WGAPYHMGPT GLGTDGK--- -AYLLPTPQG DG--SLVMAL RLHVEHMEAF ---------- --------KQ

WGKAVYGGPA KGGVGAIPGV ASFYIPFRNK EGEEGIVVPI CLPVHAMERF LPELHRIIAP TTTPTISTPQ

DTKPMHVAYH VGNVDG--EG LIMVLPSPE- DGL-GRTVMV TLPDDQTAKL CNDFAIL--- ----RLEPTM

FFYD-I

IFYD-L

LFYE-L

FFYQGL

FIISAL

LFTGKQ

HxxxDG 

DFGWG 
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Figure 12. Alignment of amino acid sequences from benzoyl-CoA:benzylalcohol 
transferases (BBTs). Ten BBT sequences are stacked and ordered by their similarity. Amino 
acids are abbreviated by their one letter code and kept in different colors. A bar plot 
(salmon colored) shows the conservation from 0 to 100 %. Generally accepted conserved 
motifs (HxxxDG, DWGWG) are superscripted and highlighted with a black frame. Typically 
conserved single amino acids are framed and marked with an arrow. For the abbreviations 
of the sequences see Table 22. 

MASSPAS-LL FKVHRREPEL IKPAKPTPHE FKLLSDIDDQ EGLRFHIPVM QFYRNN-PSM QGK--DPVKI IREALAKTLV FYYPFAGRLR

MASSPAS-LV FKVHRREPEL IKPAKPTPHE FKLLSDIDDQ EGLRFHIPVI QFYRHN-PSV QGK--DPVKV IREAIAKTLV FYYPFAGRLR

MASS----LV FQVQRSQPQL IPPSDPTPHE FKQLSDIDDQ EGLRFQIPVI QFYRHD-PRM AGT--DPARV IKEAIAKALV FYYPFAGRLR

MASS----LV FSVRRGEPVL VTPAKLTPHE FKKLSDIDDQ EGLRFQIPVI QFYRND-PSM RGRGRDPARV IREALSEALV FYYPFAGRLR

MDSKQSSELV FTVRRQEPEL IAPAKPTPRE TKFLSDIDDQ EGLRFQIPVI NFYRKD-SSM GGK--DPVEV IKKAIAETLV FYYPFAGRLR

MDSKQSSELV FTVRRQKPEL IAPAKPTPRE IKFLSDIDDQ EGLRFQIPVI QFYHKD-SSM GRK--DPVKV IKKAIAETLV FYYPFAGRLR

MASS---SLT FSVRRHEPVL VAPAEQTPHE FKRLSDIDDQ DGLRFHIPVI QFYR----SA GGRG-DPVKV IRDALARALV FYYPFAGRLR

MASPPTS-LV FKVHRNEPEL ISPAKPVPRE LKLLSDIDDQ EGLRFHIPVI QLYRYN-PSM KGK--DPAKV VKEALAKALV FYYPFAGRLR

MAHDQS--LS FEVCRRKPEL IRPAKQTPHE FKKLSDVEDQ EGLRFQIPVI QFYKHNNESM QER--DPVQV IREGIARALV YYYPFAGRLR

MA-PQTQSLV FKVRRNPQEL VTPAKPTPKE FKLLSDIDDQ TSLRSLTPLV TIYRNN-PSM EGK--DPVEI IREALSKTLV FYYPFAGRLR

EGPNRKLMVE CTGEGILFIE ADADVTLEQF GDALQPPFPC LEELLFDVPG SSGVLNCPLL LIQVTRLKCG GFLFALRLNH TMSDAVGLVQ

EGQNRKLMVE CTGEGILFIE ADADVTLEQF GDALQPPFPC LEELIFDVPG SSGVLNCPLL LIQVTRLKCG GFIFGLRLNH TMSDASGIVQ

EGPGRKLFVE CTGEGVMFIE ADADVSLEQF GDALQPPFPC LEEPLFDVPN SSGVLDCPLL LIQVTRLKCG GFIFALRLNH TMSDASGLVQ

EGPGRKLMVE CTGEGVMFIE ADADVSLDHF GDALQPPFPC LEELLFDVPG SANVLNSPLL LIQVTRLSCG GFIFALRLNH TISDAQGLVQ

EGNDRKLMVD CTGEGVMFVE ANADVTLEEF GDELQPPFPC LEELLYDVPG SAGVLHCPLL LIQVTRLRCG GFIFALRLNH TMSDAPGLVQ

EGNGRKLMVD CTGEGIMFVE ADADVTLEQF GDELQPPFPC LEELLYDVPD SAGVLNCPLL LIQVTRLRCG GFIFALRLNH TMSDAPGLVQ

ETTGRKLEVE CTGEGVLFVE ADADVRLEQF GDALQPPFPC LEELIWNVPG SDGVLNCPLL LIQVTRLLCG GYIFALRLNH TMSDAPGLVQ

EGPGRKLTVD CNGEGILFVE GDADVSIEEF GEALHPPFPC LEELIFDVPG SSAVLNSPLI LVQVTRLRCG GFILALRLNH TMADAPGLVQ

EVDGRKLVVE CTGEGVMFIE ADADVTLEQF GDALQPPFPC FDQLLFDVPG SGGILDSPLL LIQVTRLKCG SFIFALRLNH TMADAAGIVL

NGPNGKLMVD CTGEGVIFIE ADADVTLDQF GIDLHPPFPC FDQLLYDVPG SDGILDSPLL LIQVTRLKCG GFIFAVRLNH AMCDAIGMSQ

FMAAVGEMAR GANAPSVPAV WERQVLNASD PPRVTCTHRE YEEVA--DTK GTII-PLDDM AHRSFFFGPS EMSALRKFVP PHLSHCST-F

FMAAVGEMAR GATTPSVPAV WERHVLNARN PPRVTCIHRE YEEVA--DTN GTII-PLDDM AHRSFFFGPS EISALRKLIP PHLSRCST-F

FMMAVGEMAR GATAPSVRPV WQRALLNARD PPKVTCHHRE YDEVV--DTK GTII-PLDDM AHRSFFFGPS EISAIRKALP SHLRQCSS-F

FMTAVGEMAR GARTPSVAPV WQRELLNSRD TPRVSYAHRE YDQVP--DTK GTLM-PLDDM AHRSFFFGSK EMAAIRQHVP EHLRTCSG-F

FMTAVGEMAR GATAPSTLPV WCRELLNARN PPQVTCTHHE YEEVP--DTK GTLI-PLDDM VHRSFFFGPT EVSALRRFVP PHLHNCST-F

FMTAVGEMAR GASAPSILPV WCRELLNARN PPQVTCTHHE YDEVR--DTK GTII-PLDDM VHKSFFFGPS EVSALRRFVP HHLRKCST-F

FMNAVAELAR GATAPSITPV WARERLEARH PPRATCVHRE YDEVP--DTK GTII-PLDDM VHRSFFFGRD EVAALRRRAP PHLRNSST-F

FMSAVGEMAR GATVPSLQPV WHRHVLFARD PPHVTRTHRE YDEVP--DTK GTII-PLDEM AHRSFFFGPT EISAIRRFVP PHLRNCST-F

FMKAVGEMAR GAATPSTLPV WDRHILNARV PPQVTFNHRE YEEV-----K GTIFTPFDDL AHRSFFFGST EISAMRKQIP PHLRSCSTTI

FMKGLAEIAR GEPKPFILPV WHRELLCARN PPKVTFIHNE YQKPPHDNNN NNFI-----L QHSSFFFGPN ELDAIRRLLP YH-HSKSTTS

EILTACLWKC RTIALQPD-P TEEMRILCIV NAR---EKFN PPLPRGYYGN GFAFPVAVAT AEELSKNPFG YALELVRKAK ADVTEEYMRS

EILTACLWKC RTIALQPD-P TEEMRIICIV NAR---EKFN PPLPTGYYGN GFAFPVAVAT AGELSEKPFG YALELVRKAK ADVTEEYMRS

EVLTACLWRF RTISLQPD-P EEEVRVLCIV NSR---SKFN PPLPTGYYGN AFAFPVALTT AGKLCQNPLG YALELVRKAK ADVTEDYMKS

ELLTACLWRC RTIALGAD-P EEEVRVICIV NAR---SKYN PPLPDGYYGN AFAFPVALST AEKLCKNPSG YAVELVRKAK GVVTQDYMQS

EVLTAALWRC RTISIKPD-P EEEVRVLCIV NAR---SRFN PQLPSGYYGN AFAFPVAVTT AEKLCKNPLG YALELVKKTK SDVTEEYMKS

ELLTAVLWRC RTMSLKPD-P EEEVRALCIV NAR---SRFN PPLPTGYYGN AFAFPVAVTT AAKLSKNPLG YALELVKKTK SDVTEEYMKS

EILTACLWKC RTIAIQAD-P DEEVRMICIV NAR---GKSG LGLPPGYYGN AFAFPVAVST AGKLCQNPIG YALDLVKKAK SDVTDEYMKS

EILTACLWRL RTIALRPD-P EEEMRIICII NAR---GKSN SPIPKGYYGN AFAFPVAVAS AKELRDNPLG FALEKVREVK AGVDGEYMKS

EVLTACLWRC RTLAIKPN-P DEEVRMICIV NAR---SKFN PPLPDGYYGN AFAIPAAVTT AGKLCNNPLG FALELIRKAK REVTEEYMHS

DILTAFLWRC RTLALQPENP NHEFRLLYIL NARYGRCSFN PPLPEGFYGN AFVSPAAIST GEKLCNNPLE YALELMKEAK SKGTEEYVHS

VSSLMVIKGR P-HFTVVRAY L-VSDLRRAG FEEVDFGWGN AIYGGAAKGG VGAIPGVASF YIPFTNKKGE NGVVVPFCLP APAMERFVKE

VASLMVTKGR P-HFTVVRAY L-VSDLRSAG FEVVDFGWGN AIYGGAAKGG VGAIPGVASF LIPFKNKKGE NGIVVPFCLP APAMERFVEE

VADLMVIKGR P-HFTVVRTY L-VSDVTRAG FEDVDFGWGK AMYGGPAKGG VGAIPGVASF YIPFKNKKGE RGILVPLCLP APAMERFVKE

TADLMVTKGR P-HFTVVRTY L-VSDVTRAG FGNVDFGWGK AVYGGPAKGG VGAIPGVASF YIPFRNKEGE EGIVVPICLP VHAMERFLPE

VADLMVIKGR P-HFTVVRTY L-VSDVTRAG FGEVDFGWGK AVYGGPAKGG VGAIPGVASF YIPFRNKKGE NGIVVPICLP GFAMEKFVKE

VADLMVLKGR P-HFTVVRTF L-VSDVTRGG FGEVDFGWGK AVYGGPAKGG VGAIPGVASF YIPFKNKKGE NGIVVPICLP GFAMETFVKE

VADLMVLRGR P-HFTVVRSY L-VSDVTRAG FGDIDFGWGK AVYGGPAKGG VGAIPGVASF YIPFRNSKGE DGIVVPVCLP GPAMHKFVQE

VADLMVVKGR P-HFTVVRSY L-VSDVTRAG FGEMDLGWGM PAYGGPAKGG VGAIPGVASF YIPLKNNKGE EGILVPLCLP APAMERFEKQ

VADLMVATGR P-HFTVVNTY L-VSDVTRAG FGEVDFGWGE AVYGGPAKGG VGVIPGVTSF YIPLRNRQGE KGIVLPICLP SAAMEIFAEA

VADLMVIKGR PSYFYNDVGY LEVSDLTKAR FRDVDFGWGK AVYGGATQGY FSSI-----L YVSYTNSKGV EGIMALTSLP TKAMERFEKE

LDGMLKDDQT VSAQTKSK-- FIVSSL

LDGMLKG-QL QSGQTHSK-- FIASSL

LDALLKAGKT IDGVDNKKPL FIASAL

LHRIIAPTTT ---PTISTPQ FIISAL

LDSMLKGDAQ L---DNKKYA FITPAL

LDGMLKVDAP L---DNSNYA IIRPAL

MKSLIKEPTR EEQLESST-- LIMSSL

LGGMLKDQNT ------SSSS LIISAL

LNNTLNGKEI -----EIAKH FTQSSL

LDDLFK---- ----TKDKSQ ILRSHI

DFGWG 

HxxxDG 
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CƛƎǳǊŜ моΦ !ƎŀǊƻǎŜ ƎŜƭ ŜƭŜŎǘǊƻǇƘƻǊŜǎƛǎ ƻŦ t/w ŀƴŘ ǊŜǎǘǊƛŎǝƻƴ ŘƛƎŜǎǘ ƻŦ {ƎI{¢Φ !Υ CǳƭƭπƭŜƴƎǘƘ 
t/w ƻŦ {ƎI{¢Φ !ǊǊƻǿǎ Ǉƻƛƴǘ ǘƻ ǘƘŜ ōŀƴŘǎΣ ǿƘƛŎƘ ǿŜǊŜ ŜȄǘǊŀŎǘŜŘΣ ŎƻƳōƛƴŜŘ ŀƴŘ ƭƛƎŀǘŜŘΦ .Υ 
wŜǎǘǊƛŎǝƻƴ ŘƛƎŜǎǘ ƻŦ Ǉ9¢πмрō ŎƻƴǘŀƛƴƛƴƎ {ƎI{¢Φ IŜǘŜǊƻƭƻƎƻǳǎ ŜȄǇǊŜǎǎƛƻƴ ǿŀǎ ǇŜǊŦƻǊƳŜŘ ǿƛǘƘ 
ǘƘŜ ǇƭŀǎƳƛŘ ƻŦ ǿƘƛŎƘ ŀ ōŀƴŘ ǿŀǎ ƳŀǊƪŜŘ ōȅ ŀƴ ŀǊǊƻǿ ǎƛƴŎŜ ƛǘ ŎƻƴǘŀƛƴŜŘ ǘƘŜ ŎƻǊǊŜŎǘ ōŀƴŘΦ 
DǊŀȅŜŘ ƻǳǘ ŀǊŜŀǎ ǊŜŦŜǊ ǘƻ ƻǘƘŜǊ ŜȄǇŜǊƛƳŜƴǘǎΦ aŀǊƪŜǊ ǎƛȊŜǎΥ CƛƎǳǊŜ т 
 

9ȄǇǊŜǎǎƛƻƴ ƻŦ ǊŜŎƻƳōƛƴŀƴǘ {ƎI{¢ ƛƴ 9Φ Ŏƻƭƛ {ƻƭǳ.[нм ǿŀǎ ŎƻƴŘǳŎǘŜŘ ŀŎŎƻǊŘƛƴƎ ǘƻ ŎƘŀǇǘŜǊ фΦм 

ŀƴŘ ȅƛŜƭŘŜŘ ŀ ǇǊƻǘŜƛƴ ƻŦ пос ŀŀ ŀƴŘ ŀ ǎƛȊŜ ƻŦ пупнпΦпо 5ŀ όŀŎŎŜǎǎƛƻƴ ttппфопфΤ прр ŀŀ ŀƴŘ 

рлпрлΦсм 5ŀ ƛƴŎƭǳŘƛƴƎ ǘƘŜ сȄIƛǎπǘŀƎύ ό¢ŀōƭŜ ȄǾƛƛύΦ 5ǳǊƛƴƎ ǘƘŜ ǇǳǊƛŬŎŀǝƻƴ ǇǊƻŎŜǎǎΣ ǎŜǾŜǊŀƭ 

ǎŀƳǇƭŜǎ ǿŜǊŜ ŎƻƭƭŜŎǘŜŘ ŀƴŘ ǎǳōƧŜŎǘŜŘ ǘƻ {5{πt!D9Φ !ƊŜǊ ǎǘŀƛƴƛƴƎ ƻŦ ǘƘŜ {5{ ƎŜƭ ǿƛǘƘ 

/ƻƻƳŀǎǎƛŜΣ ŀ ōƭǳŜ ōŀƴŘ ƛƴ ǘƘŜ Ŝƭǳǝƻƴ ŦǊŀŎǝƻƴǎ ƻŦ ǘƘŜ bƛπb¢! όbƛψŜƭǳŀǘŜψм ǘƻ оύ ŀƴŘ ǘƘŜ t5мл 

ŎƻƭǳƳƴ όIƛǎψt5млψŜƭǳŀǘŜύ ǿƛǘƘ ŀ ǎƛȊŜ ƻŦ ŀōƻǳǘ рлΦр ƪ5ŀ ǿŀǎ ǾƛǎƛōƭŜ ŀƳƻƴƎ ƻǘƘŜǊ ŎƻŜƭǳǘŜŘ 

ǇǊƻǘŜƛƴǎ όCƛƎǳǊŜ мп !ύΦ !ƴ {5{ ƎŜƭ ǿŀǎ ŀƭǎƻ ǎǳōƧŜŎǘŜŘ ǘƻ ²ŜǎǘŜǊƴ ōƭƻǘΣ ǿƘƛŎƘ ƭŀǘŜǊ ǊŜǾŜŀƭŜŘ ŀ 

ǇǳǊǇƭŜ ōŀƴŘ ƻŦ ǘƘŜ ǎŀƳŜ ǎƛȊŜ ƛƴ ǘƘŜ ǎŀƳŜ ŦǊŀŎǝƻƴǎ όCƛƎǳǊŜ мп .ύΦ ¢ƘǳǎΣ ǎǳŎŎŜǎǎŦǳƭ ŜȄǇǊŜǎǎƛƻƴ 

ƻŦ {ƎI{¢ ŀƴŘ ǇǳǊƛŬŎŀǝƻƴ ǿŀǎ ǇǊƻǾŜƴΦ 9Φ Ŏƻƭƛ {ƻƭǳ.[нмΣ ƘŀǊōƻǊƛƴƎ ŜƳǇǘȅ Ǉ9¢πмрō ǿŜǊŜ 

ƛŘŜƴǝŎŀƭƭȅ ǘǊŜŀǘŜŘ ŀƴŘ ǳǎŜŘ ŀǎ ƴŜƎŀǝǾŜ ŎƻƴǘǊƻƭΦ !ƊŜǊ ƛƴƻŎǳƭŀǝƻƴ ƻŦ ¢.πƳŜŘƛǳƳ ǿƛǘƘ ǘƘŜǎŜ 

ŎŜƭƭǎΣ ŦƻƭƭƻǿŜŘ ōȅ ƛƴŘǳŎǝƻƴ ǿƛǘƘ Lt¢D ŀƴŘ ǇǳǊƛŬŎŀǝƻƴΣ {5{πt!D9 ŀƴŘ ²ŜǎǘŜǊƴ ōƭƻǘ ǿŜǊŜ 

ŜȄŜŎǳǘŜŘ ŀƴŀƭƻƎƻǳǎƭȅΦ {ǘŀƛƴƛƴƎ ƻŦ ǘƘŜ {5{πƎŜƭ ǊŜǾŜŀƭŜŘ ŀƴ ƻǾŜǊŀƭƭ ǊŜŘǳŎǝƻƴ ƻŦ ōŀŎǘŜǊƛŀƭ 

ǇǊƻǘŜƛƴǎ ŘǳǊƛƴƎ ǘƘŜ ǇǳǊƛŬŎŀǝƻƴ ǇǊƻŎŜǎǎ όCƛƎǳǊŜ мп /ύΣ ǎǝƭƭΣ ǎƻƳŜ ǳƴƛŘŜƴǝŬŜŘ ōŀŎǘŜǊƛŀƭ ǇǊƻǘŜƛƴǎ 

ƻŦ ǾŀǊƛƻǳǎ ǎƛȊŜǎ ǊŜƳŀƛƴŜŘ ƛƴ ǘƘŜ сȄIƛǎπǘŀƎ ŜƭǳŀǘŜǎΦ LƳƳǳƴƻŘŜǘŜŎǝƻƴ ŦƻƭƭƻǿŜŘ ōȅ ǎǘŀƛƴƛƴƎ ǿƛǘƘ 

./Lt ŀƴŘ b.¢ ǎƘƻǿŜŘ ǎƻƳŜ Ŧŀƛƴǘ ōŀƴŘǎ ǿƛǘƘ ŀ ǎƛȊŜ ƻŦ ŀōƻǳǘ ол ǘƻ ор ƪ5ŀ ƛƴ ǘƘŜ ŎǊǳŘŜ ŜȄǘǊŀŎǘΣ 

ƅƻǿπǘƘǊƻǳƎƘ ŀƴŘ ǿŀǎƘ ŦǊŀŎǝƻƴ м όCƛƎǳǊŜ мп 5ύΦ 
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CƛƎǳǊŜ мпΦ {5{πt!D9 ŀƴŘ ²ŜǎǘŜǊƴ ōƭƻǘ ƻŦ {ƎI{¢ ŀƴŘ ŀ ǇǊƻǘŜƛƴ ŜȄǘǊŀŎǘ ŦǊƻƳ 9Φ Ŏƻƭƛ ƘŀǊōƻǊƛƴƎ 
ŜƳǇǘȅ Ǉ9¢πмрōΦ !Υ {5{πt!D9 ǎǘŀƛƴŜŘ ǿƛǘƘ /ƻƻƳŀǎǎƛŜΦ !ƴ ŀǊǊƻǿ ƳŀǊƪǎ ŀ ōŀƴŘ ǊŜǇǊŜǎŜƴǝƴƎ 
{ƎI{¢ όрлΦр ƪ5ŀύΦ .Υ ²ŜǎǘŜǊƴ ōƭƻǘ ǎǘŀƛƴŜŘ ǿƛǘƘ ./Lt ŀƴŘ b.¢Φ !ƴ ŀǊǊƻǿ ƳŀǊƪǎ ŀ ōŀƴŘ 
ǊŜǇǊŜǎŜƴǝƴƎ {ƎI{¢ όрлΦр ƪ5ŀύΦ /Υ {5{πt!D9 ƻŦ ǇǊƻǘŜƛƴǎ ŦǊƻƳ 9Φ Ŏƻƭƛ ǿƛǘƘ ƛƴǎŜǊǘπŦǊŜŜ Ǉ9¢πмрō 
ǎǘŀƛƴŜŘ ǿƛǘƘ /ƻƻƳŀǎǎƛŜΤ 5Υ ²ŜǎǘŜǊƴ ōƭƻǘ ƻŦ ǇǊƻǘŜƛƴǎ ŦǊƻƳ 9Φ Ŏƻƭƛ ǿƛǘƘ ƛƴǎŜǊǘπŦǊŜŜ Ǉ9¢πмрō 
ǎǘŀƛƴŜŘ ǿƛǘƘ ./Lt ŀƴŘ b.¢Φ aŀǊƪŜǊ ǎƛȊŜǎΥ CƛƎǳǊŜ уΦ !ŘƻǇǘŜŘ ŦǊƻƳ .ǀƳŜƪŜ ŀƴŘ tŜǘŜǊǎŜƴ όнлнрύ 
 

13.5.1.2 Initial verification of product formation and search for substrates 

Lƴ ǘƘŜ ōŜƎƛƴƴƛƴƎΣ {ƎI{¢ ǿŀǎ ǘŜǎǘŜŘ ŦƻǊ ŀŎǝǾƛǘȅΦ !ǎǎŀȅǎ ǿŜǊŜ ŎƻƴŘǳŎǘŜŘ ǳǎƛƴƎ ŘƛũŜǊŜƴǘ ŀŎȅƭ 

ŀŎŎŜǇǘƻǊǎ ƛƴ ŎƻƳōƛƴŀǝƻƴ ǿƛǘƘ ǇπŎƻǳƳŀǊƻȅƭπ/ƻ! ό¢ŀōƭŜ мнύΦ ¢ƘŜ ŦƻƭƭƻǿƛƴƎ ƭƛǎǘ ό¢ŀōƭŜ ноύ ǎƘƻǿǎ 

ŀƭƭ ǘŜǎǘŜŘ ŀŎȅƭ ŀŎŎŜǇǘƻǊǎ ŀƴŘ ǿƘŜǘƘŜǊ ǇǊƻŘǳŎǘ ŦƻǊƳŀǝƻƴ ǿŀǎ ƻōǎŜǊǾŜŘ ƛƴ ǘŜǎǘǎ ǿƛǘƘ ŀƭƭ {ƎI/¢ǎΦ 

¢ŀōƭŜ ноΦ ¢ŜǎǘŜŘ ǇǳǘŀǝǾŜ ƘȅŘǊƻȄȅŎƛƴƴŀƳƻȅƭ ŀŎŎŜǇǘƻǊ ǎǳōǎǘǊŀǘŜǎ ŦƻǊ {ƎI/¢ǎΦ ¢ƘŜ ǘŜǎǘǎ ǿŜǊŜ 
ǇŜǊŦƻǊƳŜŘ ƛƴ ǎǘŀƴŘŀǊŘ ŀǎǎŀȅǎ ό¢ŀōƭŜ мнύΦ LǘŀƭƛŎǎΥ ǎǳōǎǘǊŀǘŜǎ ǿŜǊŜ ŀŘŘƛǝƻƴŀƭƭȅ ǘŜǎǘŜŘ ǿƛǘƘ 
нлл ҡa ōŜƴȊƻȅƭπ/ƻ!Τ !Υ ŀŎŎŜǇǘŜŘΤ bΥ ƴƻǘ ŀŎŎŜǇǘŜŘΤ ŜƳǇǘȅ ŎŜƭƭΥ ƴƻǘ ǘŜǎǘŜŘ 

SgHST SgHQT
1 

SgHQT
2 

SgRAS SgHCT-
F 

[RAS] 
Cluster 

Acyl acceptor 

N N N N N N 16-hydroxypalmitic acid 

N  N N N N 1-butanol 

N   N N N 1-phenylethanol 

N N N N N N 1-propanol 

N   N N  
2-(4-hydroxyphenyl)-1-
ethanol 
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SgHST SgHQT
1 

SgHQT
2 

SgRAS SgHCT-
F 

[RAS] 
Cluster 

Acyl acceptor 

A A N N N N 2,3-dihydroxybenzoic acid 

N A A N N N 2,4-dihydroxybenzoic acid 

A A N N N N 
2,5-dihydroxybenzoic acid 
(gentisic acid) 

N N N N N N 
2-hydroxybenzoic acid 
(salicylic acid) 

    N  2-hydroxybenzyl alcohol 

N   N N  2-phenethylamine 

N   N N N 2-phenylethanol 

N N N N N N 2-propanol 

N   N N  
3-(4-hydroxyphenyl)-1-
propanol 

A A N N N N 
3,4-dihydroxybenzoic acid 
(protocatechuic acid) 

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

A A N N N N 3-aminobenzoic acid 

A A N N N N 3-hydroxyanthranilic acid 

A N N N N N 
3-hydroxybenzoic acid (meta-
salicylic acid) 

N   N N  3-phenyl-1-propanol 

N A A N N N 4-hydroxybenzoic acid 

   N N  4-hydroxybenzyl alcohol 

    N  4-isopropylbenzyl alcohol 

N   N N  4-phenyl-1-butanol 

A A N    5-hydroxyanthranilic acid 

N   N N  agmatine 

N N N N N N anthranilic acid 

N N N N N  benzoic acid 

 N N N N N benzyl alcohol 

N   N N  catechin 

N N N N N  chlorogenic acid 

   N N  coniferyl alcohol 

N   A N  
D/L-3,4-dihydroxyphenyllactic 
acid 

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

N N  A N N 
D/L-4-hydroxyphenyllactic 
acid 

N   A N  D/L-dihydroxyphenylalanine 

N   N N  D/L-glutamic acid 

N N N N N  D/L-malic acid 

   A N N D/L-phenyllactic acid 

N   N N  D-malic acid 
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SgHST SgHQT
1 

SgHQT
2 

SgRAS SgHCT-
F 

[RAS] 
Cluster 

Acyl acceptor 

    N  dodecanol 

N   N N  dopamine 

N N N A N  D-phenylalanine 

N N  N N  D-tartaric acid 

A A N N N N D-threonic acid 

N   N N  D-tryptophan 

N   A N  D-tyrosine 

N N N N N N ethanol 

N   N N  galactaric acid 

N  N N N  glucaric acid 

 A N  N N glycerol 

N   N N  L-4-hydroxyphenyllactic acid 

N   N N  L-dihydroxyphenylalanine 

N   N N  L-malic acid 

N   N N  L-phenylalanine 

   N   L-phenyllactic acid 

N N  N N  L-tartaric acid 

A A N N N N L-threonic acid 

N   N N  L-tryptophan 

N   N N  L-tyrosine 

N A N N N N methanol 

N   N N  m-tartaric acid 

   N N  piscidic acid 

N  N N N  putrescine 

A A A N N N quinic acid 

N   N N  serotonin 

A A A N N N shikimic acid 

N N N N N N spermidine 

N  N N N  spermine 

N   N N  tryptamine 

N   N N  tyramine 

N N N N N N vanillic acid 

 

¢Ŝǎǘǎ ǿƛǘƘ {ƎI{¢ ŀƴŘ ǇπŎƻǳƳŀǊƻȅƭπ/ƻ! ƛƴ ǎŜŀǊŎƘ ƻŦ ŀƴ ŀŎŎŜǇǘŜŘ ŀŎȅƭ ŀŎŎŜǇǘƻǊ ǎǳōǎǘǊŀǘŜ 

ǊŜǎǳƭǘŜŘ ƛƴ ǇǊƻŘǳŎǘ ŦƻǊƳŀǝƻƴΣ ǿƘƛŎƘ ǿŀǎ ǾŜǊƛŬŜŘ ōȅ [/πa{Φ ¢ƘŜ ƳƻƭŜŎǳƭŀǊ ŦƻǊƳǳƭŀ ƻŦ ǘƘŜ 

ŜȄǇŜŎǘŜŘ ƛƻƴƛȊŜŘ ŜƴȊȅƳŜ ǇǊƻŘǳŎǘ ǿŀǎ ǳǎŜŘ ǘƻ ŎǊŜŀǘŜ ŜȄǘǊŀŎǘŜŘ ƛƻƴ ŎƘǊƻƳŀǘƻƎǊŀƳǎ ό9L/ύ ǿƘƛŎƘ 

ǿŜǊŜ ŀŘŘƛǝƻƴŀƭƭȅ ŀƴŀƭȅȊŜŘ ǿƛǘƘ ǊŜƎŀǊŘ ǘƻ ǊŜǘŜƴǝƻƴ ǝƳŜǎΦ ¢Ŝǎǘǎ ǿƛǘƘ ǇǊƻŘǳŎǘǎ ƘŀǾƛƴƎ ŎŀǊōƻȄȅƭ 

ƳƻƛŜǝŜǎ ǿŜǊŜ ŀƴŀƭȅȊŜŘ ƛƴ ǘƘŜ ƴŜƎŀǝǾŜ ƛƻƴƛȊŀǝƻƴ ƳƻŘŜΣ ǿƘƛƭŜ ŀƭƭ ƻǘƘŜǊ ǇǊƻŘǳŎǘǎ ǿŜǊŜ 

ŀƴŀƭȅȊŜŘ ƛƴ ǘƘŜ ǇƻǎƛǝǾŜ ƳƻŘŜΣ ǳǎƛƴƎ ǘƘŜ ǎƘƻǊǘ ƳŜǘƘƻŘ όŎƘŀǇǘŜǊ ммΦнΦнύΦ CƻǊƳŀǝƻƴ ƻŦ ǘƘŜ 

ŦƻƭƭƻǿƛƴƎ ǇǊƻŘǳŎǘǎ όǇπŎƻǳƳŀǊƻȅƭ ŜǎǘŜǊǎ ƻǊ ŀƳƛŘŜǎύ ǿŀǎ ŘŜǘŜŎǘŜŘΥ ǇπŎƻǳƳŀǊƻȅƭπрπhπǎƘƛƪƛƳƛŎ 

ŀŎƛŘΣ ǇπŎƻǳƳŀǊƻȅƭπнπbπоπƘȅŘǊƻȄȅŀƴǘƘǊŀƴƛƭƛŎ ŀŎƛŘΣ ǇπŎƻǳƳŀǊƻȅƭπоπƘȅŘǊƻȄȅōŜƴȊƻƛŎ ŀŎƛŘΣ Ǉπ
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ŎƻǳƳŀǊƻȅƭπнΣоπŘƛƘȅŘǊƻȄȅōŜƴȊƻƛŎ ŀŎƛŘΣ ǇπŎƻǳƳŀǊƻȅƭπнΣрπŘƛƘȅŘǊƻȄȅōŜƴȊƻƛŎ ŀŎƛŘΣ ǇπŎƻǳƳŀǊƻȅƭπ

оΣпπŘƛƘȅŘǊƻȄȅōŜƴȊƻƛŎ ŀŎƛŘΣ ǇπŎƻǳƳŀǊƻȅƭπоπŀƳƛƴƻōŜƴȊƻƛŎ ŀŎƛŘΣ ǇπŎƻǳƳŀǊƻȅƭπрπhπǉǳƛƴƛŎ ŀŎƛŘΣ Ǉπ

ŎƻǳƳŀǊƻȅƭπрπbπƘȅŘǊƻȄȅŀƴǘƘǊŀƴƛƭƛŎ ŀŎƛŘΣ ǇπŎƻǳƳŀǊƻȅƭπ[πǘƘǊŜƻƴƛŎ ŀŎƛŘ ŀƴŘ ǇπŎƻǳƳŀǊƻȅƭπ5π

ǘƘǊŜƻƴƛŎ ŀŎƛŘΦ ¢ƘŜ Ǉƻǎƛǝƻƴ ƻŦ ǘƘŜ ŀŎȅƭ ƳƻƛŜǘȅ ƛǎ ƻƴƭȅ ƎƛǾŜƴΣ ƛŦ ƛǘ ŎƻǳƭŘ ōŜ ǾŜǊƛŬŜŘ ōȅ ŀƴ ŀǳǘƘŜƴǝŎ 

ǎǘŀƴŘŀǊŘΦ 9L/ǎ ƻŦ ǘƘŜ ǊŜǎǳƭǝƴƎ ǇǊƻŘǳŎǘǎΣ ǘƘŜ ŜȄǇŜŎǘŜŘ ƳƻƭŜŎǳƭŀǊ ŦƻǊƳǳƭŀŜ ŀƴŘ ŀǳǘƘŜƴǝŎ 

ǎǘŀƴŘŀǊŘǎ όƛŦ ŀǾŀƛƭŀōƭŜύ ŀǊŜ ŘƛǎǇƭŀȅŜŘ ƛƴ CƛƎǳǊŜ мр ! ǘƻ YΦ ¢ƘŜ ǊŜǎǇŜŎǝǾŜ a{ Řŀǘŀ ŀǊŜ ǇǊŜǎŜƴǘŜŘ 

ƛƴ ¢ŀōƭŜ нпΦ 
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p-coumaroyl-5-O-shikimic acid
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CΥ ǇπŎƻǳƳŀǊƻȅƭπ/ƻ! Ҍ оΣпπ
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CƛƎǳǊŜ мрΦ 9ȄǘǊŀŎǘŜŘ ƛƻƴ ŎƘǊƻƳŀǘƻƎǊŀƳǎ ƻŦ ŜƴȊȅƳŜ ŀǎǎŀȅǎ ǿƛǘƘ {ƎI{¢Σ ǇπŎƻǳƳŀǊƻȅƭπ/ƻ! ŀƴŘ 
ǾŀǊƛƻǳǎ ŀŎȅƭ ŀŎŎŜǇǘƻǊ ǎǳōǎǘǊŀǘŜǎΣ ƛƴŎƭǳŘƛƴƎ ǘƘŜ ǎǘǊǳŎǘǳǊŀƭ ŦƻǊƳǳƭŀ ƻŦ ǘƘŜ ŀǳǘƘŜƴǝŎ ǎǘŀƴŘŀǊŘΦ 
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.ƭŀŎƪ ƭƛƴŜΥ ŜƴȊȅƳŜ ŀǎǎŀȅ ǿƛǘƘ {ƎI{¢Σ ŘƻƴƻǊ ŀƴŘ ŀŎŎŜǇǘƻǊ ǎǳōǎǘǊŀǘŜ ό{ƎI{¢ύΤ ŘŀǎƘŜŘ ōƭŀŎƪ ƭƛƴŜΥ 
ŜƳǇǘȅ ǾŜŎǘƻǊ ŎƻƴǘǊƻƭ ŀǎǎŀȅ ό/ƻƴǘǊƻƭύΤ ōƻƭŘ ƎǊŜȅ ƭƛƴŜΥ ŀǳǘƘŜƴǝŎ ǎǘŀƴŘŀǊŘ όƛŦ ŀǾŀƛƭŀōƭŜύΤ ǘƘƛƴ ƎǊŜȅ 
ƭƛƴŜΥ ƻũǎŜǘ ŦƻǊ ōŜǧŜǊ ǾƛǎǳŀƭƛȊŀǝƻƴΦ !Υ CƻǊƳŀǝƻƴ ƻŦ ǇπŎƻǳƳŀǊƻȅƭπрπhπǎƘƛƪƛƳƛŎ ŀŎƛŘ όώaπIϐπ 
ƳκȊ омфΦлуύΤ .Υ ŦƻǊƳŀǝƻƴ ƻŦ ǇπŎƻǳƳŀǊƻȅƭπнπbπоπƘȅŘǊƻȄȅŀƴǘƘǊŀƴƛƭƛŎ ŀŎƛŘ όώaπIϐπ ƳκȊ нффΦлуύΤ 
/Υ ŦƻǊƳŀǝƻƴ ƻŦ ǇπŎƻǳƳŀǊƻȅƭπоπƘȅŘǊƻȄȅōŜƴȊƻƛŎ ŀŎƛŘ όώaπIϐπ ƳκȊ нуоΦлсύΤ 5Υ ŦƻǊƳŀǝƻƴ ƻŦ 
ǇπŎƻǳƳŀǊƻȅƭπнΣоπŘƛƘȅŘǊƻȄȅōŜƴȊƻƛŎ ŀŎƛŘ όώaπIϐπ ƳκȊ нффΦлсύΤ 9Υ ŦƻǊƳŀǝƻƴ ƻŦ ǇπŎƻǳƳŀǊƻȅƭπнΣрπ
ŘƛƘȅŘǊƻȄȅōŜƴȊƻƛŎ ŀŎƛŘ όώaπIϐπ ƳκȊ нффΦлсύΤ CΥ ŦƻǊƳŀǝƻƴ ƻŦ ǇπŎƻǳƳŀǊƻȅƭπоΣпπŘƛƘȅŘǊƻȄȅōŜƴȊƻƛŎ 
ŀŎƛŘ όώaπIϐπ ƳκȊ нффΦлсύΤ DΥ ŦƻǊƳŀǝƻƴ ƻŦ ǇπŎƻǳƳŀǊƻȅƭπоπŀƳƛƴƻōŜƴȊƻƛŎ ŀŎƛŘ όώaπIϐπ 
ƳκȊ нунΦлсύΤ IΥ ŦƻǊƳŀǝƻƴ ƻŦ ǇπŎƻǳƳŀǊƻȅƭπрπhπǉǳƛƴƛŎ ŀŎƛŘ όώaπIϐπ ƳκȊ оотΦлфύΤ LΥ ŦƻǊƳŀǝƻƴ ƻŦ 
ǇπŎƻǳƳŀǊƻȅƭπрπbπƘȅŘǊƻȄȅŀƴǘƘǊŀƴƛƭƛŎ ŀŎƛŘ όώaπIϐπ ƳκȊ нффΦлуύΤ WΥ ŦƻǊƳŀǝƻƴ ƻŦ ǇπŎƻǳƳŀǊƻȅƭπ[π
ǘƘǊŜƻƴƛŎ ŀŎƛŘ όώaπIϐπ ƳκȊ нумΦлтύΤ YΥ ŦƻǊƳŀǝƻƴ ƻŦ ǇπŎƻǳƳŀǊƻȅƭπ5πǘƘǊŜƻƴƛŎ ŀŎƛŘ όώaπIϐπ 
ƳκȊ нумΦлтύΦ !ŘƻǇǘŜŘ ŀƴŘ ƳƻŘƛŬŜŘ ŦǊƻƳ .ǀƳŜƪŜ ŀƴŘ tŜǘŜǊǎŜƴ όнлнрύ 
 

¢ŀōƭŜ нпΦ [/πa{ ŀƴŀƭȅǎƛǎ ƻŦ ŜƴȊȅƳŜ ŀǎǎŀȅǎ ǿƛǘƘ {ƎI{¢Φ !Ŏȅƭ ŀŎŎŜǇǘƻǊ ŀƴŘ ŘƻƴƻǊ ǎǳōǎǘǊŀǘŜǎ ŀǎ 
ǿŜƭƭ ŀǎ ǘƘŜ ŘŜǘŜŎǘŜŘ ǇǊƻŘǳŎǘ ŀǊŜ ǎǳƳƳŀǊƛȊŜŘΦ wŜǘŜƴǝƻƴ ǝƳŜΣ ǘƘŜ ƳƻƭŜŎǳƭŀǊ ŦƻǊƳǳƭŀ ŀƴŘ ǘƘŜ 
ŘŜǘŜŎǘŜŘ Ƴŀǎǎ ƻŦ ǘƘŜ ƛƻƴ ώaπIϐπ ŀǊŜ ƎƛǾŜƴΦ ²ƘŜƴ ŀƴ ŀǳǘƘŜƴǝŎ ǎǘŀƴŘŀǊŘ ǿŀǎ ŀǾŀƛƭŀōƭŜΣ ǘƘŜ 
Ǉƻǎƛǝƻƴ ƻŦ ǘƘŜ ƘȅŘǊƻȄȅŎƛƴƴŀƳƻȅƭ ŀǧŀŎƘƳŜƴǘ ǿŀǎ ŎƻƴǎƛŘŜǊŜŘΦ !ŘƻǇǘŜŘ ŦǊƻƳ .ǀƳŜƪŜ ŀƴŘ 
tŜǘŜǊǎŜƴ όнлнрύ 

!ŎŎŜǇǘƻǊ 5ƻƴƻǊ tǊƻŘǳŎǘ wŜǘŜƴ-
ǝƻƴ 
ǝƳŜ 
ώƳƛƴϐ 

aƻƭŜŎǳƭŀǊ 
ŦƻǊƳǳƭŀ 

5ŜǘŜŎǘŜŘ 
ώaπIϐπ 
όƳκȊύ 

ǎƘƛƪƛƳƛŎ ŀŎƛŘ ǇπŎƻǳƳŀǊƻȅƭπ
/ƻ! 

ǇπŎƻǳƳŀǊƻȅƭπрπhπ
ǎƘƛƪƛƳƛŎ ŀŎƛŘ 

тΦт /мсIмсhт омфΦлу 

оπƘȅŘǊƻȄȅŀƴǘƘǊŀ-
ƴƛƭƛŎ ŀŎƛŘ 

ǇπŎƻǳƳŀǊƻȅƭπ
/ƻ! 

ǇπŎƻǳƳŀǊƻȅƭπнπbπоπ
ƘȅŘǊƻȄȅŀƴǘƘǊŀƴƛƭƛŎ 
ŀŎƛŘ 

фΦф /мсIмоhрbм нффΦлу 

оπƘȅŘǊƻȄȅ-
ōŜƴȊƻƛŎ ŀŎƛŘ 

ǇπŎƻǳƳŀǊƻȅƭπ
/ƻ! 

ǇπŎƻǳƳŀǊƻȅƭƘȅŘǊƻȄȅ-
ōŜƴȊƻƛŎ ŀŎƛŘ 

млΦл /мсIмнhр нуоΦлс 

нΣоπŘƛƘȅŘǊƻȄȅ-
ōŜƴȊƻƛŎ ŀŎƛŘ 

ǇπŎƻǳƳŀǊƻȅƭπ
/ƻ! 

ǇπŎƻǳƳŀǊƻȅƭπнΣоπŘƛ-
ƘȅŘǊƻȄȅōŜƴȊƻƛŎ ŀŎƛŘ 

млΦн /мсIмнhс нффΦлс 

нΣрπŘƛƘȅŘǊƻȄȅ-
ōŜƴȊƻƛŎ ŀŎƛŘ 

ǇπŎƻǳƳŀǊƻȅƭπ
/ƻ! 

ǇπŎƻǳƳŀǊƻȅƭπнΣрπŘƛ-
ƘȅŘǊƻȄȅōŜƴȊƻƛŎ ŀŎƛŘ 

млΦн /мсIмнhс нффΦлс 

оΣпπŘƛƘȅŘǊƻȄȅ-
ōŜƴȊƻƛŎ ŀŎƛŘ 

ǇπŎƻǳƳŀǊƻȅƭπ
/ƻ! 

ǇπŎƻǳƳŀǊƻȅƭπоΣпπŘƛ-
ƘȅŘǊƻȄȅōŜƴȊƻƛŎ ŀŎƛŘ 

уΦф /мсIмнhс нффΦлс 

оπŀƳƛƴƻōŜƴȊƻƛŎ 
ŀŎƛŘ 

ǇπŎƻǳƳŀǊƻȅƭπ
/ƻ! 

ǇπŎƻǳƳŀǊƻȅƭŀƳƛƴƻ-
ōŜƴȊƻƛŎ ŀŎƛŘ 

фΦм /мсIмоhпbм нунΦлс 

ǉǳƛƴƛŎ ŀŎƛŘ ǇπŎƻǳƳŀǊƻȅƭπ
/ƻ! 

ǇπŎƻǳƳŀǊƻȅƭπрπhπ
ǉǳƛƴƛŎ ŀŎƛŘ 

тΦм /мсIмуhу оотΦлф 

рπƘȅŘǊƻȄȅŀƴǘƘǊŀ-
ƴƛƭƛŎ ŀŎƛŘ 

ǇπŎƻǳƳŀǊƻȅƭπ
/ƻ! 

ǇπŎƻǳƳŀǊƻȅƭπнπbπрπ
ƘȅŘǊƻȄȅŀƴǘƘǊŀƴƛƭƛŎ 
ŀŎƛŘ 

фΦт /мсIмоhрbм нффΦлу 

[πǘƘǊŜƻƴƛŎ ŀŎƛŘ ǇπŎƻǳƳŀǊƻȅƭπ
/ƻ! 

ǇπŎƻǳƳŀǊƻȅƭπ[π
ǘƘǊŜƻƴƛŎ ŀŎƛŘ 

тΦр /моIмпhт нумΦлт 

5πǘƘǊŜƻƴƛŎ ŀŎƛŘ ǇπŎƻǳƳŀǊƻȅƭπ
/ƻ! 

ǇπŎƻǳƳŀǊƻȅƭπ5π
ǘƘǊŜƻƴƛŎ ŀŎƛŘ 

тΦр /моIмпhт нумΦлт 



III Results: BAHD hydroxycinnamoyltransferases from Sarcandra glabra 

106 
 

ǎƘƛƪƛƳƛŎ ŀŎƛŘ ŎƛƴƴŀƳƻȅƭπ
/ƻ! 

ŎƛƴƴŀƳƻȅƭǎƘƛƪƛƳƛŎ 
ŀŎƛŘ 

уΦф /мсIмсhс олоΦлф 

ǎƘƛƪƛƳƛŎ ŀŎƛŘ ŎŀũŜƻȅƭπ/ƻ! ŎŀũŜƻȅƭπрπhπǎƘƛƪƛƳƛŎ 
ŀŎƛŘ 

тΦн /мсIмсhу оорΦлу 

ǎƘƛƪƛƳƛŎ ŀŎƛŘ ŦŜǊǳƭƻȅƭπ/ƻ! ŦŜǊǳƭƻȅƭǎƘƛƪƛƳƛŎ ŀŎƛŘ тΦф /мтIмуhу опфΦлф 

ǎƘƛƪƛƳƛŎ ŀŎƛŘ ǎƛƴŀǇƻȅƭπ/ƻ! ǎƛƴŀǇƻȅƭǎƘƛƪƛƳƛŎ ŀŎƛŘ тΦт /муIнлhф отфΦмм 

 

¢ƘŜ ǎŀƳŜ ƳŜǘƘƻŘƻƭƻƎȅ ǿŀǎ ǳǎŜŘ ŦƻǊ ǘŜǎǝƴƎ ŀŎȅƭ ŘƻƴƻǊ ǎǳōǎǘǊŀǘŜǎ ǘƻƎŜǘƘŜǊ ǿƛǘƘ ǎƘƛƪƛƳƛŎ ŀŎƛŘ 

όу Ƴaύ ŀǎ ŀŎŎŜǇǘƻǊ ǎǳōǎǘǊŀǘŜ ǿƘƛƭŜ ǇπŎƻǳƳŀǊƻȅƭπ/ƻ! ǿŀǎ ǎǳōǎǝǘǳǘŜŘ ōȅ ŎƛƴƴŀƳƻȅƭπΣ ŎŀũŜƻȅƭπΣ 

ŦŜǊǳƭƻȅƭπΣ ǎƛƴŀǇƻȅƭπΣ ŀƴǘƘǊŀƴƛƭƻȅƭπ ƻǊ ōŜƴȊƻȅƭπ/ƻ!Φ ¢ŀōƭŜ нр ǎƘƻǿǎ ǘƘŜ ŀŎŎŜǇǘŀƴŎŜ ƻŦ ŀŎȅƭ ŘƻƴƻǊ 

ǎǳōǎǘǊŀǘŜǎ ŦƻǊ ŀƭƭ {ƎI/¢ǎΦ ¢ƘŜ ǊŜǎǳƭǝƴƎ 9L/ǎ ŀƴŘ Řŀǘŀ ŦǊƻƳ [/πa{ ŀƴŀƭȅǎƛǎ ŀǊŜ ŘŜǇƛŎǘŜŘ ƛƴ 

CƛƎǳǊŜ мс ŀƴŘ ¢ŀōƭŜ нпΦ ¢ƘŜ ǇǊƻŘǳŎǘǎ ŎƛƴƴŀƳƻȅƭǎƘƛƪƛƳƛŎ ŀŎƛŘΣ ŎŀũŜƻȅƭπрπhπǎƘƛƪƛƳƛŎ ŀŎƛŘΣ 

ŦŜǊǳƭƻȅƭǎƘƛƪƛƳƛŎ ŀŎƛŘΣ ŀƴŘ ǎƛƴŀǇƻȅƭǎƘƛƪƛƳƛŎ ŀŎƛŘ ǿŜǊŜ ǘƘǳǎ ǾŜǊƛŬŜŘ όCƛƎǳǊŜ мсύΦ bƻ ǇǊƻŘǳŎǘ 

ŦƻǊƳŀǝƻƴ ǿŀǎ ŘŜǘŜŎǘŜŘ ǿƛǘƘ ŀƴǘƘǊŀƴƛƭƻȅƭπ ƻǊ ōŜƴȊƻȅƭπ/ƻ!Φ  

 

¢ŀōƭŜ нрΦ ¢ŜǎǘŜŘ ǇǳǘŀǝǾŜ ƘȅŘǊƻȄȅŎƛƴƴŀƳƻȅƭ ŘƻƴƻǊ ǎǳōǎǘǊŀǘŜǎ ŦƻǊ {ƎI/¢ǎΦ {ǘŀƴŘŀǊŘ ŀǎǎŀȅǎ 
ό¢ŀōƭŜ мнύ ǿŜǊŜ ǇŜǊŦƻǊƳŜŘ ǿƛǘƘ ǘƘŜ ŦƻƭƭƻǿƛƴƎ ŀŎŎŜǇǘƻǊ ǎǳōǎǘǊŀǘŜǎΥ {ƎI{¢ ς у Ƴa ǎƘƛƪƛƳƛŎ 
ŀŎƛŘΣ {ƎIv¢м ς у Ƴa ǉǳƛƴƛŎ ŀŎƛŘΣ {ƎIv¢н ς у Ƴa ǉǳƛƴƛŎ ŀŎƛŘΣ {Ǝw!{ ς у Ƴa пπ
ƘȅŘǊƻȄȅǇƘŜƴȅƭƭŀŎǝŎ ŀŎƛŘΣ {ƎI/¢πC ς у Ƴa ōŜƴȊȅƭ ŀƭŎƻƘƻƭΣ ώw!{ϐ /ƭǳǎǘŜǊ ς у Ƴa пπ
ƘȅŘǊƻȄȅǇƘŜƴȅƭƭŀŎǝŎ ŀŎƛŘΦ LǘŀƭƛŎǎΥ ŘƻƴƻǊ ǎǳōǎǘǊŀǘŜǎ ǿŜǊŜ ǘŜǎǘŜŘ ǿƛǘƘ ƻǘƘŜǊ ŀŎŎŜǇǘƻǊǎ ŀǎ ǿŜƭƭΤ !Υ 
ŀŎŎŜǇǘŜŘΤ bΥ ƴƻǘ ŀŎŎŜǇǘŜŘΤ ŜƳǇǘȅ ŎŜƭƭΥ ƴƻǘ ǘŜǎǘŜŘ 

SgHST SgHQT
1 

SgHQT
2 

SgRAS SgHCT-
F 

[RAS] 
Cluster 

Acyl acceptor 

A A A A   cinnamoyl-CoA 

A A A A N N p-coumaroyl-CoA 

A A A A   caffeoyl-CoA 

A A A A   feruloyl-CoA 

A A A A   sinapoyl-CoA 

N N N N N  benzoyl-CoA 

N N N N   anthraniloyl-CoA 

    N  acetyl-CoA 
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!Υ ŎƛƴƴŀƳƻȅƭπ/ƻ! Ҍ ǎƘƛƪƛƳƛŎ ŀŎƛŘ 
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.Υ ŎŀũŜƻȅƭπ/ƻ! Ҍ ǎƘƛƪƛƳƛŎ ŀŎƛŘ 
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/Υ ŦŜǊǳƭƻȅƭπ/ƻ!Ҍ ǎƘƛƪƛƳƛŎ ŀŎƛŘ 
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5Υ ǎƛƴŀǇƻȅƭπ/ƻ! Ҍ ǎƘƛƪƛƳƛŎ ŀŎƛŘ 
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CƛƎǳǊŜ мсΦ 9ȄǘǊŀŎǘŜŘ ƛƻƴ ŎƘǊƻƳŀǘƻƎǊŀƳǎ ƻŦ ŜƴȊȅƳŜ ŀǎǎŀȅǎ ǿƛǘƘ {ƎI{¢Σ ǎƘƛƪƛƳƛŎ ŀŎƛŘ ŀƴŘ 
ǾŀǊƛƻǳǎ ŀŎȅƭ ŘƻƴƻǊ ǎǳōǎǘǊŀǘŜǎΣ ƛƴŎƭǳŘƛƴƎ ǘƘŜ ǎǘǊǳŎǘǳǊŀƭ ŦƻǊƳǳƭŀ ƻŦ ǘƘŜ ŀǳǘƘŜƴǝŎ ǎǘŀƴŘŀǊŘΦ .ƭŀŎƪ 
ƭƛƴŜΥ ŜƴȊȅƳŜ ŀǎǎŀȅ ǿƛǘƘ {ƎI{¢Σ ŘƻƴƻǊ ŀƴŘ ŀŎŎŜǇǘƻǊ ǎǳōǎǘǊŀǘŜ ό{ƎI{¢ύΤ ŘŀǎƘŜŘ ōƭŀŎƪ ƭƛƴŜΥ 
ŜƳǇǘȅ ǾŜŎǘƻǊ ŎƻƴǘǊƻƭ ŀǎǎŀȅ ό/ƻƴǘǊƻƭύΤ ōƻƭŘ ƎǊŜȅ ƭƛƴŜΥ ŀǳǘƘŜƴǝŎ ǎǘŀƴŘŀǊŘ όƛŦ ŀǾŀƛƭŀōƭŜύΤ ǘƘƛƴ ƎǊŜȅ 
ƭƛƴŜΥ ƻũǎŜǘ ŦƻǊ ōŜǧŜǊ ǾƛǎǳŀƭƛȊŀǝƻƴΦ !Υ CƻǊƳŀǝƻƴ ƻŦ ŎƛƴƴŀƳƻȅƭǎƘƛƪƛƳƛŎ ŀŎƛŘ όώaπIϐπ 
ƳκȊ олоΦлфύΤ .Υ ŦƻǊƳŀǝƻƴ ƻŦ ŎŀũŜƻȅƭπрπhπǎƘƛƪƛƳƛŎ ŀŎƛŘ όώaπIϐπ ƳκȊ оорΦлуύΤ /Υ ŦƻǊƳŀǝƻƴ ƻŦ 
ŦŜǊǳƭƻȅƭǎƘƛƪƛƳƛŎ ŀŎƛŘ όώaπIϐπ ƳκȊ опфΦлфύΤ 5Υ ŦƻǊƳŀǝƻƴ ƻŦ ǎƛƴŀǇƻȅƭǎƘƛƪƛƳƛŎ ŀŎƛŘ όώaπIϐπ 
ƳκȊ отфΦммύΦ !ŘƻǇǘŜŘ ŦǊƻƳ .ǀƳŜƪŜ ŀƴŘ tŜǘŜǊǎŜƴ όнлнрύ 
 

13.5.1.3 pH and temperature optimum 

!ƊŜǊ ǘƘŜ ŀŎǝǾƛǘȅ ƻŦ ǇǳǊƛŬŜŘ {ƎI{¢ ǿŀǎ ǾŜǊƛŬŜŘ ŀƴŘ ǘƘŜ ŦƻǊƳŀǝƻƴ ƻŦ ǘƘŜ ǊŜǎǳƭǝƴƎ ǇǊƻŘǳŎǘǎ 

ǇǊƻǾŜƴ ōȅ [/πa{Σ ǊŜŀŎǝƻƴ ŎƻƴŘƛǝƻƴǎ ǿŜǊŜ ŀŘƧǳǎǘŜŘ ǘƻ ƛƴŎǊŜŀǎŜ ǘƘŜ ǘǳǊƴƻǾŜǊ ǊŀǘŜΦ ¢ƘŜ ƻǇǝƳŀƭ 

ǇI ǿŀǎ ǘŜǎǘŜŘ ōȅ ŀƴŀƭȅȊƛƴƎ ǘƘŜ ǎǇŜŎƛŬŎ ŀŎǝǾƛǘȅ ƻŦ {ƎI{¢ ƛƴ лΦм a Ytƛ ōǳũŜǊǎ ǿƛǘƘ ǇIΣ ǊŀƴƎƛƴƎ 

ŦǊƻƳ сΦлл ǘƻ уΦрлΦ ¢ƘŜ ƴŜƎŀǝǾŜ ŎƻƴǘǊƻƭ ǎƘƻǿŜŘ ƴƻ ŦƻǊƳŀǝƻƴ ƻŦ ŎŀũŜƻȅƭπрπhπǎƘƛƪƛƳƛŎ ŀŎƛŘΦ 

¢ƘŜ ǎǇŜŎƛŬŎ ŀŎǝǾƛǘȅ ǊŀƴƎŜŘ ŦǊƻƳ ŀōƻǳǘ мΦл ǘƻ нΦл ƳƪŀǘκƪƎ ōŜǘǿŜŜƴ ǇI сΦмф ŀƴŘ тΦтл όCƛƎǳǊŜ 

мт !ύΦ ¢ƘŜ ƘƛƎƘŜǎǘ ŀŎǝǾƛǘȅ ǿŀǎ ƻōǎŜǊǾŜŘ ŀǘ ǇI тΦорΣ ŀƴŘ ŀŎǝǾƛǘȅ ŘŜŎǊŜŀǎŜŘ ŀǘ ŀ ƭƻǿŜǊ ƻǊ ƘƛƎƘŜǊ 

ǇI ό.ǀƳŜƪŜ ŀƴŘ tŜǘŜǊǎŜƴ όнлнрύΦ 

¢ƘŜ ƻǇǝƳŀƭ ǘŜƳǇŜǊŀǘǳǊŜ ŎƻƴŘƛǝƻƴǎ ǿŜǊŜ ǘŜǎǘŜŘ ŀƊŜǊ ŎƘƻƻǎƛƴƎ ǘƘŜ ƻǇǝƳŀƭ ōǳũŜǊΦ ¢ƘŜ 

ƻǇǝƳŀƭ ǘŜƳǇŜǊŀǘǳǊŜ ǿŀǎ ƻōǎŜǊǾŜŘ ŀǘ ноΦн ϲ/ ǿƛǘƘ ŀōƻǳǘ нΦнр ƳƪŀǘκƪƎ όCƛƎǳǊŜ мт .ύΦ !ǎǎŀȅǎ ŀǘ 

лΦл ϲ/ ǎƘƻǿŜŘ ǎƛƎƴƛŬŎŀƴǘ ǇǊƻŘǳŎǘ ŦƻǊƳŀǝƻƴ όŀōƻǳǘ мΦл ƳƪŀǘκƪƎύΣ ǿƘƛƭŜ ǘƘŜ ŀŎǝǾƛǘȅ ŘŜŎǊŜŀǎŜŘ 

ŦǊƻƳ ноΦн ϲ/ ǳƴǝƭ ǘƘŜ ŜƴȊȅƳŜ ǿŀǎ ǊŜƴŘŜǊŜŘ ƛƴŀŎǝǾŜ ŀǘ ǘŜƳǇŜǊŀǘǳǊŜǎ ŀōƻǾŜ ртΦн ϲ/Φ  
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A: pH optimum 
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B: temperature optimum 
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CƛƎǳǊŜ мтΦ {ǇŜŎƛŬŎ ŀŎǝǾƛǘȅ ƻŦ {ƎI{¢ ŀǘ ŘƛũŜǊŜƴǘ ǇI ƻǊ ǘŜƳǇŜǊŀǘǳǊŜ ŎƻƴŘƛǝƻƴǎ όƴ Ґ о ҕ {5ύΦ !Υ 
ǇI ƻǇǝƳǳƳΥ ƘƛƎƘŜǎǘ ǎǇŜŎƛŬŎ ŀŎǝǾƛǘȅ ŀǘ ǇI Ґ тΦор όŀǊǊƻǿύΤ .Υ ǘŜƳǇŜǊŀǘǳǊŜ ƻǇǝƳǳƳΥ ƘƛƎƘŜǎǘ 
ǎǇŜŎƛŬŎ ŀŎǝǾƛǘȅ ŀǘ ¢ Ґ ноΦн ϲ/ όŀǊǊƻǿύΦ ¢ƘŜ ŜȄŀŎǘ ǊŜŀŎǝƻƴ ŎƻƴŘƛǝƻƴǎ ŀǊŜ ǎƘƻǿƴ ƛƴ ¢ŀōƭŜ моΦ 
!ŘƻǇǘŜŘ ŦǊƻƳ .ǀƳŜƪŜ ŀƴŘ tŜǘŜǊǎŜƴ όнлнрύ 
 

13.5.1.4 Substrate saturation kinetics 

{ǳōǎǘǊŀǘŜ ǎŀǘǳǊŀǝƻƴ ƪƛƴŜǝŎǎ ǿŜǊŜ ŎƻƴŘǳŎǘŜŘ ŦƻǊ {ƎI{¢ ǘƻ ŘƛǎǝƴƎǳƛǎƘ ǘƘŜ ŀŎŎŜǇǘŀƴŎŜ ƻŦ 

ǎŜǾŜǊŀƭ ǎǳōǎǘǊŀǘŜǎΦ !ƊŜǊ ǊŜŀŎǝƻƴ ŎƻƴŘƛǝƻƴǎ ǿŜǊŜ ƻǇǝƳƛȊŜŘ ǊŜƎŀǊŘƛƴƎ ǇI ŀƴŘ ǘŜƳǇŜǊŀǘǳǊŜΣ 

ƭƛƴŜŀǊ ǘǳǊƴƻǾŜǊ ŦƻǊ ǘƘŜ ƭƻǿŜǎǘ ŀƴŘ ƘƛƎƘŜǎǘ ŀǇǇƭƛŜŘ ǾŀǊƛŀōƭŜ ŎƻƴŎŜƴǘǊŀǝƻƴ ǿŀǎ ŎƻƴŬǊƳŜŘΦ ¢ƘŜ 

ŀǎǎŀȅ ŎƻƳǇƻǎƛǝƻƴ ŦƻǊ ŀƭƭ ŘŜǘŜǊƳƛƴŀǝƻƴǎ ƛǎ ǎƘƻǿƴ ƛƴ ¢ŀōƭŜ мо ǿƘƛƭŜ ǊŜǎǳƭǝƴƎ ǎǳōǎǘǊŀǘŜ 

ǎŀǘǳǊŀǝƻƴ ŎǳǊǾŜǎ ŀǊŜ ŘƛǎǇƭŀȅŜŘ ŀǎ aƛŎƘŀŜƭƛǎπaŜƴǘŜƴ ƎǊŀǇƘǎ ƛƴ CƛƎǳǊŜ муΦ  

 

 

 

A: p-coumaroyl-CoA + shikimic 
acid 
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B: caffeoyl-CoA + shikimic acid 
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C: p-coumaroyl-CoA + quinic acid 
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D: p-coumaroyl-CoA + 3-
hydroxyanthranilic acid 
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E: shikimic acid + p-coumaroyl-
CoA 
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F: shikimic acid + caffeoyl-CoA 
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G: quinic acid + p-coumaroyl-CoA 
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H: 3-hydroxyanthranilic acid + p-
coumaroyl-CoA 
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CƛƎǳǊŜ муΦ {ǳōǎǘǊŀǘŜ ǎŀǘǳǊŀǝƻƴ ŎǳǊǾŜǎ ǎƘƻǿƛƴƎ ǘƘŜ aƛŎƘŀŜƭƛǎπaŜƴǘŜƴ ƪƛƴŜǝŎǎ όYƳ ŀƴŘ ±ƳŀȄύ 
ŦƻǊ {ƎI{¢Φ ¢ƘŜ ŎƻƳǇƻǎƛǝƻƴ ƻŦ ǘƘŜ ŀǎǎŀȅǎ ŀƴŘ ǘƘŜ ǊŜŀŎǝƻƴ ŎƻƴŘƛǝƻƴǎ ŀǊŜ ǎƘƻǿƴ ƛƴ ¢ŀōƭŜ моΦ 
!Υ ǇπŎƻǳƳŀǊƻȅƭπ/ƻ! ǿƛǘƘ мс Ƴa ǎƘƛƪƛƳƛŎ ŀŎƛŘ όƴ Ґ ф ҕ {9aύΤ .Υ ŎŀũŜƻȅƭπ/ƻ! ǿƛǘƘ ол Ƴa 
ǎƘƛƪƛƳƛŎ ŀŎƛŘ όƴ Ґ ф ҕ {9aύΤ /Υ ǇπŎƻǳƳŀǊƻȅƭπ/ƻ! ǿƛǘƘ мсл Ƴa ǉǳƛƴƛŎ ŀŎƛŘ όƴ Ґ ф ҕ {9aύΤ 5Υ Ǉπ
ŎƻǳƳŀǊƻȅƭπ/ƻ! ǿƛǘƘ с Ƴa оπƘȅŘǊƻȄȅŀƴǘƘǊŀƴƛƭƛŎ ŀŎƛŘ όƴ Ґ ф ҕ {9aύΤ 9Υ ǎƘƛƪƛƳƛŎ ŀŎƛŘ ǿƛǘƘ 
нлл ҡa ǇπŎƻǳƳŀǊƻȅƭπ/ƻ! όƴ Ґ ф ҕ {9aύΤ CΥ ǎƘƛƪƛƳƛŎ ŀŎƛŘ ǿƛǘƘ олл ҡa ŎŀũŜƻȅƭπ/ƻ! όƴ Ґ ф ҕ 
{9aύΤ DΥ ǉǳƛƴƛŎ ŀŎƛŘ ǿƛǘƘ нлл ҡa ǇπŎƻǳƳŀǊƻȅƭπ/ƻ! όƴ Ґ ф ҕ {9aύΤ IΥ оπƘȅŘǊƻȄȅŀƴǘƘǊŀƴƛƭƛŎ ŀŎƛŘ 
ǿƛǘƘ ул ҡa ǇπŎƻǳƳŀǊƻȅƭπ/ƻ! όƴ Ґ ф ҕ {9aύΦ !ŘƻǇǘŜŘ ŦǊƻƳ .ǀƳŜƪŜ ŀƴŘ tŜǘŜǊǎŜƴ όнлнрύ 
 

¢ƘŜ ŀŎȅƭ ŘƻƴƻǊ ǎǳōǎǘǊŀǘŜ ǿƛǘƘ ǘƘŜ ƘƛƎƘŜǎǘ ŀŶƴƛǘȅ ƛǎ ǇπŎƻǳƳŀǊƻȅƭπ/ƻ!Φ ¢ƘŜ YƳ ƛƴ ŀǎǎŀȅǎ ǿƛǘƘ 

Ŏƻƴǎǘŀƴǘ ŎƻƴŎŜƴǘǊŀǝƻƴ ƻŦ ǎƘƛƪƛƳƛŎ ŀŎƛŘ ǿŀǎ мтΦп ҡaΣ ƭŜŀŘƛƴƎ ǘƻ ŀ ƪŎŀǘκYƳ ƻŦ офулфс ƭ ǎπм Ƴƻƭπм 

όCƛƎǳǊŜ му !Σ ¢ŀōƭŜ нсύΦ ¢ƘŜ ŀŶƴƛǘȅ ŦƻǊ ǘƘŜ ƻǘƘŜǊ ŘƻƴƻǊ ǎǳōǎǘǊŀǘŜΣ ŎŀũŜƻȅƭπ/ƻ!Σ ǿŀǎ нмΦп ҡa 

ǿƛǘƘ ǎƘƛƪƛƳƛŎ ŀŎƛŘΣ ōǳǘ ƪŎŀǘκYƳ ǿŀǎ ƻƴƭȅ ŀōƻǳǘ нл ҈ όсомру ƭ ǎπм ƳƻƭπмύΣ ǿƘƛŎƘ ƛǎ ǿƘȅ Ǉπ

ŎƻǳƳŀǊƻȅƭπ/ƻ! ƳƛƎƘǘ ōŜ ǘƘŜ ǇǊŜŦŜǊǊŜŘ ŘƻƴƻǊ όCƛƎǳǊŜ му .Σ ¢ŀōƭŜ нсύΦ CƻǊ ǘƘƛǎ ǊŜŀǎƻƴΣ 

aƛŎƘŀŜƭƛǎπaŜƴǘŜƴ ƪƛƴŜǝŎǎ ǿŜǊŜ ŀƭǎƻ ǇŜǊŦƻǊƳŜŘ ŦƻǊ ǇπŎƻǳƳŀǊƻȅƭπ/ƻ! ǿƛǘƘ Ŏƻƴǎǘŀƴǘ 

ŎƻƴŎŜƴǘǊŀǝƻƴǎ ƻŦ ǉǳƛƴƛŎ ŀŎƛŘ ŀƴŘ оπƘȅŘǊƻȄȅŀƴǘƘǊŀƴƛƭƛŎ ŀŎƛŘ όCƛƎǳǊŜ му / ŀƴŘ 5ύΦ ¢ƘŜ ǊŜǎǳƭǝƴƎ 

YƳ ǿŀǎ сΦс ҡa ŦƻǊ ǇπŎƻǳƳŀǊƻȅƭπ/ƻ! ǿƛǘƘ ǉǳƛƴƛŎ ŀŎƛŘ ŀƴŘ нΦн ҡa ǿƛǘƘ оπƘȅŘǊƻȄȅŀƴǘƘǊŀƴƛƭƛŎ 

ŀŎƛŘ ό¢ŀōƭŜ нсύΦ LƴǘŜǊŜǎǝƴƎƭȅΣ ǘƘŜ ŎƻƳōƛƴŀǝƻƴ ƻŦ ǇπŎƻǳƳŀǊƻȅƭπ/ƻ! ŀƴŘ оπƘȅŘǊƻȄȅŀƴǘƘǊŀƴƛƭƛŎ 

ŀŎƛŘ ǊŜǎǳƭǘŜŘ ƛƴ ŀ ƪŎŀǘκYƳ ƻŦ мплопп ƭ ǎπм Ƴƻƭπм ό¢ŀōƭŜ нсύΦ ¢ƘŜ ŀŶƴƛǝŜǎ ŦƻǊ ŀŎȅƭ ŀŎŎŜǇǘƻǊ 

ǎǳōǎǘǊŀǘŜǎ ŀǊŜ ǎƛƎƴƛŬŎŀƴǘƭȅ ƭƻǿŜǊ όƘƛƎƘŜǊ YƳύ ǿƘŜƴ ŎƻƳǇŀǊŜŘ ǘƻ ǘƘŜ ŘƻƴƻǊ ǎǳōǎǘǊŀǘŜǎΦ {ƘƛƪƛƳƛŎ 

ŀŎƛŘ ǎƘƻǿŜŘ ŀ YƳ ƻŦ мннмΦл ҡa ŀƴŘ ǘƘŜ ƘƛƎƘŜǎǘ ƪŎŀǘκYƳ ǿƛǘƘ ǇπŎƻǳƳŀǊƻȅƭπ/ƻ! όопру ƭ ǎπм Ƴƻƭπмύ 

όCƛƎǳǊŜ му 9Σ ¢ŀōƭŜ нсύΣ ōǳǘ ŀŶƴƛǘȅ ŀƴŘ ƪŎŀǘκYƳ ŘŜŎǊŜŀǎŜŘ ŀōƻǳǘ ǘŜƴŦƻƭŘ ǘƻ монолΦл ҡa ŀƴŘ 

нфр ƭ ǎπм ƳƻƭπмΣ ǿƘŜƴ ŎƘŀƴƎƛƴƎ ǘƻ ŎŀũŜƻȅƭπ/ƻ! όCƛƎǳǊŜ му CΣ ¢ŀōƭŜ нсύΦ ¢ƘŜ ƘƛƎƘŜǎǘ ŀŶƴƛǘȅ ŀƴŘ 

ǎŜŎƻƴŘ ƘƛƎƘŜǎǘ ƪŎŀǘκYƳ ŦƻǊ ŘƻƴƻǊ ǎǳōǎǘǊŀǘŜǎ ǿŀǎ ƻōǎŜǊǾŜŘ ŦƻǊ оπƘȅŘǊƻȄȅŀƴǘƘǊŀƴƛƭƛŎ ŀŎƛŘ ƛƴ 

ŎƻƳōƛƴŀǝƻƴ ǿƛǘƘ ǇπŎƻǳƳŀǊƻȅƭπ/ƻ! όнотΦф ҡa ŀƴŘ мтму ƭ ǎπм Ƴƻƭπмύ όCƛƎǳǊŜ му IΣ ¢ŀōƭŜ нсύΣ ŀƴŘ 

ǉǳƛƴƛŎ ŀŎƛŘ ƘŀŘ ǘƘŜ ƭƻǿŜǎǘ ŀŶƴƛǘȅ ŀƴŘ ŀ ƪŎŀǘκYƳ ƻŦ ф ƭ ǎπм Ƴƻƭπм όCƛƎǳǊŜму DΣ ¢ŀōƭŜ нсύΦ ²ƘŜƴ 

ŎƻƴǎƛŘŜǊƛƴƎ ŀƭƭ Řŀǘŀ ŦǊƻƳ aƛŎƘŀŜƭƛǎπaŜƴǘŜƴ ƪƛƴŜǝŎǎΣ ǘƘŜ ŎƻƳōƛƴŀǝƻƴ ƻŦ ǇπŎƻǳƳŀǊƻȅƭπ/ƻ! ŀƴŘ 

ǎƘƛƪƛƳƛŎ ŀŎƛŘ ǊŜǎǳƭǘŜŘ ƛƴ ǘƘŜ ƘƛƎƘŜǎǘ ŎŀǘŀƭȅǝŎ ŜŶŎƛŜƴŎȅΣ ǿƘƛƭŜ ǘƘŜ ŎƻƳōƛƴŀǝƻƴ ƻŦ ǇπŎƻǳƳŀǊƻȅƭπ

/ƻ! ŀƴŘ оπƘȅŘǊƻȄȅŀƴǘƘǊŀƴƛƭƛŎ ŀŎƛŘ ƘŀŘ ǘƘŜ ƭƻǿŜǎǘ YƳ ŦƻǊ ǇπŎƻǳƳŀǊƻȅƭπ/ƻ!Φ 
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¢ŀōƭŜ нсΦ aƛŎƘŀŜƭƛǎπaŜƴǘŜƴ ŎƘŀǊŀŎǘŜǊƛȊŀǝƻƴ ƻŦ {ƎI{¢Σ ƛƴŎƭǳŘƛƴƎ ǘƘŜ ŀŶƴƛǘȅ όYƳ ώҡaϐύΣ ǘƘŜ 
ǎǇŜŎƛŬŎ ŀŎǝǾƛǘȅ ό±ƳŀȄ ώƳƪŀǘκƪƎϐύΣ ǘǳǊƴƻǾŜǊ ƴǳƳōŜǊ όƪŎŀǘ ώǎπмϐύ ŀƴŘ ŎŀǘŀƭȅǝŎ ŜŶŎƛŜƴŎȅ όƪŎŀǘκYƳ 
ώƭ ǎπм ƳƻƭπмϐύΦ YƳ ŀƴŘ ±ƳŀȄ ŀǊŜ ōŀǎŜŘ ƻƴ ƴ Ґ ф ҕ {9aΣ ƪŎŀǘ ƛǎ ŎŀƭŎǳƭŀǘŜŘ ǿƛǘƘ ǘƘŜ ƳƻƭŜŎǳƭŀǊ Ƴŀǎǎ 
ƻŦ ǘƘŜ ǇǊƻǘŜƛƴ ƛƴŎƭǳŘƛƴƎ сȄIƛǎπǘŀƎ ƻŦ рлΦр ƪ5ŀΦ DǊŀǇƘǎ ǳƴŘŜǊƭȅƛƴƎ ǘƘŜ ǊŜǎǳƭǘǎ ŀǊŜ ŘƛǎǇƭŀȅŜŘ ƛƴ 
CƛƎǳǊŜ му ! ǘƻ IΦ 9ȄŀŎǘ ǊŜŀŎǝƻƴ ŎƻƴŘƛǝƻƴ ŀƴŘ ŎƻƳǇƻǎƛǝƻƴ ƻŦ ǘƘŜ ŀǎǎŀȅǎ ŀǊŜ ŘƛǎǇƭŀȅŜŘ ƛƴ ¢ŀōƭŜ 
моΦ !ŘƻǇǘŜŘ ŦǊƻƳ .ǀƳŜƪŜ ŀƴŘ tŜǘŜǊǎŜƴ нлнр 

Variable 
substrate 

Constant 
substrate 

Km 
[µM]  

Vmax 
[mkat/kg]  

kcat 
[s-1] 

kcat/Km 

[l s-1 mol-1] 

p-coumaroyl-
CoA 

shikimic acid 17.4 ± 4.9 137.30 ± 9.04 6.927 398096 

caffeoyl-CoA shikimic acid 21.4 ± 6.8 26.79 ± 2.65 1.352 63158 

p-coumaroyl-
CoA 

quinic acid 6.6 ± 0.6 1.96 ± 0.04 0.099 14982 

p-coumaroyl-
CoA 

3-hydroxy-
anthranilic 
acid 

2.2 ± 0.3 6.12 ± 0.22 0.309 140344 

shikimic acid 
p-coumaroyl-
CoA 

1221.0 ± 152.9 83.70 ± 2.71 4.223 3458 

shikimic acid caffeoyl-CoA 
13230.0 ± 

1933.0 
77.35 ± 4.77 3.902 295 

quinic acid 
p-coumaroyl-
CoA 

16740.0 ± 
1833.0 

2.92 ± 0.11 0.147 9 

3-hydroxy-
anthranilic acid 

p-coumaroyl-
CoA 

237.9 ± 19.6 8.10 ± 0.11 0.409 1718 

 

13.5.2 SgHQT1 

13.5.2.1 Preparation of the expression vector and heterologous expression 

RNA was isolated from young leaves of Sarcandra glabra and cDNA was synthesized 

subsequently (chapter 7.1.9.1). ¢ƘŜ Ŏ5b! ǿŀǎ ǳǎŜŘ ŀǎ ǘŜƳǇƭŀǘŜ ŦƻǊ t/w ǘƻ ŀƳǇƭƛŦȅ ǘƘŜ Ŧǳƭƭπ

ƭŜƴƎǘƘ ǎŜǉǳŜƴŎŜ ƻŦ {ƎIv¢м ό¢ŀōƭŜ пύΦ .ŀƴŘǎ ƻƴ ǘƘŜ ŀƎŀǊƻǎŜ ƎŜƭ ǿŜǊŜ ŀǘ ŀōƻǳǘ молл ōǇ όCƛƎǳǊŜ 

мф !ύΣ ŦǳǊǘƘŜǊ ǇǊƻŎŜǎǎŜŘ ŀƴŘ Ŭƴŀƭƭȅ ƛƴǎŜǊǘŜŘ ƛƴǘƻ Ǉ9¢πмрō ŦƻǊ ƘŜǘŜǊƻƭƻƎƻǳǎ ŜȄǇǊŜǎǎƛƻƴ όŎƘŀǇǘŜǊ 

тΦоΦмύΦ {ŜǉǳŜƴŎƛƴƎ ƻŦ ǇƭŀǎƳƛŘ {ƎIv¢мψм όCƛƎǳǊŜ мф .ύ ǊŜǾŜŀƭŜŘ ǘƘŜ ŎƻǊǊŜŎǘ ǎŜǉǳŜƴŎŜ ƻŦ 

мнуп ōǇ ό¢ŀōƭŜ ȄǾƛύΦ ¢ƘŜ ǘǊŀƴǎŦƻǊƳŜŘ ǎǘǊŀƛƴ ǿŀǎ ǳǎŜŘ ŦƻǊ ƘŜǘŜǊƻƭƻƎƻǳǎ ŜȄǇǊŜǎǎƛƻƴ ŀƴŘ ŀ 

ƎƭȅŎŜǊƻƭ ǎǘƻŎƪ ǿŀǎ ǇǊŜǇŀǊŜŘ ŦƻǊ ŎƻƴǎŜǊǾŀǝƻƴΦ  
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A: 

 
 

B: 

 
 

CƛƎǳǊŜ мфΦ !ƎŀǊƻǎŜ ƎŜƭ ŜƭŜŎǘǊƻǇƘƻǊŜǎƛǎ ŦǊƻƳ t/w ŀƴŘ ǊŜǎǘǊƛŎǝƻƴ ŘƛƎŜǎǘ ƻŦ {ƎIv¢мΦ DǊŀȅŜŘ ƻǳǘ 
ŀǊŜŀǎ ǊŜŦŜǊ ǘƻ ƻǘƘŜǊ ŜȄǇŜǊƛƳŜƴǘǎΦ !Υ CǳƭƭπƭŜƴƎǘƘ t/w ƻŦ {ƎIv¢мΦ !ǊǊƻǿǎ ǇƻƛƴǝƴƎ ǘƻ ǘƘŜ ōŀƴŘǎΣ 
ǿƘƛŎƘ ǿŜǊŜ ŜȄǘǊŀŎǘŜŘΣ ŎƻƳōƛƴŜŘ ŀƴŘ ƭƛƎŀǘŜŘΦ .Υ wŜǎǘǊƛŎǝƻƴ ŘƛƎŜǎǘ ƻŦ Ǉ9¢πмрō ŎƻƴǘŀƛƴƛƴƎ 
{ƎIv¢мΦ IŜǘŜǊƻƭƻƎƻǳǎ ŜȄǇǊŜǎǎƛƻƴ ǿŀǎ ǇŜǊŦƻǊƳŜŘ ǿƛǘƘ ǘƘŜ ǇƭŀǎƳƛŘ ƻŦ ǿƘƛŎƘ ŀ ōŀƴŘ ǿŀǎ 
ƳŀǊƪŜŘ ōȅ ŀƴ ŀǊǊƻǿ ǎƛƴŎŜ ƛǘ ŎƻƴǘŀƛƴŜŘ ǘƘŜ ŎƻǊǊŜŎǘ ōŀƴŘΦ aŀǊƪŜǊ ǎƛȊŜǎΥ CƛƎǳǊŜ т 
 

wŜŎƻƳōƛƴŀƴǘ {ƎIv¢м ǿŀǎ ŜȄǇǊŜǎǎŜŘ ƛƴ 9Φ Ŏƻƭƛ {ƻƭǳ.[нм ŀǎ ŘŜǎŎǊƛōŜŘ ƛƴ ŎƘŀǇǘŜǊ фΦмΦ ¢ƘŜ 

ǊŜǎǳƭǝƴƎ ǇǊƻǘŜƛƴ ƘŀŘ ŀ ƭŜƴƎǘƘ ƻŦ пнт ŀŀ ŀƴŘ ŀ ǎƛȊŜ ƻŦ птттмΦсф 5ŀ όŀŎŎŜǎǎƛƻƴ ttппфорлΤ ппс ŀŀ 

ŀƴŘ пфтфтΦут 5ŀ ƛƴŎƭǳŘƛƴƎ ǘƘŜ сȄIƛǎπǘŀƎύ ό¢ŀōƭŜ ȄǾƛƛύΦ ¢ƘŜ ǇǊƻǘŜƛƴ ǿŀǎ ǇǳǊƛŬŜŘ ŀƴŘ Ŭƴŀƭƭȅ 

ŜƭǳǘŜŘ ƛƴ YtƛΦ {ǳōǎŜǉǳŜƴǘƭȅΣ ǎŜǾŜǊŀƭ ǎŀƳǇƭŜǎ ŦǊƻƳ ŘƛũŜǊŜƴǘ ǎǘŀƎŜǎ ƻŦ ǘƘŜ ǇǳǊƛŬŎŀǝƻƴ ǇǊƻŎŜǎǎ 

ǿŜǊŜ ŀǇǇƭƛŜŘ ǘƻ {5{πt!D9Φ ¢ƘŜ ƎŜƭ ǿŀǎ ŀƴŀƭȅȊŜŘ ŀƊŜǊ ǎǘŀƛƴƛƴƎ ǿƛǘƘ /ƻƻƳŀǎǎƛŜΣ ŀƴŘ ŀ ŘǳǇƭƛŎŀǘŜ 

ǿŀǎ ǎǳōƧŜŎǘŜŘ ǘƻ ²ŜǎǘŜǊƴ ōƭƻǘΦ ¢ƘŜ ǊŜǎǇŜŎǝǾŜ ōŀƴŘ ƻŦ {ƎIv¢м ǿƛǘƘ ŀ ǎƛȊŜ ƻŦ ŀōƻǳǘ пфΦу ƪ5ŀ 

ŎƻǳƭŘ ōŜ ŘƛǎǝƴƎǳƛǎƘŜŘ ƛƴ ǘƘŜ Ŝƭǳǝƻƴ ŦǊŀŎǝƻƴǎ ƻŦ ǘƘŜ bƛπb¢! όbƛψŜƭǳŀǘŜψм ǘƻ оύ ŀƴŘ ǘƘŜ t5мл 

ŎƻƭǳƳƴǎ όIƛǎψt5млψŜƭǳŀǘŜύ όCƛƎǳǊŜ нл !ύΦ ¢ƘŜ ŀōǎŜƴŎŜ ƛƴ ǘƘŜ ǿŀǎƘ ŦǊŀŎǝƻƴǎ ǿŀǎ ŀƭǎƻ 

ƻōǎŜǊǾŜŘΦ ¢ƘŜ ǎǳŎŎŜǎǎŦǳƭ ŜȄǇǊŜǎǎƛƻƴ ŀƴŘ ǇǳǊƛŬŎŀǝƻƴ ǿŜǊŜ ǾŜǊƛŬŜŘ ƻƴ ŀ ²ŜǎǘŜǊƴ ōƭƻǘΣ ǿƘƛŎƘ 

ǎƘƻǿŜŘ ǎǘǊƻƴƎ ǇǳǊǇƭŜ ōŀƴŘǎ ƻŦ ǘƘŜ ǎŀƳŜ ǎƛȊŜ ƛƴ ƛŘŜƴǝŎŀƭ ŦǊŀŎǝƻƴǎΣ ōǳǘ ŀƭǎƻ ƛƴ ǿŀǎƘƛƴƎ 

ŦǊŀŎǝƻƴǎ όCƛƎǳǊŜ нл .ύΦ ¢ƘŜ Ŧŀƛƴǘ ƳŀǊƪŜǊ ǎƘƻǳƭŘ ōŜ ƴƻǘŜŘΦ ¢ƘǳǎΣ ŜȄǇǊŜǎǎƛƻƴ ƻŦ {ƎIv¢м ŀƴŘ 

ǇǳǊƛŬŎŀǝƻƴ ǿŀǎ ǇǊƻǾŜƴΦ  

 

A: 

 
 

B: 

 
 

CƛƎǳǊŜ нлΦ {5{πt!D9 ŀƴŘ ²ŜǎǘŜǊƴ ōƭƻǘ ƻŦ {ƎIv¢мΦ !Υ {5{πt!D9 ǎǘŀƛƴŜŘ ǿƛǘƘ /ƻƻƳŀǎǎƛŜΦ !ƴ 
ŀǊǊƻǿ ƳŀǊƪǎ ŀ ōŀƴŘ ǊŜǇǊŜǎŜƴǝƴƎ {ƎIv¢м όпфΦу ƪ5ŀύΦ .Υ ²ŜǎǘŜǊƴ ōƭƻǘ ǎǘŀƛƴŜŘ ǿƛǘƘ ./Lt ŀƴŘ 
b.¢Φ !ƴ ŀǊǊƻǿ ƳŀǊƪǎ ŀ ōŀƴŘ ǊŜǇǊŜǎŜƴǝƴƎ {ƎIv¢м όпфΦу ƪ5ŀύΦ aŀǊƪŜǊ ǎƛȊŜǎΥ CƛƎǳǊŜ уΦ !ŘƻǇǘŜŘ 
ŦǊƻƳ .ǀƳŜƪŜ ŀƴŘ tŜǘŜǊǎŜƴ όнлнрύ 
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13.5.2.2 Initial verification of product formation and search for substrates 

!ƊŜǊ ǎǳŎŎŜǎǎŦǳƭ ŜȄǇǊŜǎǎƛƻƴ ŀƴŘ ǇǳǊƛŬŎŀǝƻƴ ƻŦ ǊŜŎƻƳōƛƴŀƴǘ {ƎIv¢м ǾŜǊƛŬŜŘ ƻƴ ŀ ²ŜǎǘŜǊƴ ōƭƻǘΣ 

ŀǎǎŀȅǎ ǿŜǊŜ ŎƻƴŘǳŎǘŜŘ ǘƻ ŘŜǘŜǊƳƛƴŜ ǿƘŜǘƘŜǊ ǘƘŜ ŜƴȊȅƳŜ ƛǎ ŀŎǝǾŜΦ {ǘŀƴŘŀǊŘ ŀǎǎŀȅǎ ǿŜǊŜ 

ǇŜǊŦƻǊƳŜŘΣ ǘŜǎǝƴƎ ŀƭƭ ǇǳǘŀǝǾŜ ŀŎŎŜǇǘƻǊ ǎǳōǎǘǊŀǘŜǎ ό¢ŀōƭŜ мнύΦ 

¢ƘŜ ŦƻǊƳŀǝƻƴ ƻŦ ǇǊƻŘǳŎǘǎ ǿƛǘƘ ǇπŎƻǳƳŀǊƻȅƭπ/ƻ! ŀƴŘ ŀŎȅƭ ŀŎŎŜǇǘƻǊǎΣ ǳƴŘŜǊ Ŏŀǘŀƭȅǎƛǎ ƻŦ 

{ƎIv¢мΣ ǿŀǎ ǾŜǊƛŬŜŘ ōȅ [/πa{Φ ¢ƘŜ ƳƻƭŜŎǳƭŀǊ Ƴŀǎǎ ƻŦ ǘƘŜ ŜȄǇŜŎǘŜŘ ƛƻƴ ǿŀǎ ǳǎŜŘ ǘƻ ŎǊŜŀǘŜ 

9L/ǎΣ ŀƴŘ ǇŜŀƪǎ ǿŜǊŜ ŎƻƳǇŀǊŜŘ ǘƻ ŀǳǘƘŜƴǝŎ ǎǘŀƴŘŀǊŘǎΣ ǊŜƎŀǊŘƛƴƎ ǘƘŜ ǊŜǘŜƴǝƻƴ ǝƳŜǎ ŀƴŘ ƳκȊΦ 

¢Ŝǎǘǎ ǿƛǘƘ ǇǊƻŘǳŎǘǎ ƘŀǾƛƴƎ ŎŀǊōƻȄȅƭ ƳƻƛŜǝŜǎ ǿŜǊŜ ŀƴŀƭȅȊŜŘ ƛƴ ǘƘŜ ƴŜƎŀǝǾŜ ƛƻƴƛȊŀǝƻƴ ƳƻŘŜΣ 

ǿƘƛƭŜ ŀƭƭ ƻǘƘŜǊ ǇǊƻŘǳŎǘǎ ǿŜǊŜ ŀƴŀƭȅȊŜŘ ƛƴ ǘƘŜ ǇƻǎƛǝǾŜ ƳƻŘŜΣ ǳǎƛƴƎ ǘƘŜ ǎƘƻǊǘ ƳŜǘƘƻŘ όŎƘŀǇǘŜǊ 

ммΦнΦнύΦ ¢ƘŜ ŦƻǊƳŀǝƻƴ ƻŦ ǘƘŜ ŦƻƭƭƻǿƛƴƎ ǇǊƻŘǳŎǘǎ όǇπŎƻǳƳŀǊƻȅƭ ŜǎǘŜǊǎ ƻǊ ŀƳƛŘŜǎύ ǿŀǎ ŘŜǘŜŎǘŜŘΥ 

ǇπŎƻǳƳŀǊƻȅƭπрπhπǉǳƛƴƛŎ ŀŎƛŘΣ ǇπŎƻǳƳŀǊƻȅƭǎƘƛƪƛƳƛŎ ŀŎƛŘΣ ǇπŎƻǳƳŀǊƻȅƭƎƭȅŎŜǊƻƭΣ ǇπŎƻǳƳŀǊƻȅƭπнπ

bπрπƘȅŘǊƻȄȅŀƴǘƘǊŀƴƛƭƛŎ ŀŎƛŘΣ ǇπŎƻǳƳŀǊƻȅƭπоπŀƳƛƴƻōŜƴȊƻƛŎ ŀŎƛŘΣ ǇπŎƻǳƳŀǊƻȅƭπнΣоπ

ŘƛƘȅŘǊƻȄȅōŜƴȊƻƛŎ ŀŎƛŘΣ ǇπŎƻǳƳŀǊƻȅƭπнΣрπŘƛƘȅŘǊƻȄȅōŜƴȊƻƛŎ ŀŎƛŘΣ ǇπŎƻǳƳŀǊƻȅƭπоΣпπ

ŘƛƘȅŘǊƻȄȅōŜƴȊƻƛŎ ŀŎƛŘΣ ǇπŎƻǳƳŀǊƻȅƭƳŜǘƘŀƴƻƭΣ ǇπŎƻǳƳŀǊƻȅƭπпπƘȅŘǊƻȄȅōŜƴȊƻƛŎ ŀŎƛŘΣ Ǉπ

ŎƻǳƳŀǊƻȅƭπнΣпπŘƛƘȅŘǊƻȄȅōŜƴȊƻƛŎ ŀŎƛŘ ŀƴŘ ǇπŎƻǳƳŀǊƻȅƭπнπbπоπƘȅŘǊƻȄȅŀƴǘƘǊŀƴƛƭƛŎ ŀŎƛŘΦ ¢ƘŜ 

ŀǧŀŎƘƳŜƴǘ ƻŦ ǘƘŜ ŀŎȅƭ ƳƻƛŜǘȅ ƛǎ ƻƴƭȅ ƳŜƴǝƻƴŜŘΣ ƛŦ ƛǘ ŎƻǳƭŘ ōŜ ǾŜǊƛŬŜŘ ōȅ ŀƴ ŀǳǘƘŜƴǝŎ 

ǎǘŀƴŘŀǊŘΦ ¢ƘŜ 9L/ ƻŦ ǘƘŜ ǊŜǎǳƭǝƴƎ ǇǊƻŘǳŎǘǎΣ ǘƘŜ ŜȄǇŜŎǘŜŘ ƳƻƭŜŎǳƭŀǊ ŦƻǊƳǳƭŀ ŀƴŘ ŀƴ ŀǳǘƘŜƴǝŎ 

ǎǘŀƴŘŀǊŘ όƛŦ ŀǾŀƛƭŀōƭŜύ ŀǊŜ ŘƛǎǇƭŀȅŜŘ ƛƴ CƛƎǳǊŜ нмΦ ¢ƘŜ ǊŜǎǇŜŎǝǾŜ [/πa{ Řŀǘŀ ŀǊŜ ǇǊŜǎŜƴǘŜŘ ƛƴ 

¢ŀōƭŜ нтΦ Lƴ ŜƴȊȅƳŜ ŀǎǎŀȅǎ ǿƛǘƘ ǇπŎƻǳƳŀǊƻȅƭπ/ƻ! ŀƴŘ нΣпπŘƛƘȅŘǊƻȄȅōŜƴȊƻƛŎ ŀŎƛŘΣ ǘƘǊŜŜ ǇŜŀƪǎ 

ǿŜǊŜ ŘŜǘŜŎǘŜŘ ǿƘŜƴ ǎŜŀǊŎƘƛƴƎ ǿƛǘƘ ǘƘŜ ǊŜǎǇŜŎǝǾŜ Ƴŀǎǎ ƻŦ ǘƘŜ ǇǊƻŘǳŎǘ όƳκȊ ƻŦ нффΦлсύ όCƛƎǳǊŜ 

нм YύΦ ¢ƘŜ ŬǊǎǘ ǇŜŀƪ όǘ Ґ уΦм Ƴƛƴύ ǎƘƻǿŜŘ ŀ ƳκȊ ƻŦ омтΦлпфсΣ ǘƘŜ ǎŜŎƻƴŘ όǘ Ґ уΦф Ƴƛƴύ ƳκȊ ƻŦ 

нффΦлотпΣ ǘƘŜ ǘƘƛǊŘ όǘ Ґ млΦл Ƴƛƴύ ƻŦ ƳκȊ ƻŦ нфуΦлтупΦ !ǎ ǘƘŜ ŜȄǇŜŎǘŜŘ ƳκȊ ǿŀǎ нффΦлсΣ ǘƘŜ 

ǇŜŀƪ ŀǘ уΦф Ƴƛƴ ǿŀǎ ŎƻƴǎƛŘŜǊŜŘ ǘƻ ōŜ ǘƘŜ ǇǊƻŘǳŎǘΣ ōǳǘ ǘƘƛǎ ǇŜŀƪ ǿŀǎ ŀƭǎƻ ŘŜǘŜŎǘŜŘ ƛƴ ǘƘŜ 

ŎƻƴǘǊƻƭ ǊŜŀŎǝƻƴ ǿƛǘƘ ǇǊƻǘŜƛƴ ǇǊŜǇŀǊŀǝƻƴǎ ŦǊƻƳ ōŀŎǘŜǊƛŀ ŎŀǊǊȅƛƴƎ ŀƴ ŜƳǇǘȅ ǾŜŎǘƻǊ ŀƴŘ ǘƘŜ 

ŀōǎƻǊōŀƴŎŜ ƳŀȄƛƳǳƳ ǿŀǎ ƘƛƎƘŜǊ ǘƘŀƴ ŜȄǇŜŎǘŜŘ ό¢ŀōƭŜ нуύΦ ¢ƘŜ Ƴŀǎǎ ƻŦ ǘƘŜ ǇŜŀƪ ŀǘ млΦл Ƴƛƴ 

ǿŀǎ ƳκȊ ƻŦ м ǘƻƻ ƘƛƎƘ ōǳǘ ǘƘŜ ŀōǎƻǊōŀƴŎŜ ƳŀȄƛƳǳƳ ǿŀǎ ŀǘ оон ƴƳΣ ǿƘƛŎƘ ƛǎ ŎƭƻǎŜ ǘƻ ǊŜƭŀǘŜŘ 

ǇǊƻŘǳŎǘǎΦ a{н Řŀǘŀ ŘƛŘ ƴƻǘ ƭŜŀŘ ǘƻ ŎƭŜŀǊ ǊŜǎǳƭǘǎΣ ōǳǘ ǘƘŜ ǎŜŎƻƴŘ ƻǊ ǘƘƛǊŘ ǇŜŀƪ ǿŀǎ ŎƻƴǎƛŘŜǊŜŘ 

ǘƘŜ ŜȄǇŜŎǘŜŘ ǇǊƻŘǳŎǘΦ  
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CƛƎǳǊŜ нмΦ 9ȄǘǊŀŎǘŜŘ ƛƻƴ ŎƘǊƻƳŀǘƻƎǊŀƳǎ ƻŦ ŜƴȊȅƳŜ ŀǎǎŀȅǎ ǿƛǘƘ {ƎIv¢мΣ ǇπŎƻǳƳŀǊƻȅƭπ/ƻ! ŀƴŘ 
ǾŀǊƛƻǳǎ ŀŎȅƭ ŀŎŎŜǇǘƻǊ ǎǳōǎǘǊŀǘŜǎΣ ƛƴŎƭǳŘƛƴƎ ǘƘŜ ǎǘǊǳŎǘǳǊŀƭ ŦƻǊƳǳƭŀ ƻŦ ǘƘŜ ŀǳǘƘŜƴǝŎ ǎǘŀƴŘŀǊŘΦ 
.ƭŀŎƪ ƭƛƴŜΥ ŜƴȊȅƳŜ ŀǎǎŀȅ ǿƛǘƘ {ƎIv¢мΣ ŘƻƴƻǊ ŀƴŘ ŀŎŎŜǇǘƻǊ ǎǳōǎǘǊŀǘŜ ό{ƎIv¢мύΤ ŘŀǎƘŜŘ ōƭŀŎƪ 
ƭƛƴŜΥ ŜƳǇǘȅ ǾŜŎǘƻǊ ŎƻƴǘǊƻƭ ŀǎǎŀȅ ό/ƻƴǘǊƻƭύΤ ōƻƭŘ ƎǊŜȅ ƭƛƴŜΥ ŀǳǘƘŜƴǝŎ ǎǘŀƴŘŀǊŘ όƛŦ ŀǾŀƛƭŀōƭŜύΤ ǘƘƛƴ 
ƎǊŜȅ ƭƛƴŜΥ ƻũǎŜǘ ŦƻǊ ōŜǧŜǊ ǾƛǎǳŀƭƛȊŀǝƻƴΦ !Υ ŦƻǊƳŀǝƻƴ ƻŦ ǇπŎƻǳƳŀǊƻȅƭπрπhπǉǳƛƴƛŎ ŀŎƛŘ όώaπIϐπ 
ƳκȊ оотΦлфύΤ .Υ ŦƻǊƳŀǝƻƴ ƻŦ ǇπŎƻǳƳŀǊƻȅƭπоπΣ πпπΣ ŀƴŘ πрπhπǎƘƛƪƛƳƛŎ ŀŎƛŘ όώaπIϐπ ƳκȊ омфΦлуύΤ 
ǘƘŜ ǊŜǘŜƴǝƻƴ ǝƳŜǎ ŀǊŜ ƴŜŀǊƭȅ ƛƴŘƛǎǝƴƎǳƛǎƘŀōƭŜΣ ōǳǘ ǘƘŜ ǇǊƻŘǳŎǘ ǇŜŀƪ ǎƘƻǿǎ ǘƘǊŜŜ ǝǇǎΦ hƴƭȅ 
ŀƴ ŀǳǘƘŜƴǝŎ ǎǘŀƴŘŀǊŘ ƻŦ ǇπŎƻǳƳŀǊƻȅƭπрπhπǎƘƛƪƛƳƛŎ ŀŎƛŘ ǿŀǎ ŀǾŀƛƭŀōƭŜΦ /Υ ŦƻǊƳŀǝƻƴ ƻŦ Ǉπ
ŎƻǳƳŀǊƻȅƭƎƭȅŎŜǊƻƭ όώaπIϐπ ƳκȊ ноуΦнпύΤ 5Υ ŦƻǊƳŀǝƻƴ ƻŦ ǇπŎƻǳƳŀǊƻȅƭπнπbπрπƘȅŘǊƻȄȅŀƴǘƘǊŀƴƛƭƛŎ 
ŀŎƛŘ όώaπIϐπ ƳκȊ нффΦлуύΤ 9Υ ŦƻǊƳŀǝƻƴ ƻŦ ǇπŎƻǳƳŀǊƻȅƭπоπŀƳƛƴƻōŜƴȊƻƛŎ ŀŎƛŘ όώaπIϐπ 
ƳκȊ нунΦлсύΤ CΥ ŦƻǊƳŀǝƻƴ ƻŦ ǇπŎƻǳƳŀǊƻȅƭπнΣоπŘƛƘȅŘǊƻȄȅōŜƴȊƻƛŎ ŀŎƛŘ όώaπIϐπ ƳκȊ нффΦлсύΤ DΥ 
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ŦƻǊƳŀǝƻƴ ƻŦ ǇπŎƻǳƳŀǊƻȅƭπнΣрπŘƛƘȅŘǊƻȄȅōŜƴȊƻƛŎ όώaπIϐπ ƳκȊ нффΦлсύΤ IΥ ŦƻǊƳŀǝƻƴ ƻŦ Ǉπ
ŎƻǳƳŀǊƻȅƭπоΣпπŘƛƘȅŘǊƻȄȅōŜƴȊƻƛŎ όώaπIϐπ ƳκȊ нффΦлсύΤ LΥ ŦƻǊƳŀǝƻƴ ƻŦ ǇπŎƻǳƳŀǊƻȅƭƳŜǘƘŀƴƻƭ 
όώaπIϐπ ƳκȊ мттΦлрύΤ WΥ ŦƻǊƳŀǝƻƴ ƻŦ ǇπŎƻǳƳŀǊƻȅƭπпπƘȅŘǊƻȄȅōŜƴȊƻƛŎ ŀŎƛŘ όώaπIϐπ ƳκȊ нуоΦлсύΤ 
YΥ ŦƻǊƳŀǝƻƴ ƻŦ ǇπŎƻǳƳŀǊƻȅƭπнΣпπŘƛƘȅŘǊƻȄȅōŜƴȊƻƛŎ ŀŎƛŘ όώaπIϐπ ƳκȊ нффΦлсύΦ ¢ƘǊŜŜ ǇŜŀƪǎ ǿŜǊŜ 
ŘŜǘŜŎǘŜŘΣ ƻƴƭȅ ǘƘŜ ǘƘƛǊŘ ǇŜŀƪ όǊŜǘŜƴǝƻƴ ǝƳŜ ƻŦ млΦл Ƴƛƴύ ƘŀŘ ǘƘŜ ŜȄǇŜŎǘŜŘ ŀōǎƻǊōŀƴŎŜ 
ƳŀȄƛƳǳƳ ƻŦ оон ƴƳΤ [Υ ŦƻǊƳŀǝƻƴ ƻŦ ǇπŎƻǳƳŀǊƻȅƭπнπbπоπƘȅŘǊƻȄȅŀƴǘƘǊŀƴƛƭƛŎ ŀŎƛŘ όώaπIϐπ 
ƳκȊ нуоΦлсύΤ aΥ ŦƻǊƳŀǝƻƴ ƻŦ ǇπŎƻǳƳŀǊƻȅƭπ[πǘƘǊŜƻƴƛŎ ŀŎƛŘ όώaπIϐπ ƳκȊ нумΦлтύΤ bΥ ŦƻǊƳŀǝƻƴ 
ƻŦ ǇπŎƻǳƳŀǊƻȅƭπ5πǘƘǊŜƻƴƛŎ ŀŎƛŘ όώaπIϐπ ƳκȊ нумΦлтύΦ !ŘƻǇǘŜŘ ŦǊƻƳ .ǀƳŜƪŜ ŀƴŘ tŜǘŜǊǎŜƴ 
όнлнрύ 
 

¢ŀōƭŜ нтΦ [/πa{ ŀƴŀƭȅǎƛǎ ƻŦ ŜƴȊȅƳŜ ŀǎǎŀȅǎ ǿƛǘƘ {ƎIv¢мΦ !Ŏȅƭ ŀŎŎŜǇǘƻǊ ŀƴŘ ŘƻƴƻǊ ǎǳōǎǘǊŀǘŜǎΣ 
ŀǎ ǿŜƭƭ ŀǎ ǘƘŜ ŘŜǘŜŎǘŜŘ ǇǊƻŘǳŎǘ ŀǊŜ ƭƛǎǘŜŘΦ wŜǘŜƴǝƻƴ ǝƳŜΣ ǘƘŜ ƳƻƭŜŎǳƭŀǊ ŦƻǊƳǳƭŀ ŀƴŘ ǘƘŜ 
ŘŜǘŜŎǘŜŘ Ƴŀǎǎ ƻŦ ǘƘŜ ƛƻƴ ώaπIϐπ ŀǊŜ ŀƭǎƻ ƎƛǾŜƴΦ ²ƘŜƴ ŀƴ ŀǳǘƘŜƴǝŎ ǎǘŀƴŘŀǊŘ ǿŀǎ ŀǾŀƛƭŀōƭŜΣ ǘƘŜ 
Ǉƻǎƛǝƻƴ ƻŦ ǘƘŜ ƘȅŘǊƻȄȅŎƛƴƴŀƳƻȅƭ ŀǧŀŎƘƳŜƴǘ ǿŀǎ ŎƻƴǎƛŘŜǊŜŘΦ !ŘƻǇǘŜŘ ŦǊƻƳ .ǀƳŜƪŜ ŀƴŘ 
tŜǘŜǊǎŜƴ όнлнрύ 

!ŎŎŜǇǘƻǊ 5ƻƴƻǊ tǊƻŘǳŎǘ wŜǘŜƴ-
ǝƻƴ 
ǝƳŜ 
ώƳƛƴϐ 

aƻƭŜŎǳƭŀǊ 
ŦƻǊƳǳƭŀ 

5ŜǘŜŎǘŜŘ 
ώaπIϐπ 
όƳκȊύ 

ǉǳƛƴƛŎ ŀŎƛŘ ǇπŎƻǳƳŀǊƻȅƭπ
/ƻ! 

ǇπŎƻǳƳŀǊƻȅƭπрπhπ
ǉǳƛƴƛŎ ŀŎƛŘ 

тΦн /мсIмуhу оотΦлф 

ǎƘƛƪƛƳƛŎ ŀŎƛŘ ǇπŎƻǳƳŀǊƻȅƭπ
/ƻ! 

ǇπŎƻǳƳŀǊƻȅƭǎƘƛƪƛƳƛŎ 
ŀŎƛŘ 

тΦт /мсIмсhт омфΦлу 

ƎƭȅŎŜǊƻƭ ǇπŎƻǳƳŀǊƻȅƭπ
/ƻ! 

ǇπŎƻǳƳŀǊƻȅƭƎƭȅŎŜǊƻƭ тΦр /мнIмпhр ноуΦнп 

рπƘȅŘǊƻȄȅŀƴǘƘǊŀ-
ƴƛƭƛŎ ŀŎƛŘ 

ǇπŎƻǳƳŀǊƻȅƭπ
/ƻ! 

ǇπŎƻǳƳŀǊƻȅƭπнπbπрπ
ƘȅŘǊƻȄȅŀƴǘƘǊŀƴƛƭƛŎ 
ŀŎƛŘ 

фΦт /мсIмоhрbм нффΦлу 

оπŀƳƛƴƻōŜƴȊƻƛŎ 
ŀŎƛŘ 

ǇπŎƻǳƳŀǊƻȅƭπ
/ƻ! 

ǇπŎƻǳƳŀǊƻȅƭπоπ
ŀƳƛƴƻōŜƴȊƻƛŎ ŀŎƛŘ 

фΦн /мсIмоhпbм нунΦлу 

нΣоπŘƛƘȅŘǊƻȄȅ-
ōŜƴȊƻƛŎ ŀŎƛŘ 

ǇπŎƻǳƳŀǊƻȅƭπ
/ƻ! 

ǇπŎƻǳƳŀǊƻȅƭπнΣоπŘƛ-
ƘȅŘǊƻȄȅōŜƴȊƻƛŎ ŀŎƛŘ 

млΦн /мсIмнhс нффΦлс 

нΣрπŘƛƘȅŘǊƻȄȅ-
ōŜƴȊƻƛŎ ŀŎƛŘ 

ǇπŎƻǳƳŀǊƻȅƭπ
/ƻ! 

ǇπŎƻǳƳŀǊƻȅƭπнΣрπŘƛ-
ƘȅŘǊƻȄȅōŜƴȊƻƛŎ ŀŎƛŘ 

млΦн /мсIмнhс нффΦлс 

оΣпπŘƛƘȅŘǊƻȄȅ-
ōŜƴȊƻƛŎ ŀŎƛŘ 

ǇπŎƻǳƳŀǊƻȅƭπ
/ƻ! 

ǇπŎƻǳƳŀǊƻȅƭπоΣпπŘƛ-
ƘȅŘǊƻȄȅōŜƴȊƻƛŎ ŀŎƛŘ 

фΦм /мсIмнhс нффΦлс 

ƳŜǘƘŀƴƻƭ ǇπŎƻǳƳŀǊƻȅƭπ
/ƻ! 

ǇπŎƻǳƳŀǊƻȅƭ-
ƳŜǘƘŀƴƻƭ 

фΦт /млIмлhо мттΦлр 

пπƘȅŘǊƻȄȅ-
ōŜƴȊƻƛŎ ŀŎƛŘ 

ǇπŎƻǳƳŀǊƻȅƭπ
/ƻ! 

ǇπŎƻǳƳŀǊƻȅƭπпπ
ƘȅŘǊƻȄȅōŜƴȊƻƛŎ ŀŎƛŘ 

млΦл /мсIмнhр нуоΦлс 

нΣпπŘƛƘȅŘǊƻȄȅ-
ōŜƴȊƻƛŎ ŀŎƛŘ 

ǇπŎƻǳƳŀǊƻȅƭπ
/ƻ! 

ǇπŎƻǳƳŀǊƻȅƭπнΣпπŘƛ-
ƘȅŘǊƻȄȅōŜƴȊƻƛŎ ŀŎƛŘ 

уΦф  
ƻǊ 
млΦл 

/мсIмнhс нффΦлс 
ƻǊ 
нфуΦлу 

оπƘȅŘǊƻȄȅŀƴǘƘǊŀ-
ƴƛƭƛŎ ŀŎƛŘ 

ǇπŎƻǳƳŀǊƻȅƭπ
/ƻ! 

ǇπŎƻǳƳŀǊƻȅƭπнπbπоπ
ƘȅŘǊƻȄȅŀƴǘƘǊŀƴƛƭƛŎ 
ŀŎƛŘ 

млΦл /мсIмоhрbм нффΦлу 
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[πǘƘǊŜƻƴƛŎ ŀŎƛŘ ǇπŎƻǳƳŀǊƻȅƭπ
/ƻ! 

ǇπŎƻǳƳŀǊƻȅƭπ[π
ǘƘǊŜƻƴƛŎ ŀŎƛŘ 

тΦр /моIмпhт нумΦлт 

5πǘƘǊŜƻƴƛŎ ŀŎƛŘ ǇπŎƻǳƳŀǊƻȅƭπ
/ƻ! 

ǇπŎƻǳƳŀǊƻȅƭπ5π
ǘƘǊŜƻƴƛŎ ŀŎƛŘ 

тΦр /моIмпhт нумΦлт 

ǉǳƛƴƛŎ ŀŎƛŘ ŎƛƴƴŀƳƻȅƭπ
/ƻ! 

ŎƛƴƴŀƳƻȅƭǉǳƛƴƛŎ ŀŎƛŘ уΦп /мсIмсhт онмΦмл 

ǉǳƛƴƛŎ ŀŎƛŘ ŎŀũŜƻȅƭπ/ƻ! ŎŀũŜƻȅƭπрπhπǉǳƛƴƛŎ 
ŀŎƛŘ 

сΦс /мсIмсhф ороΦлф 

ǉǳƛƴƛŎ ŀŎƛŘ ŦŜǊǳƭƻȅƭπ/ƻ! ŦŜǊǳƭƻȅƭǉǳƛƴƛŎ ŀŎƛŘ тΦо /мтIнлhф остΦмл 

ǉǳƛƴƛŎ ŀŎƛŘ ǎƛƴŀǇƻȅƭπ/ƻ! ǎƛƴŀǇƻȅƭǉǳƛƴƛŎ ŀŎƛŘ тΦн /мтIннhмл офтΦмо 

 

¢ŀōƭŜ нуΦ [/πa{ ŀƴŀƭȅǎƛǎ ƻŦ ŜƴȊȅƳŜ ŀǎǎŀȅǎ ǿƛǘƘ {ƎIv¢мΣ ǇπŎƻǳƳŀǊƻȅƭπ/ƻ! ŀƴŘ нΣпπ
ŘƛƘȅŘǊƻȄȅōŜƴȊƻƛŎ ŀŎƛŘΦ ¢ƘǊŜŜ ǇŜŀƪǎ ǊŜǎǳƭǘŜŘΣ ǿƛǘƘ ǘǿƻ ƻŦ ǘƘŜƳ ŀƭǎƻ ŜƳŜǊƎƛƴƎ ƛƴ ǘƘŜ ŎƻƴǘǊƻƭ 
ŀǎǎŀȅΦ The 100 % peak in the MS/MS data is written in bold. 

wŜǘŜƴǝƻƴ 
ǝƳŜ ώƳƛƴϐ 

!ōǎƻǊōŀƴŎŜ 
ƳŀȄƛƳǳƳ 

Ƴ˂ŀȄ ώƴƳϐ 

aŜŀǎǳǊŜŘ  
ώaπIϐπ όƳκȊύ 

[/κ9{Lπa{κa{ ƳκȊ  
ό҈ ōŀǎŜ ǇŜŀƪΣ ƻƴƭȅ Ҕ м ҈ύ 

уΦм  нол омтΦлпфс a{н ώомтϐΥ ммл όпύΣ мму όмпύΣ мон όоύΣ  
мпл όнύΣ мсл όоύΣ мсу όфύΣ муо όрύΣ муп όмоύΣ нлм 
όнύΣ нмм όмллύΣ нмо όфύΣ ннт όнύΣ ннф όоύ 

уΦф Ҕ плл 
 

нффΦлотп a{н ώнффϐΥ мму όнύΣ мрт όоύΣ муо όфύΣ муп όмнύΣ 
нмл όнύΣ нмм όмллύΣ нмн όмсύ 

млΦл 
  

оон нфуΦлтуп a{н ώнфуϐΥ млу όмсύΣ ммт όмсύΣ ммф όмллύΣ мнл 
όфύΣ мон όнύΣ моп όпнύΣ мос όнύΣ мпр όунύΣ мпс 
όмнύΣ мрн όрύΣ мсл όмлύΣ мсо όмсύΣ мум όоύΣ нлу 
όпύΣ нму όоύΣ ннм όнύΣ ннс όфύΣ нос όулύΣ нот όмоύ 

 

¢ƘŜ ŀŎŎŜǇǘŀƴŎŜ ƻŦ ŀŎȅƭ ŘƻƴƻǊ ǎǳōǎǘǊŀǘŜǎ ǿŀǎ ǘŜǎǘŜŘ ŀǎ ǿŜƭƭΦ vǳƛƴƛŎ ŀŎƛŘ όу Ƴaύ ǿŀǎ ŀǇǇƭƛŜŘ ŀǎ 

ŀŎŎŜǇǘƻǊ ǎǳōǎǘǊŀǘŜ ŀƴŘ ǇπŎƻǳƳŀǊƻȅƭπ/ƻ! ǿŀǎ ŜȄŎƘŀƴƎŜŘ ōȅ нлл ҡa ŎƛƴƴŀƳƻȅƭπΣ ŎŀũŜƻȅƭπΣ 

ŦŜǊǳƭƻȅƭπΣ ǎƛƴŀǇƻȅƭπΣ ŀƴǘƘǊŀƴƛƭƻȅƭπ ƻǊ ōŜƴȊƻȅƭπ/ƻ!Φ ¢ƘŜ ŀǎǎŀȅǎ ǿŜǊŜ ǇŜǊŦƻǊƳŜŘ ŀŎŎƻǊŘƛƴƎƭȅ ŀƴŘ 

ǎǳōƧŜŎǘŜŘ ǘƻ [/πa{Σ ǿƘŜǊŜ ǘƘŜ 9L/ ƻŦ ǘƘŜ ŜȄǇŜŎǘŜŘ ǇǊƻŘǳŎǘǎ ǿŜǊŜ ŀƴŀƭȅȊŜŘΦ ¢ƘŜ ǊŜǎǳƭǝƴƎ 9L/ǎ 

ŀƴŘ Řŀǘŀ ŦǊƻƳ [/πa{ ŀƴŀƭȅǎƛǎ ŀǊŜ ŘŜǇƛŎǘŜŘ ƛƴ CƛƎǳǊŜ нн ŀƴŘ ¢ŀōƭŜ нтΦ {ƎIv¢м ŎŀǘŀƭȅȊŜŘ ǘƘŜ 

ŦƻǊƳŀǝƻƴ ƻŦ ŎƛƴƴŀƳƻȅƭǉǳƛƴƛŎ ŀŎƛŘΣ ŎŀũŜƻȅƭǉǳƛƴƛŎ ŀŎƛŘΣ ŦŜǊǳƭƻȅƭǉǳƛƴƛŎ ŀŎƛŘΣ ŀƴŘ ǎƛƴŀǇƻȅƭǉǳƛƴƛŎ 

ŀŎƛŘ όCƛƎǳǊŜ ннύΦ !ƴǘƘǊŀƴƛƭƻȅƭπ ƻǊ ōŜƴȊƻȅƭπ/ƻ! ǿŜǊŜ ƴƻǘ ŀŎŎŜǇǘŜŘ ό¢ŀōƭŜ нрύΦ  
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!Υ ŎƛƴƴŀƳƻȅƭπ/ƻ! Ҍ ǉǳƛƴƛŎ ŀŎƛŘ 
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.Υ ŎŀũŜƻȅƭπ/ƻ! Ҍ ǉǳƛƴƛŎ ŀŎƛŘ 
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caffeoyl-5-O-quinic acid

 
 

/Υ ŦŜǊǳƭƻȅƭπ/ƻ! Ҍ ǉǳƛƴƛŎ ŀŎƛŘ 
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5Υ ǎƛƴŀǇƻȅƭπ/ƻ! Ҍ ǉǳƛƴƛŎ ŀŎƛŘ 
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CƛƎǳǊŜ ннΦ 9ȄǘǊŀŎǘŜŘ ƛƻƴ ŎƘǊƻƳŀǘƻƎǊŀƳǎ ƻŦ ŜƴȊȅƳŜ ŀǎǎŀȅǎ ǿƛǘƘ {ƎIv¢мΣ ǉǳƛƴƛŎ ŀŎƛŘ ŀƴŘ 
ǾŀǊƛƻǳǎ ŀŎȅƭ ŘƻƴƻǊ ǎǳōǎǘǊŀǘŜǎΣ ƛƴŎƭǳŘƛƴƎ ǘƘŜ ǎǘǊǳŎǘǳǊŀƭ ŦƻǊƳǳƭŀ ƻŦ ǘƘŜ ŀǳǘƘŜƴǝŎ ǎǘŀƴŘŀǊŘΦ .ƭŀŎƪ 
ƭƛƴŜΥ ŜƴȊȅƳŜ ŀǎǎŀȅ ǿƛǘƘ {ƎIv¢мΣ ŘƻƴƻǊ ŀƴŘ ŀŎŎŜǇǘƻǊ ǎǳōǎǘǊŀǘŜ ό{ƎIv¢мύΤ ŘŀǎƘŜŘ ōƭŀŎƪ ƭƛƴŜΥ 
ŜƳǇǘȅ ǾŜŎǘƻǊ ŎƻƴǘǊƻƭ ŀǎǎŀȅ ό/ƻƴǘǊƻƭύΤ ōƻƭŘ ƎǊŜȅ ƭƛƴŜΥ ŀǳǘƘŜƴǝŎ ǎǘŀƴŘŀǊŘ όƛŦ ŀǾŀƛƭŀōƭŜύΤ ǘƘƛƴ ƎǊŜȅ 
ƭƛƴŜΥ ƻũǎŜǘ ŦƻǊ ōŜǧŜǊ ǾƛǎǳŀƭƛȊŀǝƻƴΦ !Υ CƻǊƳŀǝƻƴ ƻŦ ŎƛƴƴŀƳƻȅƭǉǳƛƴƛŎ ŀŎƛŘ όώaπIϐπ ƳκȊ олоΦлфύΤ 
.Υ ŦƻǊƳŀǝƻƴ ƻŦ ŎŀũŜƻȅƭπрπhπǉǳƛƴƛŎ ŀŎƛŘ όώaπIϐπ ƳκȊ оорΦлуύΤ /Υ ŦƻǊƳŀǝƻƴ ƻŦ ŦŜǊǳƭƻȅƭǉǳƛƴƛŎ 
ŀŎƛŘ όώaπIϐπ ƳκȊ опфΦлфύΤ 5Υ ŦƻǊƳŀǝƻƴ ƻŦ ǎƛƴŀǇƻȅƭǉǳƛƴƛŎ ŀŎƛŘ όώaπIϐπ ƳκȊ отфΦммύΦ !ŘƻǇǘŜŘ 
ŦǊƻƳ .ǀƳŜƪŜ ŀƴŘ tŜǘŜǊǎŜƴ όнлнрύ 
 

13.5.2.3 Formation of shikimic acid derivatives 

²ƘƛƭŜ ǇǊƻŘǳŎǘǎ ƻŦ ŀǎǎŀȅǎ ǿƛǘƘ {ƎIv¢м ŀƴŘ ǉǳƛƴƛŎ ŀŎƛŘ ǿŜǊŜ ƛŘŜƴǝŬŜŘ ŀǎ ǇπŎƻǳƳŀǊƻȅƭπ ƻǊ 

ŎŀũŜƻȅƭπрπhπǉǳƛƴƛŎ ŀŎƛŘΣ 9L/ǎ ƻŦ ǘŜǎǘǎ ǿƛǘƘ ǎƘƛƪƛƳƛŎ ŀŎƛŘ ǎƘƻǿŜŘ ǇŜŀƪǎ ǿƛǘƘ ǘƘǊŜŜ ǝǇǎ όCƛƎǳǊŜ 

нм .ύΦ ²ƘŜƴ ŀƴŀƭȅȊƛƴƎ ǘŜǎǘǎ ǿƛǘƘ ǇπŎƻǳƳŀǊƻȅƭπ/ƻ! ŀƴŘ ǎƘƛƪƛƳƛŎ ŀŎƛŘΣ ŘƛũŜǊŜƴŎŜǎ ǘƻ ǘƘŜ 

ǊŜǘŜƴǝƻƴ ǝƳŜǎ ƻŦ ǘƘŜ ǇπŎƻǳƳŀǊƻȅƭπрπhπǎƘƛƪƛƳƛŎ ŀŎƛŘ ǎǘŀƴŘŀǊŘ ǎƘƻǿŜŘ ǳǇΦ ¢ƘŜ ǘŜǎǘǎ ǿŜǊŜ 

ǊŜǇŜŀǘŜŘ ǳǎƛƴƎ ŎŀũŜƻȅƭπ/ƻ! ŀǎ ŀŎȅƭ ŘƻƴƻǊ ǎƛƴŎŜ ŀǳǘƘŜƴǝŎ ǎǘŀƴŘŀǊŘǎ ŦƻǊ ǘƘŜ ǊŜǎǳƭǝƴƎ ǇǊƻŘǳŎǘǎ 

ǿŜǊŜ ŀǾŀƛƭŀōƭŜΦ ²ƘŜƴ ŎƻƳǇŀǊƛƴƎ ǘƘŜ ŀǎǎŀȅǎ ǘƻ ǘƘŜ ƴŜƎŀǝǾŜ ŎƻƴǘǊƻƭΣ ǘƘŜ ŜƳŜǊƎŜƴŎŜ ƻŦ ǘƘǊŜŜ 

ǇŜŀƪǎ ǿƛǘƘ ǊŜǘŜƴǝƻƴ ǝƳŜǎ ƻŦ рΦн ƳƛƴΣ сΦо Ƴƛƴ ŀƴŘ тΦс Ƴƛƴ ǿŀǎ ƻōǎŜǊǾŜŘ όCƛƎǳǊŜ но !ύΦ ¢ƘŜ 

ǇŜŀƪǎ ǿŜǊŜ ƛŘŜƴǝŬŜŘ ŀǎ ŎŀũŜƻȅƭπоπΣ πпπΣ ŀƴŘ πрπhπǎƘƛƪƛƳƛŎ ŀŎƛŘ ōȅ ŎƻƳǇŀǊƛǎƻƴ ǘƻ ŀǳǘƘŜƴǝŎ 

ǎǘŀƴŘŀǊŘǎ όCƛƎǳǊŜ но .ύΦ 

!ƴƻǘƘŜǊ ǇŜŀƪ ǿŀǎ ŘŜǘŜŎǘŜŘ ƛƴ ǘŜǎǘǎ ǿƛǘƘ {ƎIv¢мΣ ŎŀũŜƻȅƭπ/ƻ! ŀƴŘ ǎƘƛƪƛƳƛŎ ŀŎƛŘ όCƛƎǳǊŜ нпύΦ 

¢ƘŜ ƳκȊ ƻŦ пфуΦмн ό/нрIннhмм ώaπIϐπύ ǿŀǎ ƛŘŜƴǝŬŜŘ ŀǎ ŀ ŘƛŎŀũŜƻȅƭǎƘƛƪƛƳƛŎ ŀŎƛŘ ŘŜǊƛǾŀǝǾŜ 

όCƛƎǳǊŜ нп .Σ ¢ŀōƭŜ нфύΦ 5ǳŜ ǘƻ ŀ ƭŀŎƪ ƻŦ ŀǳǘƘŜƴǝŎ ǎǘŀƴŘŀǊŘǎ ŀƴŘ ŀ ōǊƻŀŘ ǾŀǊƛŜǘȅ ƻŦ ǇƻǎǎƛōƭŜ 

ƛǎƻƳŜǊǎΣ ǘƘŜ ŀǧŀŎƘƳŜƴǘ ƻŦ ǘƘŜ ŎŀũŜƻȅƭ ƳƻƛŜǝŜǎ ǿŀǎ ƴƻǘ ƛƴǾŜǎǝƎŀǘŜŘΦ 
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A: caffeoyl-CoA + shikimic acid 
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B: 0.5 nmol caffeoyl-shikimic acid standards 
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CƛƎǳǊŜ ноΦ It[/ ŎƘǊƻƳŀǘƻƎǊŀƳǎ ŀǘ ооо ƴƳΦ !Υ {ǘŀƴŘŀǊŘ ŀǎǎŀȅ ǿƛǘƘ {ƎIv¢мΣ ŎŀũŜƻȅƭπ/ƻ! ŀƴŘ 
ǎƘƛƪƛƳƛŎ ŀŎƛŘ ό{ƎIv¢м лΦр ƘύΣ ŀƴŘ ŀ ŎƻƴǘǊƻƭ ŀǎǎŀȅ ό{ƎIv¢м л ƘύΤ .Υ лΦр ƴƳƻƭ ƻŦ ŜŀŎƘ ŎŀũŜƻȅƭπоπ
hπǎƘƛƪƛƳƛŎ ŀŎƛŘ όсΦо ƳƛƴύΣ ŎŀũŜƻȅƭπпπhπǎƘƛƪƛƳƛŎ ŀŎƛŘ όрΦн Ƴƛƴύ ŀƴŘ ŎŀũŜƻȅƭπрπhπǎƘƛƪƛƳƛŎ ŀŎƛŘ 
όтΦс ƳƛƴύΦ !ŘƻǇǘŜŘ ŦǊƻƳ .ǀƳŜƪŜ ŀƴŘ tŜǘŜǊǎŜƴ όнлнрύ 
 

!Υ ŎŀũŜƻȅƭπ/ƻ! Ҍ ǎƘƛƪƛƳƛŎ ŀŎƛŘ 
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.Υ ŎŀũŜƻȅƭπ/ƻ! Ҍ ǎƘƛƪƛƳƛŎ ŀŎƛŘ 
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CƛƎǳǊŜ нпΦ 9ȄǘǊŀŎǘŜŘ ƛƻƴ ŎƘǊƻƳŀǘƻƎǊŀƳǎ ƻŦ ŜƴȊȅƳŜ ŀǎǎŀȅǎ ǿƛǘƘ {ƎIv¢мΣ ŎŀũŜƻȅƭπ/ƻ! ŀƴŘ 
ǎƘƛƪƛƳƛŎ ŀŎƛŘΣ ƛƴŎƭǳŘƛƴƎ ǘƘŜ ǎǘǊǳŎǘǳǊŀƭ ŦƻǊƳǳƭŀ ƻŦ ŀǳǘƘŜƴǝŎ ǎǘŀƴŘŀǊŘǎΦ .ƭŀŎƪ ƭƛƴŜΥ ŜƴȊȅƳŜ ŀǎǎŀȅ 
ǿƛǘƘ {ƎIv¢мΣ ŘƻƴƻǊ ŀƴŘ ŀŎŎŜǇǘƻǊ ǎǳōǎǘǊŀǘŜ ό{ƎIv¢мύΤ ŘŀǎƘŜŘ ōƭŀŎƪ ƭƛƴŜΥ ŜƳǇǘȅ ǾŜŎǘƻǊ ŎƻƴǘǊƻƭ 
ŀǎǎŀȅ ό/ƻƴǘǊƻƭύΤ ōƻƭŘ ƎǊŜȅ ƭƛƴŜΥ ŀǳǘƘŜƴǝŎ ǎǘŀƴŘŀǊŘ όƛŦ ŀǾŀƛƭŀōƭŜύΤ ǘƘƛƴ ƎǊŜȅ ƭƛƴŜΥ ƻũǎŜǘ ŦƻǊ ōŜǧŜǊ 
ǾƛǎǳŀƭƛȊŀǝƻƴΦ !Υ CƻǊƳŀǝƻƴ ƻŦ ŎŀũŜƻȅƭπоπΣ πпπ ŀƴŘ πрπhπǎƘƛƪƛƳƛŎ ŀŎƛŘ όώaπIϐπ ƳκȊ оорΦлуύΤ ǘƘŜ 
ǊŜǘŜƴǝƻƴ ǝƳŜǎ ŀǊŜ ƴŜŀǊƭȅ ƛƴŘƛǎǝƴƎǳƛǎƘŀōƭŜΣ ōǳǘ ǘƘŜ ǇǊƻŘǳŎǘ ǇŜŀƪ ǎƘƻǿǎ ǘƘǊŜŜ ǝǇǎ όǎŜŜ CƛƎǳǊŜ 
ноΣ ǎǘǊǳŎǘǳǊŀƭ ŦƻǊƳǳƭŀŜ ƻŦ ǘƘŜ ǎǘŀƴŘŀǊŘǎ ǊŜŦŜǊ ǘƻ ǘƘŜ ǇŜŀƪ ƳŀǊƪŜŘ ǿƛǘƘ ŀƴ ŀǊǊƻǿύΦ .Υ ŦƻǊƳŀǝƻƴ 
ƻŦ ŀ ŘƛŎŀũŜƻȅƭǎƘƛƪƛƳƛŎ ŀŎƛŘ ŘŜǊƛǾŀǝǾŜ όώaπIϐπ ƳκȊ пфуΦмнύΦ !ŘŀǇǘŜŘ ŦǊƻƳ .ǀƳŜƪŜ ŀƴŘ 
tŜǘŜǊǎŜƴ όнлнрύ 
 

¢ŀōƭŜ нфΦ [/πa{ ŀƴŀƭȅǎƛǎ ƻŦ ŜƴȊȅƳŜ ŀǎǎŀȅǎ ǿƛǘƘ {ƎIv¢мΣ ŎŀũŜƻȅƭπ/ƻ! ŀƴŘ ǎƘƛƪƛƳƛŎ ŀŎƛŘΦ !Ŏȅƭ 
ŀŎŎŜǇǘƻǊ ŀƴŘ ŘƻƴƻǊ ǎǳōǎǘǊŀǘŜǎ ŀǎ ǿŜƭƭ ŀǎ ǘƘŜ ŘŜǘŜŎǘŜŘ ǇǊƻŘǳŎǘ ŀǊŜ ƭƛǎǘŜŘΦ wŜǘŜƴǝƻƴ ǝƳŜΣ ǘƘŜ 
ƳƻƭŜŎǳƭŀǊ ŦƻǊƳǳƭŀ ŀƴŘ ǘƘŜ ŘŜǘŜŎǘŜŘ Ƴŀǎǎ ƻŦ ǘƘŜ ƛƻƴ ώaπIϐπ ŀǊŜ ŀƭǎƻ ƎƛǾŜƴΦ ²ƘŜƴ ŀƴ ŀǳǘƘŜƴǝŎ 
ǎǘŀƴŘŀǊŘ ǿŀǎ ŀǾŀƛƭŀōƭŜΣ ǘƘŜ Ǉƻǎƛǝƻƴ ƻŦ ǘƘŜ ƘȅŘǊƻȄȅŎƛƴƴŀƳƻȅƭ ŀǧŀŎƘƳŜƴǘ ǿŀǎ ŎƻƴǎƛŘŜǊŜŘΦ 
!ŘƻǇǘŜŘ ŦǊƻƳ .ǀƳŜƪŜ ŀƴŘ tŜǘŜǊǎŜƴ όнлнрύ 

tǊƻŘǳŎǘ wŜǘŜƴǝƻƴ ǝƳŜ 
ώƳƛƴϐ 

aƻƭŜŎǳƭŀǊ 
ŦƻǊƳǳƭŀ 

5ŜǘŜŎǘŜŘ ώaπIϐπ 
όƳκȊύ 

ŎŀũŜƻȅƭπоπhπǎƘƛƪƛƳƛŎ ŀŎƛŘ тΦо /мсIмсhу оорΦлу 

ŎŀũŜƻȅƭπпπhπǎƘƛƪƛƳƛŎ ŀŎƛŘ тΦн /мсIмсhу оорΦлу 

ŎŀũŜƻȅƭπрπhπǎƘƛƪƛƳƛŎ ŀŎƛŘ тΦс /мсIмсhу оорΦлу 

ŘƛŎŀũŜƻȅƭǎƘƛƪƛƳƛŎ ŀŎƛŘ уΦу /нрIннhмм пфуΦмн 
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13.5.2.4 pH and temperature optimum 

CƻƭƭƻǿƛƴƎ ǘƘŜ ǾŜǊƛŬŎŀǝƻƴ ƻŦ ŀŎǝǾƛǘȅ ƻŦ ǇǳǊƛŬŜŘ {ƎIv¢м ōȅ [/πa{Σ ǘƘŜ ǎǇŜŎƛŬŎ ŀŎǝǾƛǘȅ ǿŀǎ 

ƛƴŎǊŜŀǎŜŘ ōȅ ŀŘƧǳǎǝƴƎ ǘƘŜ ǊŜŀŎǝƻƴ ŎƻƴŘƛǝƻƴǎΦ ¢ƘŜ ƻǇǝƳŀƭ ǇI ǿŀǎ ǘŜǎǘŜŘ ōȅ ǾŀǊȅƛƴƎ ǘƘŜ ǇI 

ƻŦ Ytƛ ōǳũŜǊǎ ŦǊƻƳ сΦлл ǘƻ уΦрлΦ [ƛƴŜŀǊ ǘǳǊƴƻǾŜǊ ǿŀǎ ŎƘŜŎƪŜŘ ōŜŦƻǊŜƘŀƴŘΣ ŀƴŘ ŀƴŀƭȅǎƛǎ ǿŀǎ 

ŎƻƴŘǳŎǘŜŘ ŀƊŜǊ ǎǘƻǇǇƛƴƎΣ ŜȄǘǊŀŎǝƻƴ ŀƴŘ ŜǾŀǇƻǊŀǝƻƴΦ bƻ ŦƻǊƳŀǝƻƴ ƻŦ ǇπŎƻǳƳŀǊƻȅƭπрπhπ

ǉǳƛƴƛŎ ŀŎƛŘ ǿŀǎ ƻōǎŜǊǾŜŘ ƛƴ ǘƘŜ ƴŜƎŀǝǾŜ ŎƻƴǘǊƻƭΦ !ǘ ŀ ǇI ƻŦ пΦомΣ ƴƻ ǇǊƻŘǳŎǘ ŦƻǊƳŀǝƻƴ ǿŀǎ 

ƻōǎŜǊǾŜŘ ōǳǘ ǎǇŜŎƛŬŎ ŀŎǝǾƛǘȅ ǊŜŀŎƘŜŘ ŀōƻǳǘ лΦр ǘƻ мΦл ƳƪŀǘκƪƎ ŦǊƻƳ ǇI рΦтс ǘƻ тΦлф όCƛƎǳǊŜ 

нр !ύΦ !ǘ ŀ ǇI ƻŦ сΦумΣ ŀ ǎǇŜŎƛŬŎ ŀŎǝǾƛǘȅ ƻŦ ŀōƻǳǘ мΦл ƳƪŀǘκƪƎ ƳŀǊƪŜŘ ǘƘŜ ƘƛƎƘŜǎǘ ǘǳǊƴƻǾŜǊΦ  

CƻƭƭƻǿƛƴƎ ǘƘŜ ŜǾŀƭǳŀǝƻƴ ƻŦ ǘƘŜ ƻǇǝƳŀƭ ǊŜŀŎǝƻƴ ǇIΣ ǘƘŜ ƻǇǝƳŀƭ ǊŜŀŎǝƻƴ ǘŜƳǇŜǊŀǘǳǊŜ ǿŀǎ 

ǘŜǎǘŜŘΦ !ƴŀƭȅǎƛǎ ōȅ It[/ ǊŜǾŜŀƭŜŘ ǘƘŜ ƘƛƎƘŜǎǘ ǎǇŜŎƛŬŎ ŀŎǝǾƛǘȅ ŀǘ ŀ ǘŜƳǇŜǊŀǘǳǊŜ ƻŦ пфΦп ϲ/ 

όCƛƎǳǊŜ нр .ύΦ !ŎǝǾƛǘȅ ƛƴŎǊŜŀǎŜŘ ŦǊƻƳ ŀōƻǳǘ мΦр ƳƪŀǘκƪƎ ŀǘ лΦл ϲ/ όƴƻǘ ŦǊƻȊŜƴύ ǘƻ ŀ ŬǊǎǘ 

ƳŀȄƛƳǳƳ ƻŦ ŀōƻǳǘ мн ƳƪŀǘκƪƎ ŀǘ офΦс ϲ/Φ !ƊŜǊ ŀƴ ŀōǎƻƭǳǘŜ ƳŀȄƛƳǳƳ ƻŦ ŀōƻǳǘ мо ƳƪŀǘκƪƎ ŀǘ 

пфΦп ϲ/Σ ǎǇŜŎƛŬŎ ŀŎǝǾƛǘȅ ŘŜŎƭƛƴŜŘ ǘƻ ф ƳƪŀǘκƪƎ ŀǘ слΦл ϲ/ όCƛƎǳǊŜ нр .ύΦ  

 

A: pH optimum 
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B: temperature optimum 
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CƛƎǳǊŜ нрΦ {ǇŜŎƛŬŎ ŀŎǝǾƛǘȅ ƻŦ {ƎIv¢м ŀǘ ŘƛũŜǊŜƴǘ ǇI ƻǊ ǘŜƳǇŜǊŀǘǳǊŜ ŎƻƴŘƛǝƻƴǎ όƴ Ґ о ҕ {5ύΦ 
!Υ ǇI ƻǇǝƳǳƳΥ ƘƛƎƘŜǎǘ ǎǇŜŎƛŬŎ ŀŎǝǾƛǘȅ ŀǘ ǇI Ґ сΦум όƳŀǊƪŜŘ ǿƛǘƘ ŀƴ ŀǊǊƻǿύΤ .Υ ǘŜƳǇŜǊŀǘǳǊŜ 
ƻǇǝƳǳƳΥ ƘƛƎƘŜǎǘ ǎǇŜŎƛŬŎ ŀŎǝǾƛǘȅ ŀǘ ¢ Ґ пфΦп ϲ/ όƳŀǊƪŜŘ ǿƛǘƘ ŀƴ ŀǊǊƻǿύΦ ¢ƘŜ ŜȄŀŎǘ ŎƻƴŘƛǝƻƴǎ 
ŀǊŜ ǎƘƻǿƴ ƛƴ ¢ŀōƭŜ мпΦ !ŘƻǇǘŜŘ ŦǊƻƳ .ǀƳŜƪŜ ŀƴŘ tŜǘŜǊǎŜƴ όнлнрύ 
 

13.5.2.5 Substrate-saturation kinetics 

¢ƘŜ ŀŎŎŜǇǘŀƴŎŜ ŀƴŘ ǇǊŜŦŜǊŜƴŎŜ ŦƻǊ ŀŎȅƭ ŘƻƴƻǊ ǳƴŘ ŀŎȅƭ ŀŎŎŜǇǘƻǊ ǎǳōǎǘǊŀǘŜǎ ǿŜǊŜ ǘŜǎǘŜŘ ōȅ 

ŎƻƴŘǳŎǝƴƎ ǎǳōǎǘǊŀǘŜ ǎŀǘǳǊŀǝƻƴ ƪƛƴŜǝŎǎΦ CƻƭƭƻǿƛƴƎ ƻǇǝƳƛȊŀǝƻƴ ƻŦ ǊŜŀŎǝƻƴ ŎƻƴŘƛǝƻƴǎΣ 

ƭƛƴŜŀǊƛǘȅ ǿŀǎ ŎƘŜŎƪŜŘ ŦƻǊ ŜŀŎƘ ƻŦ ǘƘŜ ƭƻǿŜǎǘ ŀǇǇƭƛŜŘ ǎǳōǎǘǊŀǘŜ ŎƻƴŎŜƴǘǊŀǝƻƴǎΦ ¢ƘŜ ǇI ƻŦ м a 

ǎǘƻŎƪ ǎƻƭǳǝƻƴǎ ƻŦ ǉǳƛƴƛŎ ŀŎƛŘ ŀƴŘ лΦм a ǎǘƻŎƪ ǎƻƭǳǝƻƴǎ ƻŦ ǎƘƛƪƛƳƛŎ ŀŎƛŘ ǿŀǎ ŀŘƧǳǎǘŜŘ ǿƛǘƘ м a 

bŀhI ǘƻ тΦл ǘƻ ŀǾƻƛŘ ǎǘǊƻƴƎ ƛƴƅǳŜƴŎŜ ƻƴ ǇI ōȅ ƘƛƎƘ ŎƻƴŎŜƴǘǊŀǝƻƴǎ ƻŦ ǘƘŜǎŜ ŀŎƛŘǎΦ ¢ƘŜ 

ŎƻƳǇƻǎƛǝƻƴ ƻŦ ŀǎǎŀȅǎ ŦƻǊ ŀƭƭ ŘŜǘŜǊƳƛƴŀǝƻƴǎ ƛǎ ǎƘƻǿƴ ƛƴ ¢ŀōƭŜ мп ǿƘƛƭŜ ǊŜǎǳƭǝƴƎ ǎǳōǎǘǊŀǘŜ 

ǎŀǘǳǊŀǝƻƴ ŎǳǊǾŜǎ ŀǊŜ ŘƛǎǇƭŀȅŜŘ ŀǎ aƛŎƘŀŜƭƛǎπaŜƴǘŜƴ ƎǊŀǇƘǎ ƛƴ CƛƎǳǊŜ нсΦ  

wŜƎŀǊŘƛƴƎ ŀŶƴƛǘȅ όYƳύΣ ŎŀũŜƻȅƭπ/ƻ! ǿŀǎ ǇǊŜŦŜǊǊŜŘ ōȅ {ƎIv¢мΣ ƘŀǾƛƴƎ ŀ YƳ ƻŦ фΦо ҡa ǿƛǘƘ ŀ 

Ŏƻƴǎǘŀƴǘ ŎƻƴŎŜƴǘǊŀǝƻƴ ƻŦ ǉǳƛƴƛŎ ŀŎƛŘΣ ǿƘƛƭŜ ǇπŎƻǳƳŀǊƻȅƭπ/ƻ! ƘŀŘ ŀ YƳ ƻŦ мфΦф ǿƛǘƘ ǉǳƛƴƛŎ ŀŎƛŘ 
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ŀƴŘ спΦп ҡa ǿƛǘƘ ǎƘƛƪƛƳƛŎ ŀŎƛŘ όCƛƎǳǊŜ нс !Σ . ŀƴŘ /Σ ¢ŀōƭŜ олύΦ hƴ ǘƘŜ ƻǘƘŜǊ ƘŀƴŘΣ ƪŎŀǘκYƳ ǿŀǎ 

ƘƛƎƘŜǊ ŦƻǊ ǇπŎƻǳƳŀǊƻȅƭπ/ƻ! όммтмм ƭ ǎπм Ƴƻƭπмύ ǘƘŀƴ ŦƻǊ ŎŀũŜƻȅƭπ/ƻ! όпппп ƭ ǎπм ƳƻƭπмύΣ ōƻǘƘ 

ǿƛǘƘ ǉǳƛƴƛŎ ŀŎƛŘΦ ²ƘŜƴ ǾŀǊȅƛƴƎ ǘƘŜ ŎƻƴŎŜƴǘǊŀǝƻƴ ƻŦ ǘƘŜ ŀŎŎŜǇǘƻǊ ǎǳōǎǘǊŀǘŜΣ ŀ ǎƛƳƛƭŀǊ ōŜƘŀǾƛƻǊ 

ƻŎŎǳǊǊŜŘΥ ǘƘŜ ŀŶƴƛǘȅ ŦƻǊ ǉǳƛƴƛŎ ŀŎƛŘ ǿŀǎ ǘƘŜ ǎŀƳŜΣ ǊŜƎŀǊŘƭŜǎǎ ƻŦ ǘƘŜ ŘƻƴƻǊ ǎǳōǎǘǊŀǘŜ 

όррнлΦл ҡa ǿƛǘƘ ǇπŎƻǳƳŀǊƻȅƭπ/ƻ! ŀƴŘ ртсфΦл ǿƛǘƘ ŎŀũŜƻȅƭπ/ƻ!ύΣ ōǳǘ ǘƘŜ ƪŎŀǘκYƳ ǿŀǎ ŀōƻǳǘ у 

ǝƳŜǎ ƘƛƎƘŜǊ ǿƛǘƘ ǇπŎƻǳƳŀǊƻȅƭπ/ƻ! όпо ƭ ǎπм Ƴƻƭπм ǿƛǘƘ ǇπŎƻǳƳŀǊƻȅƭπ/ƻ! ŀƴŘ р ƭ ǎπм Ƴƻƭπм ǿƛǘƘ 

ŎŀũŜƻȅƭπ/ƻ!ύ όCƛƎǳǊŜ нс 5 ŀƴŘ 9Σ ¢ŀōƭŜ олύΦ LƴǘŜǊŜǎǝƴƎƭȅΣ ǘƘŜ YƳ ŦƻǊ ǎƘƛƪƛƳƛŎ ŀŎƛŘ ǿƛǘƘ ŀ 

Ŏƻƴǎǘŀƴǘ ŎƻƴŎŜƴǘǊŀǝƻƴ ƻŦ ǇπŎƻǳƳŀǊƻȅƭπ/ƻ! ǿŀǎ ŀōƻǳǘ мрπŦƻƭŘ ƘƛƎƘŜǊ ǘƘŀƴ ŦƻǊ ǉǳƛƴƛŎ ŀŎƛŘ 

όурпплΦл ҡa ǿƛǘƘ ǎƘƛƪƛƳƛŎ ŀŎƛŘ ŀƴŘ ррнлΦл ҡa ǿƛǘƘ ǉǳƛƴƛŎ ŀŎƛŘύΣ ǎǝƭƭΣ ŀ ǎƭƛƎƘǘƭȅ ƘƛƎƘŜǊ ±ƳŀȄ ǿŀǎ 

ƻōǎŜǊǾŜŘ όтΦлм ƳƪŀǘκƪƎύ όCƛƎǳǊŜ нс CΣ ¢ŀōƭŜ олύΦ Lƴ ŎƻƴŎƭǳǎƛƻƴΣ ǘƘŜ ƻǾŜǊŀƭƭ ƘƛƎƘŜǎǘ ƪŎŀǘκYƳ ǿŀǎ 

ƻōǎŜǊǾŜŘ ǿƛǘƘ ǘƘŜ ŎƻƳōƛƴŀǝƻƴ ƻŦ ǇπŎƻǳƳŀǊƻȅƭπ/ƻ! ŀƴŘ ǉǳƛƴƛŎ ŀŎƛŘΣ ŜǾŜƴ ƛŦ ŀ ƘƛƎƘŜǊ ŀŶƴƛǘȅ 

ƻǊ ǎǇŜŎƛŬŎ ŀŎǝǾƛǘȅ ǿŀǎ ŀŎƘƛŜǾŜŘ ǿƛǘƘ ƻǘƘŜǊ ŎƻƳōƛƴŀǝƻƴǎΦ 

 

A: p-coumaroyl-CoA + quinic acid 
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B: caffeoyl-CoA + quinic acid 
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C: p-coumaroyl-CoA + shikimic 
acid 
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D: quinic acid + p-coumaroyl-CoA 
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E: quinic acid + caffeoyl-CoA 
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F: shikimic acid + p-coumaroyl-
CoA 
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CƛƎǳǊŜ нсΦ {ǳōǎǘǊŀǘŜ ǎŀǘǳǊŀǝƻƴ ŎǳǊǾŜǎ ǎƘƻǿƛƴƎ ǘƘŜ aƛŎƘŀŜƭƛǎπaŜƴǘŜƴ ƪƛƴŜǝŎǎ όYƳ ŀƴŘ ±ƳŀȄύ 
ŦƻǊ {ƎIv¢мΦ ¢ƘŜ ŎƻƳǇƻǎƛǝƻƴ ƻŦ ǘƘŜ ŀǎǎŀȅǎ ŀƴŘ ǘƘŜ ǊŜŀŎǝƻƴ ŎƻƴŘƛǝƻƴǎ ŀǊŜ ǎƘƻǿƴ ƛƴ ¢ŀōƭŜ мпΦ 
!Υ ǇπŎƻǳƳŀǊƻȅƭπ/ƻ! ǿƛǘƘ ул Ƴa ǉǳƛƴƛŎ ŀŎƛŘ όƴ Ґ ф ҕ {9aύΤ .Υ ŎŀũŜƻȅƭπ/ƻ! ǿƛǘƘ ул Ƴa ǉǳƛƴƛŎ 
ŀŎƛŘ όƴ Ґ ф ҕ {9aύΤ /Υ ǇπŎƻǳƳŀǊƻȅƭπ/ƻ! ǿƛǘƘ онл Ƴa ǎƘƛƪƛƳƛŎ ŀŎƛŘ όƴ Ґ ф ҕ {9aύΤ 5Υ ǉǳƛƴƛŎ ŀŎƛŘ 
ǿƛǘƘ нлл ҡa ǇπŎƻǳƳŀǊƻȅƭπ/ƻ! όƴ Ґ ф ҕ {9aύΤ 9Υ ǉǳƛƴƛŎ ŀŎƛŘ ǿƛǘƘ млл ҡa ŎŀũŜƻȅƭπ/ƻ! όƴ Ґ ф 
ҕ {9aύΤ CΥ ǎƘƛƪƛƳƛŎ ŀŎƛŘ ǿƛǘƘ плл ҡa ǇπŎƻǳƳŀǊƻȅƭπ/ƻ! όƴ Ґ ф ҕ {9aύΦ !ŘƻǇǘŜŘ ŦǊƻƳ .ǀƳŜƪŜ 
ŀƴŘ tŜǘŜǊǎŜƴ όнлнрύ 
 

¢ŀōƭŜ олΦ aƛŎƘŀŜƭƛǎπaŜƴǘŜƴ ŎƘŀǊŀŎǘŜǊƛȊŀǝƻƴ ƻŦ {ƎIv¢мΣ ƛƴŎƭǳŘƛƴƎ ŀŶƴƛǘȅ όYƳ ώҡaϐύΣ ǎǇŜŎƛŬŎ 
ŀŎǝǾƛǘȅ ό±ƳŀȄ ώƳƪŀǘκƪƎϐύΣ ǘǳǊƴƻǾŜǊ ƴǳƳōŜǊ όƪŎŀǘ ώǎπмϐύ ŀƴŘ ŎŀǘŀƭȅǝŎ ŜŶŎƛŜƴŎȅ όƪŎŀǘκYƳ 
ώƭ ǎπм ƳƻƭπмϐύΦ YƳ ŀƴŘ ±ƳŀȄ ŀǊŜ ōŀǎŜŘ ƻƴ ƴ Ґ ф ҕ {9aΣ ŜȄŎŜǇǘ ŦƻǊ ǇπŎƻǳƳŀǊƻȅƭπ/ƻ! ƛƴ ŎƻƳōƛƴŀǝƻƴ 
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ǿƛǘƘ ǎƘƛƪƛƳƛŎ ŀŎƛŘΣ ǿƘƛŎƘ ƛǎ ōŀǎŜŘ ƻƴ ƴ Ґ о ҕ {5 όƳŀǊƪŜŘ ǿƛǘƘ ŀƴ ŀǎǘŜǊƛǎƪ όϝύύΣ ƪŎŀǘ ƛǎ ŎŀƭŎǳƭŀǘŜŘ 
ǿƛǘƘ ǘƘŜ ƳƻƭŜŎǳƭŀǊ Ƴŀǎǎ ƻŦ ǘƘŜ ǇǊƻǘŜƛƴ ƛƴŎƭǳŘƛƴƎ сȄIƛǎπǘŀƎ ƻŦ пфΦу ƪ5ŀΦ DǊŀǇƘǎ ǳƴŘŜǊƭȅƛƴƎ ǘƘŜ 
ǊŜǎǳƭǘǎ ŀǊŜ ŘƛǎǇƭŀȅŜŘ ƛƴ CƛƎǳǊŜ нсΦ wŜŀŎǝƻƴ ŎƻƴŘƛǝƻƴǎ ŀƴŘ ŎƻƳǇƻǎƛǝƻƴ ƻŦ ǘƘŜ ŀǎǎŀȅǎ ŀǊŜ 
ŘƛǎǇƭŀȅŜŘ ƛƴ ¢ŀōƭŜ мпΦ 

Variable 
substrate 

Constant 
substrate 

Km 
[µM]  

Vmax 
[mkat/kg]  

kcat 
[s-1] 

kcat/Km 

[l s-1 mol-1] 

p-coumaroyl-
CoA 

quinic acid 19.9 ± 3.4 4.68 ± 0.24 0.233 11711 

caffeoyl-CoA quinic acid 9.3 ± 2.5 0.83 ± 0.06 0.041 4444 

p-coumaroyl-
CoA* 

shikimic acid 64.4 ± 8.5 6.77 ± 0.31 0.337 5235 

quinic acid 
p-coumaroyl-
CoA 

5520.0 ± 713.0 4.81 ± 0.18 0.239 43 

quinic acid caffeoyl-CoA 
5769.0 ± 

1187.0 
0.53 ± 0.03 0.026 5 

shikimic acid* 
p-coumaroyl-
CoA 

85440.0 ± 
18700.0 

7.01 ± 0.61 0.349 4 

 

13.5.3 SgHQT2 

13.5.3.1 Preparation of the expression vector and heterologous expression 

CƭƻǿŜǊǎΣ ƭŜŀǾŜǎΣ ǎǘŜƳǎ ŀƴŘ Ǌƻƻǘǎ ƻŦ {ŀǊŎŀƴŘǊŀ ƎƭŀōǊŀ ǿŜǊŜ 

ƘŀǊǾŜǎǘŜŘΣ ƎǊƻǳƴŘ ƛƴ ƭƛǉǳƛŘ ƴƛǘǊƻƎŜƴ ŀƴŘ wb! ǿŀǎ ƛǎƻƭŀǘŜŘ 

ƛƴ ŘǳǇƭƛŎŀǘŜǎ ŦǊƻƳ нл ǘƻ рл ƳƎ ƻŦ ŜŀŎƘ ǝǎǎǳŜ όŎƘŀǇǘŜǊ 

тΦмΦнύ όCƛƎǳǊŜ нтύΦ ¢ƘŜ ŎƻƴŎŜƴǘǊŀǝƻƴ ƻŦ ǘƘŜ ǊŜǎǳƭǝƴƎ wb! 

ǿŀǎ ōŜǘǿŜŜƴ псΦф ŀƴŘ плоΦр ƴƎκҡƭΣ ŀƴŘ ǘƘŜ !нслκ!нул 

ǊŀƴƎŜŘ ŦǊƻƳ мΦрп ǘƻ мΦтуΦ wb!ǎ ŦǊƻƳ ŀƭƭ ŦƻǳǊ ǝǎǎǳŜǎ ǿŜǊŜ 

ƳƛȄŜŘΣ ŜȄŎŜǇǘ {Ǝwb!ψƭŜŀǾŜǎψн ŘǳŜ ǘƻ ƛǘǎ ƭƻǿ !нслκ!нулΣ 

ŀƴŘ рΩπw!/9πǊŜŀŘȅ Ŏ5b! ǿŀǎ ǎȅƴǘƘŜǎƛȊŜŘ όŎƘŀǇǘŜǊ тΦмΦфΦнύ 

ǳǎƛƴƎ нΦл ҡƭ ƻŦ ǘƘŜ ƳƛȄŜŘ wb!ǎΦ 

рΩπw!/9πt/w ǿŀǎ ŎƻƴŘǳŎǘŜŘ ǳǎƛƴƎ ǘƘŜ рΩπw!/9πǊŜŀŘȅ ŦǊƻƳ 

ŘƛũŜǊŜƴǘ {ŀǊŎŀƴŘǊŀ ƎƭŀōǊŀ ǝǎǎǳŜǎ ό¢ŀōƭŜ пύ ŀƴŘ ŀƴŀƭȅȊŜŘ 

ƻƴ ŀƴ ŀƎŀǊƻǎŜ ƎŜƭ όCƛƎǳǊŜ ну !ύΦ ¢ƘŜ ǊŜǎǳƭǝƴƎ t/w ǇǊƻŘǳŎǘ ƻŦ ŀōƻǳǘ мплл ōǇ ǿŀǎ ŦǳǊǘƘŜǊ 

ǇǊƻŎŜǎǎŜŘ όŎƘŀǇǘŜǊ тΦоΦмύΦ ! ǇƭŀǎƳƛŘ ŎƻƴǘŀƛƴƛƴƎ ŀƴ ŀƳǇƭƛŎƻƴ ƻŦ ǘƘŜ ŜȄǇŜŎǘŜŘ ǎƛȊŜ ǿŀǎ 

ǎŜǉǳŜƴŎŜŘ ŀƴŘ ǎƘƻǿŜŘ ǘƘŜ ŦǳƭƭπƭŜƴƎǘƘ ƻŦ {ƎIv¢н ƛƴŎƭǳŘƛƴƎ ǘƘŜ рΩπǳƴǘǊŀƴǎƭŀǘŜŘ ǊŜƎƛƻƴ ό¢ŀōƭŜ 

ȄǾƛύΦ ¢ƘŜ рΩπŜƴŘ ƻŦ ǘƘŜ ŦǊŀƎƳŜƴǘ ǿŀǎ ǳǎŜŘ ǘƻ ŘŜǾŜƭƻǇ ŀ ŦƻǊǿŀǊŘ ǇǊƛƳŜǊΣ ǿƘƛŎƘ ǿŀǎ ǳǎŜŘ ǘƻ 

ŀƳǇƭƛŦȅ ǘƘŜ ŦǳƭƭπƭŜƴƎǘƘ ŎƻŘƛƴƎ ǎŜǉǳŜƴŎŜ ōȅ t/w όCƛƎǳǊŜ ну .Σ ¢ŀōƭŜ пύΦ .ŀƴŘǎ ƻŦ ŀōƻǳǘ молл ōǇ 

ǿŜǊŜ Ŏǳǘ ƻǳǘΣ ƛƴǎŜǊǘŜŘ ƛƴǘƻ Ǉ9¢πмрōΣ ŀƴŘ Ŭƴŀƭƭȅ ǎŜǉǳŜƴŎŜŘΦ {ŜǾŜǊŀƭ ǇƭŀǎƳƛŘǎ ŎƻƴǘŀƛƴŜŘ 

{ƎIv¢н ƛƴ ǘƘŜ ǿǊƻƴƎ ƻǊƛŜƴǘŀǝƻƴ όсȄIƛǎπǘŀƎ ŀǘ ǘƘŜ оΩπŜƴŘύΣ ōǳǘ ƻƴŜ ƻŦ ǘƘŜƳ ǿŀǎ ƻǊƛŜƴǘŀǘŜŘ 

 
 

CƛƎǳǊŜ нтΦ wb! ŜȄǘǊŀŎǝƻƴ 
ŀƴŀƭȅȊŜŘ ōȅ ŀƎŀǊƻǎŜ ƎŜƭ 
ŜƭŜŎǘǊƻǇƘƻǊŜǎƛǎΦ wb! ǿŀǎ 
ŜȄǘǊŀŎǘŜŘ ŦǊƻƳ ƅƻǿŜǊǎΣ 
ƭŜŀǾŜǎΣ ǎǘŜƳǎ ŀƴŘ Ǌƻƻǘǎ ƻŦ 
{ŀǊŎŀƴŘǊŀ ƎƭŀōǊŀΦ aŀǊƪŜǊ 
ǎƛȊŜǎΥ CƛƎǳǊŜ т 
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ŎƻǊǊŜŎǘƭȅ όсȄIƛǎπǘŀƎ ǘƘŜ рΩπŜƴŘύΦ !ƊŜǊ ǘǊŀƴǎŦƻǊƳŀǝƻƴ ƻŦ 9Φ Ŏƻƭƛ {ƻƭǳ.[нмΣ ǇƭŀǎƳƛŘ {ƎIv¢нψмн 

ǿŀǎ ǎŜǉǳŜƴŎŜŘ ŀƴŘ ŎƻƴǘŀƛƴŜŘ ǘƘŜ ŎƻǊǊŜŎǘ ǎŜǉǳŜƴŎŜ ƻŦ монс ōǇ όCƛƎǳǊŜ ну /ύΦ 

 

A: 
 

 B:  
 

C:  

CƛƎǳǊŜ нуΦ !ƎŀǊƻǎŜ ƎŜƭǎ ŦǊƻƳ рΩπw!/9πt/wΣ ŦǳƭƭπƭŜƴƎǘƘ t/w ŀƴŘ ǊŜǎǘǊƛŎǝƻƴ ŘƛƎŜǎǘ ƻŦ {ƎIv¢нΦ !Υ 
рΩπw!/9πt/w ƻŦ {ƎIv¢нΦ !ƴ ŀǊǊƻǿ ƳŀǊƪǎ ǘƘŜ ōŀƴŘ ŀǘ ŀōƻǳǘ молл ōǇΣ ǿƘƛŎƘ ǿŀǎ ŜȄǘǊŀŎǘŜŘ ŀƴŘ 
ǇǊƻŎŜǎǎŜŘ ŦǳǊǘƘŜǊΦ .Υ CǳƭƭπƭŜƴƎǘƘ t/w ƻŦ {ƎIv¢нΦ !ǊǊƻǿǎ ǇƻƛƴǝƴƎ ǘƻ ǘƘŜ ōŀƴŘǎΣ ǿƘƛŎƘ ǿŜǊŜ 
ŜȄǘǊŀŎǘŜŘΣ ŎƻƳōƛƴŜŘ ŀƴŘ ƭƛƎŀǘŜŘΦ /Υ wŜǎǘǊƛŎǝƻƴ ŘƛƎŜǎǘ ƻŦ Ǉ9¢πмрō ŎƻƴǘŀƛƴƛƴƎ {ƎIv¢нΦ 
IŜǘŜǊƻƭƻƎƻǳǎ ŜȄǇǊŜǎǎƛƻƴ ǿŀǎ ǇŜǊŦƻǊƳŜŘ ǿƛǘƘ ǘƘŜ ǇƭŀǎƳƛŘ ƻŦ ǿƘƛŎƘ ŀ ōŀƴŘ ǿŀǎ ƳŀǊƪŜŘ ōȅ ŀƴ 
ŀǊǊƻǿ ǎƛƴŎŜ ƛǘ ŎƻƴǘŀƛƴŜŘ ǘƘŜ ŎƻǊǊŜŎǘ ōŀƴŘΦ aŀǊƪŜǊ ǎƛȊŜǎΥ CƛƎǳǊŜ т 
 

IŜǘŜǊƻƭƻƎƻǳǎ ŜȄǇǊŜǎǎƛƻƴ ƻŦ {ƎIv¢н ǿŀǎ ǇŜǊŦƻǊƳŜŘ ƛƴ ōŀŎǘŜǊƛŀƭ ŎŜƭƭǎ ŀƴŘ ǘƘŜ ǊŜǎǳƭǝƴƎ ǇǊƻǘŜƛƴ 

ƘŀŘ ŀ ƭŜƴƎǘƘ ƻŦ ппм ŀŀ ŀƴŘ ŀ ǎƛȊŜ ƻŦ пуупсΦсп 5ŀ όŀŎŎŜǎǎƛƻƴ ttппфорнΤ псл ŀŀ ŀƴŘ 

рмоуоΦпл 5ŀ ƛƴŎƭǳŘƛƴƎ ǘƘŜ сȄIƛǎπǘŀƎύ ό¢ŀōƭŜ ȄǾƛƛύΦ 9Φ Ŏƻƭƛ {ƻƭǳ.[нм ƘŀǊōƻǊƛƴƎ Ǉ9¢πмрō ƛƴŎƭǳŘƛƴƎ 

{ƎIv¢н ǿŜǊŜ ǳǎŜŘ ŦƻǊ ƘŜǘŜǊƻƭƻƎƻǳǎ ŜȄǇǊŜǎǎƛƻƴΣ ŦƻƭƭƻǿŜŘ ōȅ ǇǳǊƛŬŎŀǝƻƴ όŎƘŀǇǘŜǊ фύΦ {5{πt!D9 

ŀǎ ǿŜƭƭ ŀǎ ²ŜǎǘŜǊƴ ōƭƻǘ ǿŜǊŜ ǇŜǊŦƻǊƳŜŘ ƛƴ ǘƘŜ ŦƻƭƭƻǿƛƴƎ ŀƴŘ ǎƘƻǿŜŘ ǎǳŎŎŜǎǎŦǳƭ ŜȄǇǊŜǎǎƛƻƴ 

ŀƴŘ ŜƴǊƛŎƘƳŜƴǘ ƻŦ {ƎIv¢н ƛƴ ǘƘŜ Iƛǎψt5млψŜƭǳŀǘŜΦ ! ōŀƴŘ ƻŦ ŀōƻǳǘ рмΦп ƪ5ŀ ǿŀǎ ǎŜŜƴ ŀƊŜǊ 

ǎǘŀƛƴƛƴƎ ǘƘŜ ƎŜƭ ǿƛǘƘ /ƻƻƳŀǎǎƛŜ ƻǊ ǘƘŜ ōƭƻǘ ǿƛǘƘ b.¢κ./Lt όCƛƎǳǊŜ нфύΦ ! ǇƛŎǘǳǊŜ ƻŦ ǘƘŜ ²ŜǎǘŜǊƴ 

ōƭƻǘ ƛǎ ǎƘƻǿƴ ōŜŦƻǊŜ όCƛƎǳǊŜ нф .ύ ŀƴŘ ŀƊŜǊ ŘǊȅƛƴƎ όCƛƎǳǊŜ нф /ύ ǎƛƴŎŜ ǘƘŜ ǿŜǘ ōƭƻǘ ǿŀǎ ǾŜǊȅ 

ŘŀǊƪΣ ōǳǘ ǘƘŜ ōŀƴŘǎ ƻƴ ǘƘŜ ŘǊȅ ōƭƻǘ ŀǊŜ ǾŜǊȅ ŦŀƛƴǘΦ  

A:  
 

B:  
 

C:  
 

CƛƎǳǊŜ нфΦ {5{πt!D9 ŀƴŘ ²ŜǎǘŜǊƴ ōƭƻǘ ƻŦ {ƎIv¢нΦ !Υ {5{πt!D9 ǎǘŀƛƴŜŘ ǿƛǘƘ /ƻƻƳŀǎǎƛŜΦ !ƴ 
ŀǊǊƻǿ ƳŀǊƪǎ ŀ ōŀƴŘ ǊŜǇǊŜǎŜƴǝƴƎ {ƎIv¢н όрмΦп ƪ5ŀύΦ .Υ ²Ŝǘ ²ŜǎǘŜǊƴ ōƭƻǘ ŀƴŘ /Υ ŘǊȅ ²ŜǎǘŜǊƴ 
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ōƭƻǘΣ ǎǘŀƛƴŜŘ ǿƛǘƘ ./Lt ŀƴŘ b.¢Φ !ƴ ŀǊǊƻǿ ƳŀǊƪǎ ŀ ōŀƴŘ ǊŜǇǊŜǎŜƴǝƴƎ {ƎIv¢н όрмΦп ƪ5ŀύΦ 
aŀǊƪŜǊ ǎƛȊŜǎΥ CƛƎǳǊŜ уΦ !ŘŀǇǘŜŘ ŦǊƻƳ .ǀƳŜƪŜ ŀƴŘ tŜǘŜǊǎŜƴ όнлнрύ 
 

13.5.3.2 Initial verification of product formation and search for substrates 

{5{πt!D9 ŀƴŘ ²ŜǎǘŜǊƴ ōƭƻǘ ŎƻƴŬǊƳŜŘ ǘƘŜ ǎǳŎŎŜǎǎŦǳƭ ŜȄǇǊŜǎǎƛƻƴ ƻŦ ǊŜŎƻƳōƛƴŀƴǘ {ƎIv¢нΣ ōǳǘ 

ŀŎǝǾƛǘȅ ƘŀŘ ǘƻ ōŜ ǇǊƻǾŜƴ ōȅ ŬƴŘƛƴƎ ŀŎŎŜǇǘŜŘ ŀŎȅƭ ŘƻƴƻǊ ŀƴŘ ŀŎŎŜǇǘƻǊ ǎǳōǎǘǊŀǘŜǎΦ !ƴ ƻǾŜǊǾƛŜǿ 

ƻŦ ǘƘŜ ǘŜǎǘŜŘ ŀŎŎŜǇǘƻǊ ǎǳōǎǘǊŀǘŜǎ ŀƴŘ ǇǊƻŘǳŎǘ ŦƻǊƳŀǝƻƴ ǿƛǘƘ {ƎIv¢н ƛǎ ǎƘƻǿƴ ƛƴ ¢ŀōƭŜ ноΦ 

¢ƘŜ ŀǎǎŀȅǎ ǿŜǊŜ ŀƴŀƭȅȊŜŘ ōȅ [/πa{ ŀƴŘ ǘƘŜ ƳκȊ ƻŦ ǘƘŜ ƴŜƎŀǝǾŜƭȅ ŎƘŀǊƎŜŘ ƛƻƴ ŦǊƻƳ ǘƘŜ 

ŜȄǇŜŎǘŜŘ ǇǊƻŘǳŎǘ ǿŀǎ ǳǎŜŘ ǘƻ ŦƻǊƳ 9L/Φ ¢ƘŜ ǊŜǘŜƴǝƻƴ ǝƳŜǎ ŀƴŘ ǘƘŜ ǊŜǎǳƭǝƴƎ ƳκȊ ƻŦ ǘƘŜ 

ǇǊƻŘǳŎǘǎ ǿŜǊŜ ŎƻƳǇŀǊŜŘ ǘƻ ŀǳǘƘŜƴǝŎ ǎǘŀƴŘŀǊŘǎΦ ¢Ŝǎǘǎ ǿƛǘƘ ǇǊƻŘǳŎǘǎ ƘŀǾƛƴƎ ŎŀǊōƻȄȅƭ ƳƻƛŜǝŜǎ 

ǿŜǊŜ ŀƴŀƭȅȊŜŘ ƛƴ ǘƘŜ ƴŜƎŀǝǾŜ ƛƻƴƛȊŀǝƻƴ ƳƻŘŜΣ ǿƘƛƭŜ ŀƭƭ ƻǘƘŜǊ ǇǊƻŘǳŎǘǎ ǿŜǊŜ ŀƴŀƭȅȊŜŘ ƛƴ ǘƘŜ 

ǇƻǎƛǝǾŜ ƳƻŘŜ όŎƘŀǇǘŜǊ ммΦнΦнύΦ ¢ƘŜ ŦƻǊƳŀǝƻƴ ƻŦ ǘƘŜ ŦƻƭƭƻǿƛƴƎ ǇǊƻŘǳŎǘǎ όǇπŎƻǳƳŀǊƻȅƭ ŜǎǘŜǊǎ 

ƻǊ ŀƳƛŘŜǎύ ǿŀǎ ŘŜǘŜŎǘŜŘΥ ǇπŎƻǳƳŀǊƻȅƭπпπhπǉǳƛƴƛŎ ŀŎƛŘΣ ǇπŎƻǳƳŀǊƻȅƭπпπƘȅŘǊƻȄȅōŜƴȊƻƛŎ ŀŎƛŘΣ Ǉπ

ŎƻǳƳŀǊƻȅƭπнΣпπŘƛƘȅŘǊƻȄȅōŜƴȊƻƛŎ ŀŎƛŘ ŀƴŘ ǇπŎƻǳƳŀǊƻȅƭǎƘƛƪƛƳƛŎ ŀŎƛŘΦ ¢ƘŜ ŀǧŀŎƘƳŜƴǘ ƻŦ ǘƘŜ 

ŀŎȅƭ ƳƻƛŜǘȅ ƛǎ ƻƴƭȅ ƳŜƴǝƻƴŜŘΣ ƛŦ ƛǘ ŎƻǳƭŘ ōŜ ǾŜǊƛŬŜŘ ōȅ ŀƴ ŀǳǘƘŜƴǝŎ ǎǘŀƴŘŀǊŘΦ ¢ƘŜ 9L/ ƻŦ ǘƘŜ 

ǊŜǎǳƭǝƴƎ ǇǊƻŘǳŎǘǎΣ ǘƘŜ ŜȄǇŜŎǘŜŘ ƳƻƭŜŎǳƭŀǊ ŦƻǊƳǳƭŀ ŀƴŘ ŀƴ ŀǳǘƘŜƴǝŎ ǎǘŀƴŘŀǊŘ όƛŦ ŀǾŀƛƭŀōƭŜύ 

ŀǊŜ ŘƛǎǇƭŀȅŜŘ ƛƴ CƛƎǳǊŜ олΦ ¢ƘŜ ǊŜǎǇŜŎǝǾŜ [/πa{ Řŀǘŀ ŀǊŜ ǎƘƻǿƴ ƛƴ ¢ŀōƭŜ ноΦ ¢ƘŜ ŦƻǊƳŀǝƻƴ ƻŦ 

ǇπŎƻǳƳŀǊƻȅƭπпπhπǉǳƛƴƛŎ ŀŎƛŘ ǿŀǎ ǾŀƭƛŘŀǘŜŘ ōȅ ŎƻƳǇŀǊƛǎƻƴ ǿƛǘƘ ŀǳǘƘŜƴǝŎ ǎǘŀƴŘŀǊŘǎ ŀƴŘ ǿƛǘƘ 

ŎƘǊƻƳŀǘƻƎǊŀƳǎ ƻŦ ŀǎǎŀȅǎ ǇŜǊŦƻǊƳŜŘ ŀƴŀƭƻƎƻǳǎƭȅ ōǳǘ ǿƛǘƘ {ƎIv¢м ƛƴǎǘŜŀŘΦ wŜƎƛƻǎǇŜŎƛŬŎ 

ŦƻǊƳŀǝƻƴ ƻŦ ǘƘƛǎ ǊŜƎƛƻƛǎƻƳŜǊ ōȅ Ŏŀǘŀƭȅǎƛǎ ƻŦ ŀ Iv¢ Ƙŀǎ ƴƻǘ ōŜŜƴ ǊŜǇƻǊǘŜŘ ǎƻ ŦŀǊΦ {ƛƴŎŜ ƴƻ Ǉπ

ŎƻǳƳŀǊƻȅƭπпπhπǎƘƛƪƛƳƛŎ ŀŎƛŘ ǎǘŀƴŘŀǊŘ ǿŀǎ ŀǾŀƛƭŀōƭŜΣ ǘƘŜ ŀŎŎŜǇǘŀƴŎŜ ƻŦ ǎƘƛƪƛƳƛŎ ŀŎƛŘ ǿŀǎ 

ǘŜǎǘŜŘ ŀƎŀƛƴΣ ōǳǘ ǳǎƛƴƎ ŎŀũŜƻȅƭπ/ƻ!Σ ƛƴǎǘŜŀŘΣ ǿƘƛŎƘ ǊŜǎǳƭǘŜŘ ƛƴ ŎŀũŜƻȅƭπпπhπǎƘƛƪƛƳƛŎ ŀŎƛŘ 

όCƛƎǳǊŜ ол 9ύΦ ¢ƘŜǊŜŦƻǊŜΣ ǘƘŜ ƻōǎŜǊǾŜŘ ǇπŎƻǳƳŀǊƻȅƭǎƘƛƪƛƳƛŎ ŀŎƛŘ ǿŀǎ ŀǎǎǳƳŜŘ ǘƻ ōŜ Ǉπ

ŎƻǳƳŀǊƻȅƭπрπhπǎƘƛƪƛƳƛŎ ŀŎƛŘΦ 

!ƊŜǊ ŀŶǊƳƛƴƎ ŀŎŎŜǇǘŀƴŎŜ ƻŦ ǉǳƛƴƛŎ ŀŎƛŘΣ ǇπŎƻǳƳŀǊƻȅƭπ/ƻ! ǿŀǎ ǎǳōǎǝǘǳǘŜŘ ōȅ ǘƘŜ ƻǘƘŜǊ ŀŎȅƭ 

ŘƻƴƻǊ ǎǳōǎǘǊŀǘŜǎ ŀƴŘ ǇǊƻŘǳŎǘ ŦƻǊƳŀǝƻƴ ǿŀǎ ŀƴŀƭȅȊŜŘ ōȅ [/πa{Φ Lƴ ŀǎǎŀȅǎ ǿƛǘƘ {ƎIv¢н ŀƴŘ 

ǉǳƛƴƛŎ ŀŎƛŘΣ ŎƛƴƴŀƳƻȅƭǉǳƛƴƛŎ ŀŎƛŘΣ ŎŀũŜƻȅƭπпπhπǉǳƛƴƛŎ ŀŎƛŘΣ ŦŜǊǳƭƻȅƭǉǳƛƴƛŎ ŀŎƛŘΣ ŀƴŘ 

ǎƛƴŀǇƻȅƭǉǳƛƴƛŎ ŀŎƛŘ ǿŜǊŜ ŘŜǘŜŎǘŜŘ όCƛƎǳǊŜ омΣ ¢ŀōƭŜ омύΦ 
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9 Control SgHQT2

p-coumaroyl-4-O-quinic acid
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/Υ ǇπŎƻǳƳŀǊƻȅƭπ/ƻ! Ҍ нΣпπ
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5Υ ǇπŎƻǳƳŀǊƻȅƭπ/ƻ! Ҍ ǎƘƛƪƛƳƛŎ 
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9Υ ŎŀũŜƻȅƭπ/ƻ! Ҍ ǎƘƛƪƛƳƛŎ ŀŎƛŘ 
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caffeoyl-4-O-shikimic acid

 
 

 

CƛƎǳǊŜ олΦ 9ȄǘǊŀŎǘŜŘ ƛƻƴ ŎƘǊƻƳŀǘƻƎǊŀƳǎ ƻŦ ŜƴȊȅƳŜ ŀǎǎŀȅǎ ǿƛǘƘ {ƎIv¢нΣ ǇπŎƻǳƳŀǊƻȅƭπ/ƻ! ŀƴŘ 
ǾŀǊƛƻǳǎ ŀŎȅƭ ŀŎŎŜǇǘƻǊ ǎǳōǎǘǊŀǘŜǎΣ ƛƴŎƭǳŘƛƴƎ ǘƘŜ ǎǘǊǳŎǘǳǊŀƭ ŦƻǊƳǳƭŀ ƻŦ ǘƘŜ ŀǳǘƘŜƴǝŎ ǎǘŀƴŘŀǊŘΦ 
.ƭŀŎƪ ƭƛƴŜΥ ŜƴȊȅƳŜ ŀǎǎŀȅ ǿƛǘƘ {ƎIv¢нΣ ŘƻƴƻǊ ŀƴŘ ŀŎŎŜǇǘƻǊ ǎǳōǎǘǊŀǘŜ ό{ƎIv¢нύΤ ŘŀǎƘŜŘ ōƭŀŎƪ 
ƭƛƴŜΥ ŜƳǇǘȅ ǾŜŎǘƻǊ ŎƻƴǘǊƻƭ ŀǎǎŀȅ ό/ƻƴǘǊƻƭύΤ ōƻƭŘ ƎǊŜȅ ƭƛƴŜΥ ŀǳǘƘŜƴǝŎ ǎǘŀƴŘŀǊŘ όƛŦ ŀǾŀƛƭŀōƭŜύΤ ǘƘƛƴ 
ƎǊŜȅ ƭƛƴŜΥ ƻũǎŜǘ ŦƻǊ ōŜǧŜǊ ǾƛǎǳŀƭƛȊŀǝƻƴΦ !Υ ŦƻǊƳŀǝƻƴ ƻŦ ǇπŎƻǳƳŀǊƻȅƭπпπhπǉǳƛƴƛŎ ŀŎƛŘ όώaπIϐπ 
ƳκȊ оотΦлфύΤ .Υ ŦƻǊƳŀǝƻƴ ƻŦ ǇπŎƻǳƳŀǊƻȅƭπпπƘȅŘǊƻȄȅōŜƴȊƻƛŎ ŀŎƛŘ όώaπIϐπ ƳκȊ нуоΦлсύΤ /Υ 
ŦƻǊƳŀǝƻƴ ƻŦ ǇπŎƻǳƳŀǊƻȅƭπнΣпπŘƛƘȅŘǊƻȄȅōŜƴȊƻƛŎ ŀŎƛŘ όώaπIϐπ ƳκȊ нффΦлсύΤ 5Υ ŦƻǊƳŀǝƻƴ ƻŦ Ǉπ
ŎƻǳƳŀǊƻȅƭǎƘƛƪƛƳƛŎ ŀŎƛŘ όώaπIϐπ ƳκȊ омфΦлуύΤ 9Υ ŦƻǊƳŀǝƻƴ ƻŦ ŎŀũŜƻȅƭπпπhπǎƘƛƪƛƳƛŎ ŀŎƛŘ όώaπIϐπ 
ƳκȊ оорΦлуύΦ !ŘƻǇǘŜŘ ŦǊƻƳ .ǀƳŜƪŜ ŀƴŘ tŜǘŜǊǎŜƴ όнлнрύ 
 

¢ŀōƭŜ омΦ [/πa{ ŀƴŀƭȅǎƛǎ ƻŦ ŜƴȊȅƳŜ ŀǎǎŀȅǎ ǿƛǘƘ {ƎIv¢нΦ !Ŏȅƭ ŀŎŎŜǇǘƻǊ ŀƴŘ ŘƻƴƻǊ ǎǳōǎǘǊŀǘŜǎΣ 
ŀǎ ǿŜƭƭ ŀǎ ǘƘŜ ŘŜǘŜŎǘŜŘ ǇǊƻŘǳŎǘ ŀǊŜ ƭƛǎǘŜŘΦ wŜǘŜƴǝƻƴ ǝƳŜΣ ǘƘŜ ƳƻƭŜŎǳƭŀǊ ŦƻǊƳǳƭŀ ŀƴŘ ǘƘŜ 
ŘŜǘŜŎǘŜŘ Ƴŀǎǎ ƻŦ ǘƘŜ ƛƻƴ ώaπIϐπ ŀǊŜ ŀƭǎƻ ƎƛǾŜƴΦ ²ƘŜƴ ŀƴ ŀǳǘƘŜƴǝŎ ǎǘŀƴŘŀǊŘ ǿŀǎ ŀǾŀƛƭŀōƭŜΣ ǘƘŜ 
Ǉƻǎƛǝƻƴ ƻŦ ǘƘŜ ƘȅŘǊƻȄȅŎƛƴƴŀƳƻȅƭ ŀǧŀŎƘƳŜƴǘ ǿŀǎ ŎƻƴǎƛŘŜǊŜŘΦ !ŘƻǇǘŜŘ ŦǊƻƳ .ǀƳŜƪŜ ŀƴŘ 
tŜǘŜǊǎŜƴ όнлнрύ 

!ŎŎŜǇǘƻǊ 5ƻƴƻǊ tǊƻŘǳŎǘ wŜǘŜƴ-
ǝƻƴ 
ǝƳŜ 
ώƳƛƴϐ 

aƻƭŜŎǳƭŀǊ 
ŦƻǊƳǳƭŀ 

5ŜǘŜŎǘŜŘ 
ώaπIϐπ 
όƳκȊύ 

ǉǳƛƴƛŎ ŀŎƛŘ ǇπŎƻǳƳŀǊƻȅƭπ
/ƻ! 

ǇπŎƻǳƳŀǊƻȅƭπпπhπ
ǉǳƛƴƛŎ ŀŎƛŘ 

тΦл /мсIмуhу оотΦлф 

пπƘȅŘǊƻȄȅπ
ōŜƴȊƻƛŎ ŀŎƛŘ 

ǇπŎƻǳƳŀǊƻȅƭπ
/ƻ! 

ǇπŎƻǳƳŀǊƻȅƭπпπ
ƘȅŘǊƻȄȅōŜƴȊƻƛŎ ŀŎƛŘ 

фΦф /мсIмнhр нуоΦлс 

нΣпπŘƛƘȅŘǊƻȄȅ-
ōŜƴȊƻƛŎ ŀŎƛŘ 

ǇπŎƻǳƳŀǊƻȅƭπ
/ƻ! 

ǇπŎƻǳƳŀǊƻȅƭπнΣпπ
ƘȅŘǊƻȄȅōŜƴȊƻƛŎ ŀŎƛŘ 

фΦт /мсIмнhс нффΦлс 

ǎƘƛƪƛƳƛŎ ŀŎƛŘ ǇπŎƻǳƳŀǊƻȅƭπ
/ƻ! 

ǇπŎƻǳƳŀǊƻȅƭǎƘƛƪƛƳƛŎ 
ŀŎƛŘ 

тΦт /мсIмсhт омфΦлу 

ǎƘƛƪƛƳƛŎ ŀŎƛŘ ŎŀũŜƻȅƭπ/ƻ! ŎŀũŜƻȅƭπпπhπǎƘƛƪƛƳƛŎ 
ŀŎƛŘ 

тΦм /мсIмсhу оорΦлу 

ǉǳƛƴƛŎ ŀŎƛŘ ŎƛƴƴŀƳƻȅƭπ
/ƻ! 

ŎƛƴƴŀƳƻȅƭǉǳƛƴƛŎ ŀŎƛŘ уΦн /мсIмсhт онмΦмл 

ǉǳƛƴƛŎ ŀŎƛŘ ŎŀũŜƻȅƭπ/ƻ! ŎŀũŜƻȅƭπпπhπǉǳƛƴƛŎ 
ŀŎƛŘ 

сΦс /мсIмсhф ороΦлф 

ǉǳƛƴƛŎ ŀŎƛŘ ŦŜǊǳƭƻȅƭπ/ƻ! ŦŜǊǳƭƻȅƭǉǳƛƴƛŎ ŀŎƛŘ тΦн /мтIнлhф остΦмл 

ǉǳƛƴƛŎ ŀŎƛŘ ǎƛƴŀǇƻȅƭπ/ƻ! ǎƛƴŀǇƻȅƭǉǳƛƴƛŎ ŀŎƛŘ тΦн /мтIннhмл офтΦмо 
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!Υ ŎƛƴƴŀƳƻȅƭπ/ƻ! Ҍ ǉǳƛƴƛŎ ŀŎƛŘ 
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.Υ ŎŀũŜƻȅƭπ/ƻ! Ҍ ǉǳƛƴƛŎ ŀŎƛŘ 

0 5 10 15 20 25

0

20000

40000

60000

80000

100000

time [min]

E
IC

 C
1

6
H

1
8
O

9
 [

M
-H

]-  3
5

3
.0

9 Control SgHQT2

caffeoyl-4-O-quinic acid

 
 

/Υ ŦŜǊǳƭƻȅƭπ/ƻ! Ҍ ǉǳƛƴƛŎ ŀŎƛŘ 
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5Υ ǎƛƴŀǇƻȅƭπ/ƻ! Ҍ ǉǳƛƴƛŎ ŀŎƛŘ 
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CƛƎǳǊŜ омΦ 9ȄǘǊŀŎǘŜŘ ƛƻƴ ŎƘǊƻƳŀǘƻƎǊŀƳǎ ƻŦ ŜƴȊȅƳŜ ŀǎǎŀȅǎ ǿƛǘƘ {ƎIv¢нΣ ǉǳƛƴƛŎ ŀŎƛŘ ŀƴŘ 
ǾŀǊƛƻǳǎ ŀŎȅƭ ŘƻƴƻǊ ǎǳōǎǘǊŀǘŜǎΣ ƛƴŎƭǳŘƛƴƎ ǘƘŜ ǎǘǊǳŎǘǳǊŀƭ ŦƻǊƳǳƭŀ ƻŦ ǘƘŜ ŀǳǘƘŜƴǝŎ ǎǘŀƴŘŀǊŘΦ .ƭŀŎƪ 
ƭƛƴŜΥ ŜƴȊȅƳŜ ŀǎǎŀȅ ǿƛǘƘ {ƎIv¢нΣ ŘƻƴƻǊ ŀƴŘ ŀŎŎŜǇǘƻǊ ǎǳōǎǘǊŀǘŜ ό{ƎIv¢нύΤ ŘŀǎƘŜŘ ōƭŀŎƪ ƭƛƴŜΥ 
ŜƳǇǘȅ ǾŜŎǘƻǊ ŎƻƴǘǊƻƭ ŀǎǎŀȅ ό/ƻƴǘǊƻƭύΤ ōƻƭŘ ƎǊŜȅ ƭƛƴŜΥ ŀǳǘƘŜƴǝŎ ǎǘŀƴŘŀǊŘ όƛŦ ŀǾŀƛƭŀōƭŜύΤ ǘƘƛƴ ƎǊŜȅ 
ƭƛƴŜΥ ƻũǎŜǘ ŦƻǊ ōŜǧŜǊ ǾƛǎǳŀƭƛȊŀǝƻƴΦ !Υ ŦƻǊƳŀǝƻƴ ƻŦ ŎƛƴƴŀƳƻȅƭǉǳƛƴƛŎ ŀŎƛŘ όώaπIϐπ ƳκȊ олоΦлфύΤ 
.Υ ŦƻǊƳŀǝƻƴ ƻŦ ŎŀũŜƻȅƭπпπhπǉǳƛƴƛŎ ŀŎƛŘ όώaπIϐπ ƳκȊ оорΦлуύΤ /Υ ŦƻǊƳŀǝƻƴ ƻŦ ŦŜǊǳƭƻȅƭǉǳƛƴƛŎ 
ŀŎƛŘ όώaπIϐπ ƳκȊ опфΦлфύΤ 5Υ ŦƻǊƳŀǝƻƴ ƻŦ ǎƛƴŀǇƻȅƭǉǳƛƴƛŎ ŀŎƛŘ όώaπIϐπ ƳκȊ отфΦммύΦ !ŘƻǇǘŜŘ 
ŦǊƻƳ .ǀƳŜƪŜ ŀƴŘ tŜǘŜǊǎŜƴ όнлнрύ 
 

13.5.3.3 pH and temperature optimum 

tǊƻǾŜƴ ōȅ [/πa{Σ {ƎIv¢н ŀŎŎŜǇǘǎ ǉǳƛƴƛŎ ŀŎƛŘΣ ǘƘǳǎΣ ǊŜŀŎǝƻƴ ŎƻƴŘƛǝƻƴǎ ǿŜǊŜ ŀŘƧǳǎǘŜŘΦ .ȅ 

ǾŀǊȅƛƴƎ ǘƘŜ ǇI ƻŦ Ytƛ ōǳũŜǊǎ ŦǊƻƳ сΦлл ǘƻ уΦрлΣ ǘƘŜ ǇI ŦƻǊ ǘƘŜ ƘƛƎƘŜǎǘ ǎǇŜŎƛŬŎ ŀŎǝǾƛǘȅ ǿŀǎ 

ǎŜŀǊŎƘŜŘΦ {ƛƴŎŜ Ytƛ ƛǎ ƭƛƳƛǘŜŘ ǘƻǿŀǊŘǎ ƳƻǊŜ ŀƭƪŀƭƛƴŜ ŎƻƴŘƛǝƻƴǎΣ ŀǎǎŀȅǎ ǿŜǊŜ ǊŜǇŜŀǘŜŘΣ ǳǎƛƴƎ 

лΦм a ¢ǊƛǎπI/ƭ ōǳũŜǊ ǇI тΦлл ǘƻ фΦрл ƛƴǎǘŜŀŘ ό¢ŀōƭŜ мрύΦ ¢ǊƛǎπI/ƭ ŎƻǾŜǊǎ ŀ ōǊƻŀŘŜǊ ǇIπǊŀƴƎŜΣ 

ŀƴŘ ōȅ ǇŜǊŦƻǊƳƛƴƎ ǘƘŜ ŀǎǎŀȅǎ ǳƴŘŜǊ ǘƘŜ ǎŀƳŜ ŎƻƳǇƻǎƛǝƻƴǎΣ ōƻǘƘ ōǳũŜǊ ǎȅǎǘŜƳǎ ǿŜǊŜ 

ŎƻƳǇŀǊŜŘΦ bƻ ǇǊƻŘǳŎǘ ŦƻǊƳŀǝƻƴ ǿŀǎ ǎŜŜƴ ƛƴ ŎƻƴǘǊƻƭ ŀǎǎŀȅǎ 

!ŎǝǾƛǘȅ ƻŦ {ƎIv¢н ǿŀǎ ƻōǎŜǊǾŜŘ ǿƛǘƘƛƴ ǘƘŜ ǊŀƴƎŜ ƻŦ ōƻǘƘ ōǳũŜǊ ǎȅǎǘŜƳǎΦ ¢ƘŜ ǎǇŜŎƛŬŎ ŀŎǝǾƛǘȅ 

ƻŦ {ƎIv¢н ƘŀŘ ƛǘǎ ƳƛƴƛƳǳƳ ƛƴ Ytƛ ŀǘ ǇI сΦлм όŀōƻǳǘ лΦлн ƳƪŀǘκƪƎύΣ ŀƴŘ ŀ ǇƭŀǘŜŀǳ ƻŎŎǳǊǊŜŘ 

ōŜǘǿŜŜƴ ǇI сΦут ŀƴŘ тΦпн όCƛƎǳǊŜ он !Σ ǊŜŘύΦ ! ƳƻǊŜ ōŀǎƛŎ ǇI ǿŀǎ ŀŎƘƛŜǾŜŘ ǿƘŜƴ ǎǿƛǘŎƘƛƴƎ 

ǘƻ ǘƘŜ ¢ǊƛǎπI/ƭ ōǳũŜǊ ǎȅǎǘŜƳΦ ! ǇŜŀƪ ƛƴ ǎǇŜŎƛŬŎ ŀŎǝǾƛǘȅ ƻŦ ŀōƻǳǘ лΦлр ƳƪŀǘκƪƎ ǿŀǎ ƻōǎŜǊǾŜŘ 

ōŜǘǿŜŜƴ ǇI сΦфл ŀƴŘ тΦтоΣ ǿƘƛƭŜ ƳƻǊŜ ŀŎƛŘƛŎ ƻǊ ōŀǎƛŎ ŎƻƴŘƛǝƻƴǎ ƭŜŘ ǘƻ ƭƻǿŜǊ ǇǊƻŘǳŎǘ 

ŦƻǊƳŀǝƻƴ όCƛƎǳǊŜ он !Σ ōƭǳŜύΦ 

!ƭǘƘƻǳƎƘ {ƎIv¢н ƘŀŘ ŀ ƘƛƎƘŜǊ ǎǇŜŎƛŬŎ ŀŎǝǾƛǘȅ ƛƴ лΦм a ¢ǊƛǎπI/ƭΣ ǘƘŜ ƻǇǝƳŀƭ ǘŜƳǇŜǊŀǘǳǊŜ ŀƴŘ 

aƛŎƘŀŜƭƛǎπaŜƴǘŜƴ ƪƛƴŜǝŎǎ ǿŜǊŜ ŀƴŀƭȅȊŜŘ ƛƴ лΦм a YtƛΦ 
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¢Ŝƴ ŘƛũŜǊŜƴǘ ǘŜƳǇŜǊŀǘǳǊŜǎ ǿŜǊŜ ǘŜǎǘŜŘΦ bƻ ǇǊƻŘǳŎǘ ŦƻǊƳŀǝƻƴ ǿŀǎ ƻōǎŜǊǾŜŘ ƛƴ ǘƘŜ ƴŜƎŀǝǾŜ 

ŎƻƴǘǊƻƭǎΦ CƻƭƭƻǿƛƴƎ ǘƘŜ ŀƴŀƭȅǎƛǎ ōȅ It[/Σ ǘƘŜ ƘƛƎƘŜǎǘ ǎǇŜŎƛŬŎ ŀŎǝǾƛǘȅ όŀōƻǳǘ лΦлу ƳƪŀǘκƪƎύ ǿŀǎ 

ƻōǎŜǊǾŜŘ ŀǘ ŀ ǘŜƳǇŜǊŀǘǳǊŜ ƻŦ нфΦр ϲ/ όCƛƎǳǊŜ он .ύΦ ! ŘŜŎǊŜŀǎŜ ƻǊ ŀƴ ƛƴŎǊŜŀǎŜ ƛƴ ǘŜƳǇŜǊŀǘǳǊŜ 

ƭŜŘ ǘƻ ŀ ǊŜŘǳŎǝƻƴ ƻŦ ǇǊƻŘǳŎǘ ŦƻǊƳŀǝƻƴΣ ǳƴǝƭ ǘƘŜ ǎǇŜŎƛŬŎ ŀŎǝǾƛǘȅ ǿŀǎ ōŜƭƻǿ лΦлм ƳƪŀǘκƪƎ ŀǘ 

рΦу ƻǊ пфΦм ϲ/Φ 

 

A: pH optimum 
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B: temperature optimum 
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CƛƎǳǊŜ онΦ DǊŀǇƘǎ ǎƘƻǿƛƴƎ ǘƘŜ ǎǇŜŎƛŬŎ ŀŎǝǾƛǘȅ ƻŦ {ƎIv¢н ŀǘ ŘƛũŜǊŜƴǘ ǇI ƻǊ ǘŜƳǇŜǊŀǘǳǊŜ 
ŎƻƴŘƛǝƻƴǎ όƴ Ґ о ҕ {5ύΦ !Υ ǇI ƻǇǝƳǳƳ ƛƴ лΦм a Ytƛ όǊŜŘύ ŀƴŘ лΦм a ¢ǊƛǎπI/ƭ όōƭǳŜύΥ ƘƛƎƘŜǎǘ 
ǎǇŜŎƛŬŎ ŀŎǝǾƛǘȅ ōŜǘǿŜŜƴ ǇI Ґ тΦл ŀƴŘ тΦтΤ .Υ ¢ŜƳǇŜǊŀǘǳǊŜ ƻǇǝƳǳƳΥ ƘƛƎƘŜǎǘ ǎǇŜŎƛŬŎ ŀŎǝǾƛǘȅ 
ŀǘ ¢ Ґ нфΦр ϲ/ όƳŀǊƪŜŘ ǿƛǘƘ ŀƴ ŀǊǊƻǿύΦ wŜŀŎǝƻƴ ŎƻƴŘƛǝƻƴǎ ŀǊŜ ǎƘƻǿƴ ƛƴ ¢ŀōƭŜ мрΦ !ŘƻǇǘŜŘ 
ŦǊƻƳ .ǀƳŜƪŜ ŀƴŘ tŜǘŜǊǎŜƴ όнлнрύ 
 

13.5.3.4 Substrate saturation kinetics 

aƛŎƘŀŜƭƛǎπaŜƴǘŜƴ ƪƛƴŜǝŎǎ ŦƻǊ {ƎIv¢н ǿŜǊŜ ǇŜǊŦƻǊƳŜŘ ǘƻ ŘŜǘŜǊƳƛƴŜ ŀŶƴƛǝŜǎ ŀƴŘ ŎŀǘŀƭȅǝŎ 

ŜŶŎƛŜƴŎƛŜǎ ƻŦ ŀŎȅƭ ŘƻƴƻǊ ŀƴŘ ŀŎŎŜǇǘƻǊ ǎǳōǎǘǊŀǘŜǎΦ ²ƘƛƭŜ {ƎIv¢н ǎƘƻǿŜŘ ǇǊƻŘǳŎǘ ŦƻǊƳŀǝƻƴ 

ǿƛǘƘ ǾŀǊƛƻǳǎ ǎǳōǎǘǊŀǘŜ ŎƻƳōƛƴŀǝƻƴǎΣ ǎǇŜŎƛŬŎ ŀŎǝǾƛǘȅ ǿŀǎ ƻƴƭȅ ƘƛƎƘ ŜƴƻǳƎƘ ŦƻǊ ƪƛƴŜǝŎǎ ƛƴ 

ŀǎǎŀȅǎ ǿƛǘƘ ǉǳƛƴƛŎ ŀŎƛŘ ŀƴŘ ǇπŎƻǳƳŀǊƻȅƭ ƻǊ ŎŀũŜƻȅƭπ/ƻ!Φ !ŶǊƳŀǝƻƴ ƻŦ ƭƛƴŜŀǊ ǇǊƻŘǳŎǘ 

ŦƻǊƳŀǝƻƴ ŀǘ ǘƘŜ ƭƻǿŜǎǘ ǎǳōǎǘǊŀǘŜ ŎƻƴŎŜƴǘǊŀǝƻƴǎ ǿŀǎ ŎƻƴŘǳŎǘŜŘ ōŜŦƻǊŜƘŀƴŘΦ Lƴ ƻǊŘŜǊ ǘƻ ƪŜŜǇ 

ǘƘŜ ƛƴƅǳŜƴŎŜ ƻƴ ǘƘŜ ǇI ƻŦ ǉǳƛƴƛŎ ŀŎƛŘ ŀǎ ƭƻǿ ŀǎ ǇƻǎǎƛōƭŜΣ ǘƘŜ м a ǎǘƻŎƪ ǎƻƭǳǝƻƴǎ ǿŜǊŜ 

ƴŜǳǘǊŀƭƛȊŜŘ όǇI тΦлύ ǿƛǘƘ м a bŀhIΦ ¢ƘŜ ŎƻƳǇƻǎƛǝƻƴ ƻŦ ŀǎǎŀȅǎ ŦƻǊ ŀƭƭ ŘŜǘŜǊƳƛƴŀǝƻƴǎ ƛǎ ǎƘƻǿƴ 

ƛƴ ¢ŀōƭŜ мр ǿƘƛƭŜ ǊŜǎǳƭǝƴƎ ǎǳōǎǘǊŀǘŜ ǎŀǘǳǊŀǝƻƴ ŎǳǊǾŜǎ ŀǊŜ ŘƛǎǇƭŀȅŜŘ ŀǎ aƛŎƘŀŜƭƛǎπaŜƴǘŜƴ 

ƎǊŀǇƘǎ ƛƴ CƛƎǳǊŜ ооΦ  

 

A: p-coumaroyl-CoA + quinic acid 
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B: caffeoyl-CoA + quinic acid 
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C: quinic acid + p-coumaroyl-CoA 
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D: quinic acid + caffeoyl-CoA 
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CƛƎǳǊŜ ооΦ {ǳōǎǘǊŀǘŜ ǎŀǘǳǊŀǝƻƴ ŎǳǊǾŜǎ ǎƘƻǿƛƴƎ ǘƘŜ aƛŎƘŀŜƭƛǎπaŜƴǘŜƴ ƪƛƴŜǝŎǎ όYƳ ŀƴŘ ±ƳŀȄύ 
ŦƻǊ {ƎIv¢нΦ ¢ƘŜ ŎƻƳǇƻǎƛǝƻƴ ƻŦ ǘƘŜ ŀǎǎŀȅǎ ŀƴŘ ǘƘŜ ǊŜŀŎǝƻƴ ŎƻƴŘƛǝƻƴǎ ŀǊŜ ǎƘƻǿƴ ƛƴ ¢ŀōƭŜ мрΦ 
!Υ ǇπŎƻǳƳŀǊƻȅƭπ/ƻ! ǿƛǘƘ мсл Ƴa ǉǳƛƴƛŎ ŀŎƛŘ όƴ Ґ ф ҕ {9aύΤ .Υ ŎŀũŜƻȅƭπ/ƻ! ǿƛǘƘ мсл Ƴa 
ǉǳƛƴƛŎ ŀŎƛŘ όƴ Ґ ф ҕ {9aύΤ /Υ ǉǳƛƴƛŎ ŀŎƛŘ ǿƛǘƘ плл ҡa ǇπŎƻǳƳŀǊƻȅƭπ/ƻ! όƴ Ґ ф ҕ {9aύΤ 5Υ ǉǳƛƴƛŎ 
ŀŎƛŘ ǿƛǘƘ улл ҡa ŎŀũŜƻȅƭπ/ƻ! όƴ Ґ ф ҕ {9aύΦ !ŘƻǇǘŜŘ ŦǊƻƳ .ǀƳŜƪŜ ŀƴŘ tŜǘŜǊǎŜƴ όнлнрύ 
 

/ƻƴǎƛŘŜǊƛƴƎ ǘƘŜ ŘŜǘŜǊƳƛƴŀǝƻƴ ƻŦ YƳΣ ǳǎƛƴƎ ŀ Ŏƻƴǎǘŀƴǘ ŎƻƴŎŜƴǘǊŀǝƻƴ ƻŦ ǉǳƛƴƛŎ ŀŎƛŘΣ ŀ 

ǇǊŜŦŜǊŜƴŎŜ ŦƻǊ ǇπŎƻǳƳŀǊƻȅƭπ/ƻ! όYƳ Ґ унΦо ҡaύ όCƛƎǳǊŜ оо !Σ ¢ŀōƭŜ онύ ǿŀǎ ƻōǎŜǊǾŜŘ ŀǎ 

ƻǇǇƻǎŜŘ ǘƻ ŎŀũŜƻȅƭπ/ƻ! όYƳ Ґ нмоΦо ҡaύ όCƛƎǳǊŜ оо .Σ ¢ŀōƭŜ онύΦ ! ƘƛƎƘŜǊ ƪŎŀǘκYƳ όут ƭ ǎπм Ƴƻƭπмύ 

ƻŦ ǇπŎƻǳƳŀǊƻȅƭπ/ƻ! ǿƛǘƘ ǉǳƛƴƛŎ ŀŎƛŘ όǾǎΦ ŎŀũŜƻȅƭπ/ƻ! ǿƛǘƘ ǉǳƛƴƛŎ ŀŎƛŘύ ǿŀǎ ǘƘŜ ǊŜǎǳƭǘ ƻŦ ǘƘŜ 

ƭƻǿŜǊ YƳ όYƳ Ґ унΦо ҡaύ ŀƴŘ ǘƘŜ ƘƛƎƘŜǊ ±ƳŀȄ όлΦмп ƳƪŀǘκƪƎύΦ ²ƘŜƴ ǾŀǊȅƛƴƎ ǘƘŜ ŎƻƴŎŜƴǘǊŀǝƻƴ 

ƻŦ ǉǳƛƴƛŎ ŀŎƛŘ ŀǘ ŬȄŜŘ ŀƳƻǳƴǘǎ ƻŦ ǇπŎƻǳƳŀǊƻȅƭπ/ƻ! ƻǊ ŎŀũŜƻȅƭπ/ƻ!Σ ǘƘŜ ŀŶƴƛǘȅ ǘƻ ǉǳƛƴƛŎ ŀŎƛŘ 

ǿŀǎ мΦс ǝƳŜǎ ƘƛƎƘŜǊΣ ǿƘŜƴ ǳǎƛƴƎ ǇπŎƻǳƳŀǊƻȅƭπ/ƻ! όYƳ Ґ ммммлΦл ҡaύ ƛƴǎǘŜŀŘ ƻŦ ŎŀũŜƻȅƭπ/ƻ! 

όYƳ Ґ мттолΦл ҡaύ όCƛƎǳǊŜ оо / ŀƴŘ 5Σ ¢ŀōƭŜ онύΦ bŜǾŜǊǘƘŜƭŜǎǎΣ ŎŀǘŀƭȅǝŎ ŜŶŎƛŜƴŎƛŜǎ ǿŜǊŜ 

ŎƻƳǇŀǊŀōƭŜΣ ǊŀƴƎƛƴƎ ŦǊƻƳ лΦс ƭ ǎπм Ƴƻƭπм ŦƻǊ ǉǳƛƴƛŎ ŀŎƛŘ ǿƛǘƘ ŀ Ŏƻƴǎǘŀƴǘ ŎƻƴŎŜƴǘǊŀǝƻƴ ƻŦ Ǉπ

ŎƻǳƳŀǊƻȅƭπ/ƻ! ǘƻ лΦп ƭ ǎπм Ƴƻƭπм ŦƻǊ ǉǳƛƴƛŎ ŀŎƛŘ ǿƛǘƘ ŀ Ŏƻƴǎǘŀƴǘ ŎƻƴŎŜƴǘǊŀǝƻƴ ƻŦ ŎŀũŜƻȅƭπ/ƻ! 

ό¢ŀōƭŜ онύΦ {ǳƳƳŀǊƛȊŜŘΣ ǘƘŜ ŎƻƳōƛƴŀǝƻƴ ƻŦ ǇπŎƻǳƳŀǊƻȅƭπ/ƻ! ŀƴŘ ǉǳƛƴƛŎ ŀŎƛŘ ǿŀǎ ǇǊŜŦŜǊǊŜŘ 

ōȅ {ƎIv¢м ƻǾŜǊ ŎŀũŜƻȅƭπ/ƻ! ŀƴŘ ǉǳƛƴƛŎ ŀŎƛŘ ƛƴ ǘŜǊƳǎ ƻŦ ŀŶƴƛǘȅ ŀƴŘ ŎŀǘŀƭȅǝŎ ŀŎǝǾƛǘȅΦ  

 

¢ŀōƭŜ онΦ aƛŎƘŀŜƭƛǎπaŜƴǘŜƴ ŎƘŀǊŀŎǘŜǊƛȊŀǝƻƴ ƻŦ {ƎIv¢нΣ ƛƴŎƭǳŘƛƴƎ ǘƘŜ ŀŶƴƛǘȅ όYƳ ώҡaϐύΣ ǘƘŜ 
ǎǇŜŎƛŬŎ ŀŎǝǾƛǘȅ ό±ƳŀȄ ώƳƪŀǘκƪƎϐύΣ ǘǳǊƴƻǾŜǊ ƴǳƳōŜǊ όƪŎŀǘ ώǎπмϐύ ŀƴŘ ŎŀǘŀƭȅǝŎ ŜŶŎƛŜƴŎȅ όƪŎŀǘκYƳ 
ώƭ ǎπм ƳƻƭπмϐύΦ YƳ ŀƴŘ ±ƳŀȄ ŀǊŜ ōŀǎŜŘ ƻƴ ƴ Ґ ф ҕ {9aΣ ƪŎŀǘ ƛǎ ŎŀƭŎǳƭŀǘŜŘ ǿƛǘƘ ǘƘŜ ƳƻƭŜŎǳƭŀǊ Ƴŀǎǎ 
ƻŦ ǘƘŜ ǇǊƻǘŜƛƴ ƛƴŎƭǳŘƛƴƎ сȄIƛǎπǘŀƎ ƻŦ рмΦп ƪ5ŀΦ DǊŀǇƘǎ ǳƴŘŜǊƭȅƛƴƎ ǘƘŜ ǊŜǎǳƭǘǎ ŀǊŜ ŘƛǎǇƭŀȅŜŘ ƛƴ 
CƛƎǳǊŜ ооΦ 9ȄŀŎǘ ǊŜŀŎǝƻƴ ŎƻƴŘƛǝƻƴ ŀƴŘ ŎƻƳǇƻǎƛǝƻƴ ƻŦ ǘƘŜ ŀǎǎŀȅǎ ŀǊŜ ŘƛǎǇƭŀȅŜŘ ƛƴ ¢ŀōƭŜ мрΦ 

Variable 
substrate 

Constant 
substrate 

Km 
[µM]  

Vmax 
[mkat/kg]  

kcat 
[s-1] 

kcat/Km 

[l s-1 mol-1] 

p-coumaroyl-
CoA 

quinic acid 82.3 ± 14.8 0.14 ± 0.01 0.007 87 

caffeoyl-CoA quinic acid 213.3 ± 53.5 0.10 ± 0.01 0.005 24 

quinic acid 
p-coumaroyl-
CoA 

11110.0 ± 
1559.0 

0.14 ± 0.004 0.007 0.6 

quinic acid caffeoyl-CoA 
17730.0 ± 

2352.0 
0.15 ± 0.01 0.008 0.4 
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13.5.4 SgRAS 

13.5.4.1 Preparation of the expression vector and heterologous expression 

[ŜŀǾŜǎ ƻŦ {ŀǊŎŀƴŘǊŀ ƎƭŀōǊŀ ǿŜǊŜ ǳǎŜŘ ŦƻǊ ǘƘŜ ƛǎƻƭŀǝƻƴ ƻŦ wb!Σ ŦƻƭƭƻǿŜŘ ōȅ ǘƘŜ ǎȅƴǘƘŜǎƛǎ ƻŦ 

Ŏ5b! όŎƘŀǇǘŜǊ тΦмΦфΦмύΦ t/w ǿŀǎ ŎƻƴŘǳŎǘŜŘ ǳǎƛƴƎ ǘƘƛǎ Ŏ5b! ŀǎ ǘŜƳǇƭŀǘŜ ό¢ŀōƭŜ пύΦ .ŀƴŘǎ ƻŦ 

ŀōƻǳǘ мплл ōǇ ǿŜǊŜ ŜȄǘǊŀŎǘŜŘ όCƛƎǳǊŜ оп !ύΣ ƛƴǎŜǊǘŜŘ ƛƴǘƻ Ǉ5ǊƛǾŜ ŀƴŘ ǎŜǉǳŜƴŎŜŘΦ {ŜǉǳŜƴŎƛƴƎ 

ƻŦ ǘƘŜ ǳƴŘƛƎŜǎǘŜŘ ǇƭŀǎƳƛŘ ŀǇǇǊƻǾŜŘ ǘƘŜ ŦǳƭƭπƭŜƴƎǘƘ ǎŜǉǳŜƴŎŜ ƻŦ {Ǝw!{Φ !ƊŜǊ ƛƴǎŜǊǝƴƎ ǘƘŜ Ŧǳƭƭπ

ƭŜƴƎǘƘ ƛƴǘƻ Ǉ9¢πмрōΣ 9Φ Ŏƻƭƛ {ƻƭǳ.[нм ǿŜǊŜ ǘǊŀƴǎŦƻǊƳŜŘ ǿƛǘƘ ǘƘŜ ŜȄǇǊŜǎǎƛƻƴ ǾŜŎǘƻǊΦ !ƊŜǊ ŀ 

ŎƻƴǘǊƻƭ ǊŜǎǘǊƛŎǝƻƴ ŘƛƎŜǎǘ ŀƴŘ ǎǳŎŎŜǎǎƛǾŜ ŀƎŀǊƻǎŜ ƎŜƭ ŜƭŜŎǘǊƻǇƘƻǊŜǎƛǎ όCƛƎǳǊŜ оп .ύΣ ǇƭŀǎƳƛŘ Ǉ9¢π

мрōψ{Ǝw!{ψм ǿŀǎ ǎŜǉǳŜƴŎŜŘΣ ǿƘƛŎƘ ǊŜǾŜŀƭŜŘ ŀƴ ƻǇŜƴ ǊŜŀŘƛƴƎ ŦǊŀƳŜ ƻŦ морл ōǇ ό¢ŀōƭŜ ȄǾƛύΦ 

¢ƘŜ ƎƭȅŎŜǊƻƭ ǎǘƻŎƪ ƻŦ ǘƘŜ ŎǳƭǘǳǊŜ ǿƛǘƘ ǘƘŜ ǊŜǎǇŜŎǝǾŜ ǾŜŎǘƻǊ ǿŀǎ ǳǎŜŘ ŦƻǊ ƘŜǘŜǊƻƭƻƎƻǳǎ 

ŜȄǇǊŜǎǎƛƻƴΦ 

A: 

 
 

B: 

 
 

CƛƎǳǊŜ опΦ !ƎŀǊƻǎŜ ƎŜƭ ŜƭŜŎǘǊƻǇƘƻǊŜǎƛǎ ŦǊƻƳ t/w ŀƴŘ ǊŜǎǘǊƛŎǝƻƴ ŘƛƎŜǎǘ ƻŦ {Ǝw!{Φ DǊŀȅŜŘ ƻǳǘ 
ŀǊŜŀǎ ǊŜŦŜǊ ǘƻ ƻǘƘŜǊ ŜȄǇŜǊƛƳŜƴǘǎΦ !Υ CǳƭƭπƭŜƴƎǘƘ t/w ƻŦ {Ǝw!{Φ !ǊǊƻǿǎ ǇƻƛƴǝƴƎ ǘƻ ǘƘŜ ōŀƴŘǎΣ 
ǿƘƛŎƘ ǿŜǊŜ ŜȄǘǊŀŎǘŜŘΣ ŎƻƳōƛƴŜŘ ŀƴŘ ƭƛƎŀǘŜŘΦ .Υ wŜǎǘǊƛŎǝƻƴ ŘƛƎŜǎǘ ƻŦ Ǉ9¢πмрō ŎƻƴǘŀƛƴƛƴƎ 
{Ǝw!{Φ IŜǘŜǊƻƭƻƎƻǳǎ ŜȄǇǊŜǎǎƛƻƴ ǿŀǎ ǇŜǊŦƻǊƳŜŘ ǿƛǘƘ ǘƘŜ ǇƭŀǎƳƛŘ ƻŦ ǿƘƛŎƘ ŀ ōŀƴŘ ǿŀǎ ƳŀǊƪŜŘ 
ōȅ ŀƴ ŀǊǊƻǿ ǎƛƴŎŜ ƛǘ ŎƻƴǘŀƛƴŜŘ ǘƘŜ ŎƻǊǊŜŎǘ ōŀƴŘΦ aŀǊƪŜǊ ǎƛȊŜǎΥ CƛƎǳǊŜ т 
 

IŜǘŜǊƻƭƻƎƻǳǎ ŜȄǇǊŜǎǎƛƻƴ ŀƴŘ ǇǳǊƛŬŎŀǝƻƴ ƻŦ {Ǝw!{ ǊŜǎǳƭǘŜŘ ƛƴ ŀ ǇǊƻǘŜƛƴ ƘŀǾƛƴƎ ŀ ƭŜƴƎǘƘ ƻŦ 

ппф ŀŀ ŀƴŘ ŀ Ƴŀǎǎ ƻŦ пфопуΦмо 5ŀ όŀŎŎŜǎǎƛƻƴ ttппформΤ псу ŀŀ ŀƴŘ рмотпΦом 5ŀ ƛƴŎƭǳŘƛƴƎ 

сȄIƛǎπǘŀƎύ ό¢ŀōƭŜ ȄǾƛƛύΦ ¢ƘŜ /9 ǿŀǎ ǇǳǊƛŬŜŘ ōȅ сȄIƛǎπǘŀƎ ƳŜǘŀƭπŀŶƴƛǘȅ ŎƘǊƻƳŀǘƻƎǊŀǇƘȅΣ ŀƴŘ 

ǘƘŜ ŜƭǳŀǘŜ ŦǊƻƳ ǘƘŜ bƛπb¢! ŎƻƭǳƳƴ ǿŀǎ ŘŜǎŀƭǘŜŘ ōȅ Ŝƭǳǝƻƴ ŦǊƻƳ t5мл ŎƻƭǳƳƴǎΦ ¢ƘŜ 

ǇǳǊƛŬŎŀǝƻƴ ŀƴŘ ǎǳŎŎŜǎǎŦǳƭ ŜȄǇǊŜǎǎƛƻƴ ƻŦ {Ǝw!{ ǿŀǎ ǇǊƻǾŜƴ ōȅ ǎŜǇŀǊŀǝƻƴ ƻƴ ŀƴ {5{πt!D9 ƎŜƭ 

ŀƴŘ ƛƳƳǳƴƻŘŜǘŜŎǝƻƴ ƻƴ ŀ ²ŜǎǘŜǊƴ ōƭƻǘΦ !ƊŜǊ ǎǘŀƛƴƛƴƎ ƻŦ ǘƘŜ ƎŜƭ ŀƴŘ ǘƘŜ ōƭƻǘΣ ŀ ōŀƴŘ ƻŦ ŀōƻǳǘ 

рмΦр ƪ5ŀ ōŜŎŀƳŜ ǾƛǎƛōƭŜ ƛƴ ǘƘŜ Ŝƭǳǝƻƴ ŦǊŀŎǝƻƴǎ ƻŦ ǘƘŜ bƛπb¢! ŀƴŘ ǘƘŜ t5мл ŎƻƭǳƳƴ όCƛƎǳǊŜ 

орύΦ 
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A:  

 
 

B: 

 
 

CƛƎǳǊŜ орΦ {5{πt!D9 ŀƴŘ ²ŜǎǘŜǊƴ ōƭƻǘ ƻŦ {Ǝw!{Φ !Υ {5{πt!D9 ǎǘŀƛƴŜŘ ǿƛǘƘ /ƻƻƳŀǎǎƛŜΦ !ƴ 
ŀǊǊƻǿ ƳŀǊƪǎ ŀ ōŀƴŘ ǊŜǇǊŜǎŜƴǝƴƎ {Ǝw!{ όрмΦр ƪ5ŀύΦ .Υ ²ŜǎǘŜǊƴ ōƭƻǘ ǎǘŀƛƴŜŘ ǿƛǘƘ ./Lt ŀƴŘ b.¢Φ 
!ƴ ŀǊǊƻǿ ƳŀǊƪǎ ŀ ōŀƴŘ ǊŜǇǊŜǎŜƴǝƴƎ {Ǝw!{ όрмΦр ƪ5ŀύΦ aŀǊƪŜǊ ǎƛȊŜǎΥ CƛƎǳǊŜ уΦ !ŘƻǇǘŜŘ ŦǊƻƳ 
.ǀƳŜƪŜ ŀƴŘ tŜǘŜǊǎŜƴ όнлнрύ 
 

13.5.4.2 Initial verification of product formation and search for substrates  

!ƊŜǊ ƘŜǘŜǊƻƭƻƎƻǳǎ ŜȄǇǊŜǎǎƛƻƴ ŀƴŘ ǇǳǊƛŬŎŀǝƻƴ ƻŦ {Ǝw!{Σ ǾŀǊƛƻǳǎ ǎǳōǎǘǊŀǘŜ ŎƻƳōƛƴŀǝƻƴǎ ǿŜǊŜ 

ǘŜǎǘŜŘ ǘƻ ǾŜǊƛŦȅ ŀŎǝǾƛǘȅΦ  

tǊƻŘǳŎǘ ŦƻǊƳŀǝƻƴ ǿŀǎ ƻōǎŜǊǾŜŘ ōȅ [/πa{ ŀƴŀƭȅǎƛǎ ŦƻǊ ǎŜǾŜǊŀƭ ŎƻƳōƛƴŀǝƻƴǎ ƻŦ ŀŎȅƭ ŀŎŎŜǇǘƻǊ 

ǎǳōǎǘǊŀǘŜǎΣ {Ǝw!{ ŀƴŘ ǇπŎƻǳƳŀǊƻȅƭπ/ƻ!Φ ¢ƘŜ ƳƻƭŜŎǳƭŀǊ ŦƻǊƳǳƭŀ ƻŦ ǘƘŜ ŜȄǇŜŎǘŜŘ ƛƻƴ ǿŀǎ ǳǎŜŘ 

ǘƻ ŎǊŜŀǘŜ 9L/ǎΣ ǿƘƛŎƘ ǿŜǊŜ ŀƴŀƭȅȊŜŘ ǊŜƎŀǊŘƛƴƎ ǊŜǘŜƴǝƻƴ ǝƳŜǎΦ ¢Ŝǎǘǎ ǿƛǘƘ ǇǊƻŘǳŎǘǎ ƘŀǾƛƴƎ 

ŎŀǊōƻȄȅƭ ƳƻƛŜǝŜǎ ǿŜǊŜ ŀƴŀƭȅȊŜŘ ƛƴ ǘƘŜ ƴŜƎŀǝǾŜ ƛƻƴƛȊŀǝƻƴ ƳƻŘŜΣ ǿƘƛƭŜ ŀƭƭ ƻǘƘŜǊ ǇǊƻŘǳŎǘǎ ǿŜǊŜ 

ŀƴŀƭȅȊŜŘ ƛƴ ǘƘŜ ǇƻǎƛǝǾŜ ƳƻŘŜ όŎƘŀǇǘŜǊ ммΦнΦнύΦ ¢ƘŜ ŦƻǊƳŀǝƻƴ ƻŦ ǘƘŜ ŦƻƭƭƻǿƛƴƎ ǇǊƻŘǳŎǘǎ όǇπ

ŎƻǳƳŀǊƻȅƭ ŜǎǘŜǊǎ ƻǊ ŀƳƛŘŜǎύ ǿŀǎ ŘŜǘŜŎǘŜŘΥ ǇπŎƻǳƳŀǊƻȅƭπόwύπпΩπƘȅŘǊƻȄȅǇƘŜƴȅƭƭŀŎǝŎ ŀŎƛŘΣ Ǉπ

ŎƻǳƳŀǊƻȅƭπόwύπǇƘŜƴȅƭƭŀŎǝŎ ŀŎƛŘΣ ǇπŎƻǳƳŀǊƻȅƭπόwύπоΩΣпΩπŘƛƘȅŘǊƻȄȅǇƘŜƴȅƭƭŀŎǝŎ ŀŎƛŘΣ Ǉπ

ŎƻǳƳŀǊƻȅƭπόwύπпΩπƘȅŘǊƻȄȅπоΩπƳŜǘƘƻȄȅǇƘŜƴȅƭƭŀŎǝŎ ŀŎƛŘΣ ǇπŎƻǳƳŀǊƻȅƭπ5πǇƘŜƴȅƭŀƭŀƴƛƴŜΣ Ǉπ

ŎƻǳƳŀǊƻȅƭπ5πǘȅǊƻǎƛƴŜ ŀƴŘ ǇπŎƻǳƳŀǊƻȅƭπ5πоΩΣпΩπŘƛƘȅŘǊƻȄȅǇƘŜƴȅƭŀƭŀƴƛƴŜΦ ¢ƘŜ ŀǧŀŎƘƳŜƴǘ ƻŦ ǘƘŜ 

ŀŎȅƭ ƳƻƛŜǘȅ ƛǎ ƻƴƭȅ ŘŜǎŎǊƛōŜŘΣ ƛŦ ƛǘ ǿŀǎ ǾŜǊƛŬŜŘ ōȅ ŀƴ ŀǳǘƘŜƴǝŎ ǎǘŀƴŘŀǊŘΦ ¢ƘŜ 9L/ ƻŦ ǘƘŜ ǊŜǎǳƭǝƴƎ 

ǇǊƻŘǳŎǘǎΣ ǘƘŜ ŜȄǇŜŎǘŜŘ ƳƻƭŜŎǳƭŀǊ ŦƻǊƳǳƭŀ ŀƴŘ ŀƴ ŀǳǘƘŜƴǝŎ ǎǘŀƴŘŀǊŘ όƛŦ ŀǾŀƛƭŀōƭŜύ ŀǊŜ 

ŘƛǎǇƭŀȅŜŘ ƛƴ CƛƎǳǊŜ осΣ ǊŜǎǇŜŎǝǾŜ [/πa{ Řŀǘŀ ŀǊŜ ǇǊŜǎŜƴǘŜŘ ƛƴ ¢ŀōƭŜ ооΦ 

tƘŜƴȅƭƭŀŎǝŎ ŀŎƛŘ ŘŜǊƛǾŀǘŜǎΣ ǳǎŜŘ ŀǎ ŀŎȅƭ ŀŎŎŜǇǘƻǊ ǎǳōǎǘǊŀǘŜǎΣ ǿŜǊŜ ƻƴƭȅ ŀǾŀƛƭŀōƭŜ ƛƴ όw{ύπ ƻǊ ό{ύπ

ŎƻƴŬƎǳǊŀǝƻƴΦ ²ƘƛƭŜ ǇǊƻŘǳŎǘ ŦƻǊƳŀǝƻƴ ǿƛǘƘ {Ǝw!{ ŀƴŘ ǇπŎƻǳƳŀǊƻȅƭπ/ƻ! ǿŀǎ ƻōǎŜǊǾŜŘ ǿƘŜƴ 

ǳǎƛƴƎ ǘƘŜ όw{ύπŜƴŀƴǝƻƳŜǊΣ ƴƻ ǇǊƻŘǳŎǘ ŦƻǊƳŀǝƻƴ ŎƻǳƭŘ ōŜ ŘŜǘŜŎǘŜŘ ƛƴ ǘŜǎǘǎ ǿƛǘƘ ǘƘŜ ό{ύπ

ŜƴŀƴǝƻƳŜǊΦ ¢Ƙƛǎ ǿŀǎ ŀƭǎƻ ǳƴŘŜǊƭƛƴŜŘ ōȅ ǘƘŜ ŀŎȅƭŀǝƻƴ ƻŦ 5πŀƳƛƴƻ ŀŎƛŘǎ όόwύπŎƻƴŬƎǳǊŀǝƻƴύΦ 

¢ƘŜǊŜŦƻǊŜΣ ƛǘ ǿŀǎ ŀǎǎǳƳŜŘΣ ǘƘŀǘ {Ǝw!{ ŎŀǘŀƭȅȊŜǎ ǘƘŜ ǎǘŜǊŜƻǎǇŜŎƛŬŎ ŀŎȅƭŀǝƻƴ ƻŦ όwύπǇƘŜƴȅƭƭŀŎǝŎ 

ŀŎƛŘ ŀƴŘ 5πŀƳƛƴƻ ŀŎƛŘǎΦ Lƴ ǘƘŜ ŦƻƭƭƻǿƛƴƎΣ ǿƘŜƴŜǾŜǊ όw{ύπпπƘȅŘǊƻȄȅǇƘŜƴȅƭƭŀŎǝŎ ƻǊ όw{ύπоΣпπ

ŘƛƘȅŘǊƻȄȅǇƘŜƴȅƭƭŀŎǝŎ ƛǎ ǳǎŜŘ ƛƴ ŜƴȊȅƳŜ ŀǎǎŀȅǎ ΨǇIt[Ω ƻǊ Ψ5It[Ω ǊŜŦŜǊǎ ǘƻ ǘƘŜ ŎƻƴŎŜƴǘǊŀǝƻƴ ƻŦ 

ǘƘŜ όwύπŜƴŀƴǝƻƳŜǊΣ ōǳǘ ǘƘŜ όw{ύπŜƴŀƴǝƻƳŜǊǎ ǿŀǎ ǳǎŜŘΦ  
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!Υ ǇπŎƻǳƳŀǊƻȅƭπ/ƻ! Ҍ όw{ύπпπ
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5Υ ǇπŎƻǳƳŀǊƻȅƭπ/ƻ! Ҍ όw{ύπпπ
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9Υ ǇπŎƻǳƳŀǊƻȅƭπ/ƻ! Ҍ 5π
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CΥ ǇπŎƻǳƳŀǊƻȅƭπ/ƻ! Ҍ 5πǘȅǊƻǎƛƴŜ 
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DΥ ǇπŎƻǳƳŀǊƻȅƭπ/ƻ! Ҍ 5κ[πоΣпπ
ŘƛƘȅŘǊƻȄȅǇƘŜƴȅƭŀƭŀƴƛƴŜ 

0 5 10 15 20 25

0

1000

2000

3000

4000

time [min]

E
IC

 C
1

8
H

1
7
O

6
N

1
 [

M
-H

]-  3
4

2
.1

0

Control SgRAS

 
 

  

CƛƎǳǊŜ осΦ 9ȄǘǊŀŎǘŜŘ ƛƻƴ ŎƘǊƻƳŀǘƻƎǊŀƳǎ ƻŦ ŜƴȊȅƳŜ ŀǎǎŀȅǎ ǿƛǘƘ {Ǝw!{Σ ǇπŎƻǳƳŀǊƻȅƭπ/ƻ! ŀƴŘ 
ǾŀǊƛƻǳǎ ŀŎȅƭ ŀŎŎŜǇǘƻǊ ǎǳōǎǘǊŀǘŜǎΣ ƛƴŎƭǳŘƛƴƎ ǘƘŜ ǎǘǊǳŎǘǳǊŀƭ ŦƻǊƳǳƭŀ ƻŦ ǘƘŜ ŀǳǘƘŜƴǝŎ ǎǘŀƴŘŀǊŘΦ 
.ƭŀŎƪ ƭƛƴŜΥ ŜƴȊȅƳŜ ŀǎǎŀȅ ǿƛǘƘ {Ǝw!{Σ ŘƻƴƻǊ ŀƴŘ ŀŎŎŜǇǘƻǊ ǎǳōǎǘǊŀǘŜ ό{Ǝw!{ύΤ ŘŀǎƘŜŘ ōƭŀŎƪ ƭƛƴŜΥ 
ŜƳǇǘȅ ǾŜŎǘƻǊ ŎƻƴǘǊƻƭ ŀǎǎŀȅ ό/ƻƴǘǊƻƭύΤ ōƻƭŘ ƎǊŜȅ ƭƛƴŜΥ ŀǳǘƘŜƴǝŎ ǎǘŀƴŘŀǊŘ όƛŦ ŀǾŀƛƭŀōƭŜύΤ ǘƘƛƴ ƎǊŜȅ 
ƭƛƴŜΥ ƻũǎŜǘ ŦƻǊ ōŜǧŜǊ ǾƛǎǳŀƭƛȊŀǝƻƴΦ !Υ ŦƻǊƳŀǝƻƴ ƻŦ ǇπŎƻǳƳŀǊƻȅƭπпΩπƘȅŘǊƻȄȅǇƘŜƴȅƭƭŀŎǝŎ ŀŎƛŘ 
όώaπIϐπ ƳκȊ онтΦлфύΤ .Υ ŦƻǊƳŀǝƻƴ ƻŦ ǇπŎƻǳƳŀǊƻȅƭǇƘŜƴȅƭƭŀŎǝŎ ŀŎƛŘ όώaπIϐπ ƳκȊ оммΦлфύΤ /Υ 
ŦƻǊƳŀǝƻƴ ƻŦ ǇπŎƻǳƳŀǊƻȅƭπоΩΣпΩπŘƛƘȅŘǊƻȄȅǇƘŜƴȅƭƭŀŎǝŎ ŀŎƛŘ όώaπIϐπ ƳκȊ опоΦлуύΤ 5Υ ŦƻǊƳŀǝƻƴ 
ƻŦ ǇπŎƻǳƳŀǊƻȅƭπпΩπƘȅŘǊƻȄȅπоΩπƳŜǘƘƻȄȅǇƘŜƴȅƭƭŀŎǝŎ ŀŎƛŘ όώaπIϐπ ƳκȊ ортΦмлύΤ 9Υ ŦƻǊƳŀǝƻƴ ƻŦ 
ǇπŎƻǳƳŀǊƻȅƭπ5πǇƘŜƴȅƭŀƭŀƴƛƴŜ όώaπIϐπ ƳκȊ омлΦммύΤ CΥ ŦƻǊƳŀǝƻƴ ƻŦ ǇπŎƻǳƳŀǊƻȅƭπ5πǘȅǊƻǎƛƴŜ 
όώaπIϐπ ƳκȊ онсΦмлύΤ DΥ ŦƻǊƳŀǝƻƴ ƻŦ ǇπŎƻǳƳŀǊƻȅƭπ5πоΩΣпΩπŘƛƘȅŘǊƻȄȅǇƘŜƴȅƭŀƭŀƴƛƴŜ όώaπIϐπ 
ƳκȊ опнΦмлύΦ !ŘƻǇǘŜŘ ŦǊƻƳ .ǀƳŜƪŜ ŀƴŘ tŜǘŜǊǎŜƴ όнлнрύ 
 

¢ŀōƭŜ ооΦ [/πa{ ŀƴŀƭȅǎƛǎ ƻŦ ŜƴȊȅƳŜ ŀǎǎŀȅǎ ǿƛǘƘ {Ǝw!{Φ !Ŏȅƭ ŀŎŎŜǇǘƻǊ ŀƴŘ ŘƻƴƻǊ ǎǳōǎǘǊŀǘŜǎ ŀǎ 
ǿŜƭƭ ŀǎ ǘƘŜ ŘŜǘŜŎǘŜŘ ǇǊƻŘǳŎǘ ŀǊŜ ƭƛǎǘŜŘΦ wŜǘŜƴǝƻƴ ǝƳŜΣ ǘƘŜ ƳƻƭŜŎǳƭŀǊ ŦƻǊƳǳƭŀ ŀƴŘ ǘƘŜ 
ŘŜǘŜŎǘŜŘ Ƴŀǎǎ ƻŦ ǘƘŜ ƛƻƴ ώaπIϐπ ŀǊŜ ŀƭǎƻ ƎƛǾŜƴΦ ²ƘŜƴ ŀƴ ŀǳǘƘŜƴǝŎ ǎǘŀƴŘŀǊŘ ǿŀǎ ŀǾŀƛƭŀōƭŜΣ ǘƘŜ 
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Ǉƻǎƛǝƻƴ ƻŦ ǘƘŜ ƘȅŘǊƻȄȅŎƛƴƴŀƳƻȅƭ ŀǧŀŎƘƳŜƴǘ ǿŀǎ ŎƻƴǎƛŘŜǊŜŘΦ !ŘƻǇǘŜŘ ŦǊƻƳ .ǀƳŜƪŜ ŀƴŘ 
tŜǘŜǊǎŜƴ όнлнрύ 

!ŎŎŜǇǘƻǊ 5ƻƴƻǊ tǊƻŘǳŎǘ wŜǘŜƴ-
ǝƻƴ 
ǝƳŜ 
ώƳƛƴϐ 

aƻƭŜŎǳƭŀǊ 
ŦƻǊƳǳƭŀ 

5ŜǘŜŎǘŜŘ 
ώaπIϐπ 
όƳκȊύ 

пπƘȅŘǊƻȄȅπ
ǇƘŜƴȅƭƭŀŎǝŎ ŀŎƛŘ 

ǇπŎƻǳƳŀǊƻȅƭπ
/ƻ! 

ǇπŎƻǳƳŀǊƻȅƭπпΩπ
ƘȅŘǊƻȄȅǇƘŜƴȅƭŀŎǝŎ 
ŀŎƛŘ 

фΦн /муIмсhс онтΦлф 

оπǇƘŜƴȅƭƭŀŎǝŎ 
ŀŎƛŘ 

ǇπŎƻǳƳŀǊƻȅƭπ
/ƻ! 

ǇπŎƻǳƳŀǊƻȅƭǇƘŜƴȅƭ-
ƭŀŎǝŎ ŀŎƛŘ 

млΦп /муIмсhр оммΦлф 

оΣпπŘƛƘȅŘǊƻȄȅ-
ǇƘŜƴȅƭƭŀŎǝŎ ŀŎƛŘ 

ǇπŎƻǳƳŀǊƻȅƭπ
/ƻ! 

ǇπŎƻǳƳŀǊƻȅƭπоΩΣпΩπŘƛ-
ƘȅŘǊƻȄȅǇƘŜƴȅƭƭŀŎǝŎ 
ŀŎƛŘ 

уΦу /муIмсhт опоΦлу 

пπƘȅŘǊƻȄȅπоπ
ƳŜǘƘƻȄȅǇƘŜƴȅƭ-
ƭŀŎǝŎ ŀŎƛŘ 

ǇπŎƻǳƳŀǊƻȅƭπ
/ƻ! 

ǇπŎƻǳƳŀǊƻȅƭπпΩπ
ƘȅŘǊƻȄȅπоΩπƳŜǘƘƻȄȅ-
ǇƘŜƴȅƭƭŀŎǝŎ ŀŎƛŘ 

фΦо /мфIмуhт ортΦмл 

5πǇƘŜƴȅƭŀƭŀƴƛƴŜ ǇπŎƻǳƳŀǊƻȅƭπ
/ƻ! 

ǇπŎƻǳƳŀǊƻȅƭπ5π
ǇƘŜƴȅƭŀƭŀƴƛƴŜ 

фΦо /муIмтhпbм омлΦмм 

5πǘȅǊƻǎƛƴŜ ǇπŎƻǳƳŀǊƻȅƭπ
/ƻ! 

ǇπŎƻǳƳŀǊƻȅƭπ5π
ǘȅǊƻǎƛƴŜ 

уΦп /муIмтhрbм онсΦмл 

5κ[πŘƛƘȅŘǊƻȄȅ-
ǇƘŜƴȅƭŀƭŀƴƛƴŜ 

ǇπŎƻǳƳŀǊƻȅƭπ
/ƻ! 

ǇπŎƻǳƳŀǊƻȅƭπ5πоΩΣпΩπ
ŘƛƘȅŘǊƻȄȅǇƘŜƴȅƭ-
ŀƭŀƴƛƴŜ 

уΦл /муIмтhсbм опнΦмл 

пπƘȅŘǊƻȄȅ-
ǇƘŜƴȅƭƭŀŎǝŎ ŀŎƛŘ 

ŎƛƴƴŀƳƻȅƭπ
/ƻ! 

ŎƛƴƴŀƳƻȅƭπпΩπƘȅŘǊƻ-
ȄȅǇƘŜƴȅƭŀŎǝŎ ŀŎƛŘ 

млΦо /муIмсhр оммΦлф 

пπƘȅŘǊƻȄȅπ
ǇƘŜƴȅƭƭŀŎǝŎ ŀŎƛŘ 

ŎŀũŜƻȅƭπ/ƻ! ŎŀũŜƻȅƭπпΩπƘȅŘǊƻȄȅ-
ǇƘŜƴȅƭŀŎǝŎ ŀŎƛŘ 

уΦу /муIмсhт опоΦлу 

пπƘȅŘǊƻȄȅπ
ǇƘŜƴȅƭƭŀŎǝŎ ŀŎƛŘ 

ŦŜǊǳƭƻȅƭπ/ƻ! ŦŜǊǳƭƻȅƭπпΩπƘȅŘǊƻȄȅ-
ǇƘŜƴȅƭŀŎǝŎ ŀŎƛŘ 

фΦо /мфIмуhт ортΦмл 

пπƘȅŘǊƻȄȅπ
ǇƘŜƴȅƭƭŀŎǝŎ ŀŎƛŘ 

ǎƛƴŀǇƻȅƭπ/ƻ! ǎƛƴŀǇƻȅƭπпΩπƘȅŘǊƻȄȅ-
ǇƘŜƴȅƭŀŎǝŎ ŀŎƛŘ 

фΦн /нлIнлhу оутΦмн 

 

CƻƭƭƻǿƛƴƎ ǾŜǊƛŬŎŀǝƻƴ ƻŦ ŀŎǝǾƛǘȅ ŦƻǊ {Ǝw!{Σ ǘƘŜ ƳŜƴǝƻƴŜŘ ƳŜǘƘƻŘƻƭƻƎȅ ǿŀǎ ǳǎŜŘ ŀƎŀƛƴ ǘƻ ǘŜǎǘ 

ǇǊƻŘǳŎǘ ŦƻǊƳŀǝƻƴ ǿƛǘƘ ǾŀǊƛƻǳǎ ŀŎȅƭ ŘƻƴƻǊ ǎǳōǎǘǊŀǘŜǎΦ ¢ƘŜ ŎƻƴŎŜƴǘǊŀǝƻƴ ƻŦ ǇIt[ ǿŀǎ ǎŜǘ ǘƻ 

у ƳaΣ ŀƴŘ ǇπŎƻǳƳŀǊƻȅƭπ/ƻ! όнлл ҡaύ ǿŀǎ ŜȄŎƘŀƴƎŜŘ ōȅ ŎƛƴƴŀƳƻȅƭπΣ ŎŀũŜƻȅƭπΣ ŦŜǊǳƭƻȅƭπΣ 

ǎƛƴŀǇƻȅƭπΣ ŀƴǘƘǊŀƴƛƭƻȅƭπ ƻǊ ōŜƴȊƻȅƭπ/ƻ! ό¢ŀōƭŜ мнύΦ ¢ƘŜ ǊŜǎǳƭǝƴƎ 9L/ǎ ŀƴŘ Řŀǘŀ ŦǊƻƳ [/πa{ 

ŀƴŀƭȅǎƛǎ ŀǊŜ ŘŜǇƛŎǘŜŘ ƛƴ CƛƎǳǊŜ от ŀƴŘ ¢ŀōƭŜ ооΦ 5ŜǘŜŎǝƻƴ ōȅ [/πa{ ǎƘƻǿŜŘ ǇǊƻŘǳŎǘ ŦƻǊƳŀǝƻƴ 

ƻŦ ŎƛƴƴŀƳƻȅƭπǇIt[Σ ŎŀũŜƻȅƭπǇIt[Σ ŦŜǊǳƭƻȅƭπǇIt[ ŀƴŘ ǎƛƴŀǇƻȅƭπǇIt[Φ wŜǎǇŜŎǝǾŜ ŀƴǘƘǊŀƴƛƭƻȅƭ 

ƻǊ ōŜƴȊƻȅƭ ŜǎǘŜǊǎ ǿŜǊŜ ƴƻǘ ŘŜǘŜŎǘŜŘΦ 
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!Υ ŎƛƴƴŀƳƻȅƭπ/ƻ! Ҍ όw{ύπпπƘȅŘǊƻȄȅǇƘŜƴȅƭƭŀŎǝŎ ŀŎƛŘ 
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.Υ ŎŀũŜƻȅƭπ/ƻ! Ҍ όw{ύπпπƘȅŘǊƻȄȅǇƘŜƴȅƭƭŀŎǝŎ ŀŎƛŘ 
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/Υ ŦŜǊǳƭƻȅƭπ/ƻ! Ҍ όw{ύπпπƘȅŘǊƻȄȅǇƘŜƴȅƭƭŀŎǝŎ ŀŎƛŘ 
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5Υ ǎƛƴŀǇƻȅƭπ/ƻ! Ҍ όw{ύπпπƘȅŘǊƻȄȅǇƘŜƴȅƭƭŀŎǝŎ ŀŎƛŘ 
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CƛƎǳǊŜ отΦ 9ȄǘǊŀŎǘŜŘ ƛƻƴ ŎƘǊƻƳŀǘƻƎǊŀƳǎ ƻŦ ŜƴȊȅƳŜ ŀǎǎŀȅǎ ǿƛǘƘ {Ǝw!{Σ пπƘȅŘǊƻȄȅǇƘŜƴȅƭƭŀŎǝŎ 
ŀŎƛŘ ŀƴŘ ǾŀǊƛƻǳǎ ŀŎȅƭ ŘƻƴƻǊ ǎǳōǎǘǊŀǘŜǎΣ ƛƴŎƭǳŘƛƴƎ ǘƘŜ ǎǘǊǳŎǘǳǊŀƭ ŦƻǊƳǳƭŀ ƻŦ ǘƘŜ ŀǳǘƘŜƴǝŎ 
ǎǘŀƴŘŀǊŘΦ .ƭŀŎƪ ƭƛƴŜΥ ŜƴȊȅƳŜ ŀǎǎŀȅ ǿƛǘƘ {Ǝw!{Σ ŘƻƴƻǊ ŀƴŘ ŀŎŎŜǇǘƻǊ ǎǳōǎǘǊŀǘŜ ό{Ǝw!{ύΤ ŘŀǎƘŜŘ 
ōƭŀŎƪ ƭƛƴŜΥ ŜƳǇǘȅ ǾŜŎǘƻǊ ŎƻƴǘǊƻƭ ŀǎǎŀȅ ό/ƻƴǘǊƻƭύΤ ōƻƭŘ ƎǊŜȅ ƭƛƴŜΥ ŀǳǘƘŜƴǝŎ ǎǘŀƴŘŀǊŘ όƛŦ 
ŀǾŀƛƭŀōƭŜύΤ ǘƘƛƴ ƎǊŜȅ ƭƛƴŜΥ ƻũǎŜǘ ŦƻǊ ōŜǧŜǊ ǾƛǎǳŀƭƛȊŀǝƻƴΦ !Υ ŦƻǊƳŀǝƻƴ ƻŦ ŎƛƴƴŀƳƻȅƭπпΩπ
ƘȅŘǊƻȄȅǇƘŜƴȅƭƭŀŎǝŎ ŀŎƛŘ όώaπIϐπ ƳκȊ оммΦлфύΤ .Υ ŦƻǊƳŀǝƻƴ ƻŦ ŎŀũŜƻȅƭπпΩπƘȅŘǊƻȄȅǇƘŜƴȅƭƭŀŎǝŎ 
ŀŎƛŘ όώaπIϐπ ƳκȊ опоΦлуΤ /Υ ŦƻǊƳŀǝƻƴ ƻŦ ŦŜǊǳƭƻȅƭπпΩπƘȅŘǊƻȄȅǇƘŜƴȅƭƭŀŎǝŎ ŀŎƛŘ όώaπIϐπ 
ƳκȊ ортΦмлύΤ 5Υ ŦƻǊƳŀǝƻƴ ƻŦ ǎƛƴŀǇƻȅƭπпΩπƘȅŘǊƻȄȅǇƘŜƴȅƭƭŀŎǝŎ ŀŎƛŘ όώaπIϐπ ƳκȊ оутΦмнύΦ 
!ŘƻǇǘŜŘ ŦǊƻƳ .ǀƳŜƪŜ ŀƴŘ tŜǘŜǊǎŜƴ όнлнрύ 
 

13.5.4.3 pH and temperature optimum 

CƻƭƭƻǿƛƴƎ ǘƘŜ ǾŜǊƛŬŎŀǝƻƴ ƻŦ ǇǊƻŘǳŎǘ ŦƻǊƳŀǝƻƴ ǿƛǘƘ {Ǝw!{ ŀƴŘ ǎŜǾŜǊŀƭ ǎǳōǎǘǊŀǘŜǎΣ ǊŜŀŎǝƻƴ 

ŎƻƴŘƛǝƻƴǎ ǿŜǊŜ ƻǇǝƳƛȊŜŘΦ ¦ǎƛƴƎ лΦм a YtƛΣ ŎƻǾŜǊƛƴƎ ŀ ǊŀƴƎŜ ƛƴ ǇI ŦǊƻƳ сΦлл ǘƻ уΦрлΣ ǘƘŜ 

ōǳũŜǊ ŎƻƴŘƛǝƻƴǎ ǊŜǎǳƭǝƴƎ ƛƴ ǘƘŜ ƘƛƎƘŜǎǘ ǎǇŜŎƛŬŎ ŀŎǝǾƛǘȅ ǿŜǊŜ ǎŜŀǊŎƘŜŘΦ CƻƭƭƻǿƛƴƎ ŜȄǘǊŀŎǝƻƴ 

ƻŦ ǘƘŜ ŀǎǎŀȅǎ ŀƴŘ ǎǳōƧŜŎǝƻƴ ǘƻ It[/Σ ŀƭƭ ǘŜǎǘǎ ǿŜǊŜ ŀƴŀƭȅȊŜŘΣ ŀƴŘ ǘƘŜ ŎƻƴǘǊƻƭ ǊŜŀŎǝƻƴ ǎƘƻǿŜŘ 

ƴƻ ǇǊƻŘǳŎǘ ŦƻǊƳŀǝƻƴΦ ¢ƘŜ ǎǇŜŎƛŬŎ ŀŎǝǾƛǘȅ ƻŦ {Ǝw!{ ƛƴŎǊŜŀǎŜŘ ƎǊŀŘǳŀƭƭȅ ŦǊƻƳ лΦл ƳƪŀǘκƪƎ ŀǘ 

ǇI рΦтл όƛƴŀŎǝǾŜύ ǘƻ ŀōƻǳǘ лΦмп ƳƪŀǘκƪƎ ŀǘ ǇI тΦпл όCƛƎǳǊŜ мс !ύΦ CǊƻƳ ǘƘƛǎ ƳŀȄƛƳǳƳΣ ŀŎǝǾƛǘȅ 

ŘŜŎƭƛƴŜŘ ǘƻ ŀōƻǳǘ лΦмм ƳƪŀǘκƪƎ ŀǘ ǇI тΦроΦ 

!ƊŜǊ ǘƘŜ ƛƴƅǳŜƴŎŜ ƻŦ ǇIπŎƻƴŘƛǝƻƴǎ ƘŀŘ ōŜŜƴ ǘŜǎǘŜŘΣ {Ǝw!{ ǿŀǎ ŜȄǇƻǎŜŘ ǘƻ ǎŜǾŜǊŀƭ 

ǘŜƳǇŜǊŀǘǳǊŜǎΦ ²ƘƛƭŜ {Ǝw!{ ƻƴƭȅ ǎƘƻǿŜŘ ƭƻǿ ǇǊƻŘǳŎǘ ŦƻǊƳŀǝƻƴ όǎǇŜŎƛŬŎ ŀŎǝǾƛǘȅ ƻŦ ŀōƻǳǘ 

лΦлм ƳƪŀǘκƪƎύ ŀǘ лΦн ϲ/Σ ŀ ƳŀȄƛƳǳƳ ƛƴ ǎǇŜŎƛŬŎ ŀŎǝǾƛǘȅ όŀōƻǳǘ лΦлтр ƳƪŀǘκƪƎύ ǿŀǎ ƻōǎŜǊǾŜŘ ŀǘ 

нпΦс ϲ/ όCƛƎǳǊŜ мс .ύΦ LƴŎǊŜŀǎƛƴƎ ǘƘŜ ǘŜƳǇŜǊŀǘǳǊŜ ŦǳǊǘƘŜǊΣ ǘƘŜ ǎǇŜŎƛŬŎ ŀŎǝǾƛǘȅ ŘŜŎƭƛƴŜŘ ǘƻ ŀōƻǳǘ 

лΦлм ƳƪŀǘκƪƎΣ ǳƴǝƭ ŀǘ ǘŜƳǇŜǊŀǘǳǊŜǎ ŀōƻǾŜ пфΦл ϲ/ {Ǝw!{ ǿŀǎ ǊŀǘƘŜǊ ƛƴŀŎǝǾŜΦ 
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A: pH optimum 
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B: temperature optimum 
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CƛƎǳǊŜ оуΦ {ǇŜŎƛŬŎ ŀŎǝǾƛǘȅ ƻŦ {Ǝw!{ ŀǘ ŘƛũŜǊŜƴǘ ǇI ƻǊ ǘŜƳǇŜǊŀǘǳǊŜ ŎƻƴŘƛǝƻƴǎ όƴ Ґ о ҕ {5ύΦ !Υ 
ǇIπƻǇǝƳǳƳ ƛƴ лΦм a YtƛΥ ƘƛƎƘŜǎǘ ǎǇŜŎƛŬŎ ŀŎǝǾƛǘȅ ŀǘ ǇI Ґ тΦпл όƳŀǊƪŜŘ ǿƛǘƘ ŀƴ ŀǊǊƻǿύΤ .Υ 
ǘŜƳǇŜǊŀǘǳǊŜ ƻǇǝƳǳƳΥ ƘƛƎƘŜǎǘ ǎǇŜŎƛŬŎ ŀŎǝǾƛǘȅ ŀǘ ¢ Ґ нпΦс ϲ/ όƳŀǊƪŜŘ ǿƛǘƘ ŀƴ ŀǊǊƻǿύΦ ¢ƘŜ 
ǊŜŀŎǝƻƴ ŎƻƴŘƛǝƻƴǎ ŀǊŜ ǎƘƻǿƴ ƛƴ ¢ŀōƭŜ мсΦ !ŘƻǇǘŜŘ ŦǊƻƳ .ǀƳŜƪŜ ŀƴŘ tŜǘŜǊǎŜƴ όнлнрύ 
 

13.5.4.4 Substrate saturation kinetics 

!ŶƴƛǝŜǎ ǘƻ ŀŎȅƭ ŘƻƴƻǊ ŀƴŘ ŀŎŎŜǇǘƻǊǎ ŦƻǊ {Ǝw!{ ǿŜǊŜ ŘŜǘŜǊƳƛƴŜŘ ōȅ aƛŎƘŀŜƭƛǎπaŜƴǘŜƴ 

ƪƛƴŜǝŎǎΦ CƻƭƭƻǿƛƴƎ ǘƘŜ ǾŜǊƛŬŎŀǝƻƴ ƻŦ ƭƛƴŜŀǊ ǇǊƻŘǳŎǘ ŦƻǊƳŀǝƻƴΣ ƪƛƴŜǝŎ ǇŀǊŀƳŜǘŜǊǎ ǿŜǊŜ 

ǊŜŎƻǊŘŜŘ ŦƻǊ ǇπŎƻǳƳŀǊƻȅƭπ/ƻ! ŀƴŘ ŎŀũŜƻȅƭπ/ƻ! ƛƴ ŎƻƳōƛƴŀǝƻƴǎ ǿƛǘƘ ǇIt[ ŀƴŘ 5It[Φ ¢ƘŜ 

ŎƻƳǇƻǎƛǝƻƴ ƻŦ ŀǎǎŀȅǎ ŦƻǊ ŀƭƭ ŘŜǘŜǊƳƛƴŀǝƻƴǎ ƛǎ ǎƘƻǿƴ ƛƴ ¢ŀōƭŜ мс ǿƘƛƭŜ ǊŜǎǳƭǝƴƎ ǎǳōǎǘǊŀǘŜ 

ǎŀǘǳǊŀǝƻƴ ŎǳǊǾŜǎ ŀǊŜ ŘƛǎǇƭŀȅŜŘ ŀǎ aƛŎƘŀŜƭƛǎπaŜƴǘŜƴ ƎǊŀǇƘǎ ƛƴ CƛƎǳǊŜ офΦ bƻǘŜΥ ǘƘŜ ŘƛǎǇƭŀȅŜŘ 

ŎƻƴŎŜƴǘǊŀǝƻƴǎ ŀƴŘ YƳǎ ƻŦ пπƘȅŘǊƻȄȅǇƘŜƴȅƭƭŀŎǝŎ ƻǊ 5It[ ƻƴƭȅ ǊŜŦŜǊ ǘƻ ǘƘŜ όwύπŜƴŀƴǝƻƳŜǊǎΦ  

 

A: p-coumaroyl-CoA + 4-
hydroxyphenyllactic acid 
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B: caffeoyl-CoA + 4-
hydroxyphenyllactic acid 
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C: p-coumaroyl-CoA + 3,4-
dihydroxyphenyllactic acid 

0.00 0.02 0.04 0.06 0.08 0.10
0.0

0.5

1.0

1.5

p-coumaroyl-CoA [mM]

s
p

e
c

if
ic

 a
c
ti

v
it

y
 [

m
k
a

t/
k

g
]

 
 

D: 4-hydroxyphenyllactic acid + p-
coumaroyl-CoA 
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E: 4-hydroxyphenyllactic acid + 
caffeoyl-CoA 
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F: 3,4-dihydroxyphenyl-lactic acid 
+ p-coumaroyl-CoA 
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CƛƎǳǊŜ офΦ {ǳōǎǘǊŀǘŜ ǎŀǘǳǊŀǝƻƴ ŎǳǊǾŜǎ ǎƘƻǿƛƴƎ ǘƘŜ aƛŎƘŀŜƭƛǎπaŜƴǘŜƴ ƪƛƴŜǝŎǎ όYƳ ŀƴŘ ±ƳŀȄύ 
ŦƻǊ {Ǝw!{Φ ¢ƘŜ ŎƻƳǇƻǎƛǝƻƴ ƻŦ ǘƘŜ ŀǎǎŀȅǎ ŀƴŘ ǘƘŜ ǊŜŀŎǝƻƴ ŎƻƴŘƛǝƻƴǎ ŀǊŜ ǎƘƻǿƴ ƛƴ ¢ŀōƭŜ мсΦ 
!Υ ǇπŎƻǳƳŀǊƻȅƭπ/ƻ! ǿƛǘƘ п Ƴa пπƘȅŘǊƻȄȅǇƘŜƴȅƭƭŀŎǝŎ ŀŎƛŘ όƴ Ґ ф ҕ {9aύΤ .Υ ŎŀũŜƻȅƭπ/ƻ! ǿƛǘƘ 
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п Ƴa пπƘȅŘǊƻȄȅǇƘŜƴȅƭƭŀŎǝŎ ŀŎƛŘ όƴ Ґ ф ҕ {9aύΤ /Υ ǇπŎƻǳƳŀǊƻȅƭπ/ƻ! ǿƛǘƘ п Ƴa оΣпπ
ŘƛƘȅŘǊƻȄȅǇƘŜƴȅƭƭŀŎǝŎ ŀŎƛŘ όƴ Ґ ф ҕ {9aύΤ 5Υ пπƘȅŘǊƻȄȅǇƘŜƴȅƭƭŀŎǝŎ ŀŎƛŘ ǿƛǘƘ нлл ҡa Ǉπ
ŎƻǳƳŀǊƻȅƭπ/ƻ! όƴ Ґ ф ҕ {9aύΤ 9Υ пπƘȅŘǊƻȄȅǇƘŜƴȅƭƭŀŎǝŎ ŀŎƛŘ ǿƛǘƘ плл ҡa ŎŀũŜƻȅƭπ/ƻ! όƴ Ґ ф 
ҕ {9aύΤ CΥ оΣпπŘƛƘȅŘǊƻȄȅǇƘŜƴȅƭƭŀŎǝŎ ŀŎƛŘ ǿƛǘƘ млл ҡa ǇπŎƻǳƳŀǊƻȅƭπ/ƻ! όƴ Ґ ф ҕ {9aύΦ 
!ŘƻǇǘŜŘ ŦǊƻƳ .ǀƳŜƪŜ ŀƴŘ tŜǘŜǊǎŜƴ όнлнрύΦ bƻǘŜΥ ŎƻƴŎŜƴǘǊŀǝƻƴ ƻŦ ǇIt[ ŀƴŘ 5It[ ǊŜŦŜǊǎ ǘƻ 
ǘƘŜ ŎƻƴŎŜƴǘǊŀǝƻƴ ƻŦ ǘƘŜ όwύπŜƴŀƴǝƻƳŜǊ 
 

¢ƘŜ ōŜǎǘ ŀŎŎŜǇǘŜŘ ǎǳōǎǘǊŀǘŜ ǿŀǎ ǇπŎƻǳƳŀǊƻȅƭπ/ƻ!Σ ƘŀǾƛƴƎ ŀ YƳ ƻŦ мпΦс ҡa ƻǊ мнΦс ҡa ǿƛǘƘ ŀ 

Ŏƻƴǎǘŀƴǘ ŎƻƴŎŜƴǘǊŀǝƻƴ ƻŦ ǇIt[ ƻǊ 5It[Σ ǊŜǎǇŜŎǝǾŜƭȅ όCƛƎǳǊŜ оф ! ŀƴŘ /Σ ¢ŀōƭŜ опύΦ ¢ƘŜ ƪŎŀǘκYƳ 

ƻŦ ǇπŎƻǳƳŀǊƻȅƭπ/ƻ! ǿƛǘƘ ǇIt[ ƻǊ 5It[ ǿŜǊŜ ƛŘŜƴǝŎŀƭ όрофу ƭ ǎπм Ƴƻƭπм ŀƴŘ рофс ƭ ǎπм ƳƻƭπмύΣ 

ōǳǘ ǿƘŜƴ ŎŀũŜƻȅƭπ/ƻ! ǿŀǎ ǘŜǎǘŜŘ ǿƛǘƘ ǇIt[Σ ƪŎŀǘκYƳ ǿŀǎ ǊŜŘǳŎŜŘ ǘƻ по ƭ ǎπм Ƴƻƭπм ŎƻƳƛƴƎ ŦǊƻƳ 

ŀƴ ƛƴŎǊŜŀǎŜŘ YƳ όртΦн ҡaύ ŀƴŘ ŀ ŘŜŎǊŜŀǎŜŘ ±ƳŀȄ όлΦлпу ƳƪŀǘκƪƎύ όCƛƎǳǊŜ оф .ύΦ /ƻƴǎƛŘŜǊƛƴƎ 

ŀŎȅƭ ŀŎŎŜǇǘƻǊ ǎǳōǎǘǊŀǘŜǎΣ ǇIt[ ƘŀŘ ǘƘŜ ƭƻǿŜǎǘ YƳ όрпо ҡaύ ŀƴŘ ǘƘŜ ƘƛƎƘŜǎǘ ŎŀǘŀƭȅǝŎ ŜŶŎƛŜƴŎȅ 

όнпу ƭ ǎπм Ƴƻƭπмύ όCƛƎǳǊŜ оф 5ύΦ /ƘŀƴƎƛƴƎ ǘƘŜ Ŏƻƴǎǘŀƴǘ ǎǳōǎǘǊŀǘŜ ǘƻ ŎŀũŜƻȅƭπ/ƻ!Σ ŀ ŘŜŎƭƛƴŜ ƛƴ ±ƳŀȄ 

όлΦнн ƳƪŀǘκƪƎύ ǿŀǎ ƻōǎŜǊǾŜŘΣ ŀƴŘΣ ǘƘŜǊŜŦƻǊŜΣ ŀ ƭƻǿŜǊ ƪŎŀǘκYƳ όмн ƭ ǎπм Ƴƻƭπмύ ǊŜǎǳƭǘŜŘ όCƛƎǳǊŜ оф 

9ύΦ LƴǘŜǊŜǎǝƴƎƭȅΣ 5It[ ǎƘƻǿŜŘ ǎƛƳƛƭŀǊ ōŜƘŀǾƛƻǊ ǿƛǘƘ ǇπŎƻǳƳŀǊƻȅƭπ/ƻ! ό±ƳŀȄ Ґ лΦнт ƳƪŀǘκƪƎΣ 

ƪŎŀǘκYƳ Ґ мс ƭ ǎπм Ƴƻƭπмύ όCƛƎǳǊŜ оф CύΦ ¢ƻ ŎƻƴŎƭǳŘŜΣ {Ǝw!{ ǇǊŜŦŜǊǎ ǇπŎƻǳƳŀǊƻȅƭπ/ƻ! ƻǾŜǊ 

ŎŀũŜƻȅƭπ/ƻ!Σ ŀƴŘ ǇIt[ ƻǾŜǊ 5It[Φ 

¢ŀōƭŜ опΦ aƛŎƘŀŜƭƛǎπaŜƴǘŜƴ ŎƘŀǊŀŎǘŜǊƛȊŀǝƻƴ ƻŦ {Ǝw!{Σ ƛƴŎƭǳŘƛƴƎ ǘƘŜ ŀŶƴƛǘȅ όYƳ ώҡaϐύΣ ǘƘŜ 
ǎǇŜŎƛŬŎ ŀŎǝǾƛǘȅ ό±ƳŀȄ ώƳƪŀǘκƪƎϐύΣ ǘǳǊƴƻǾŜǊ ƴǳƳōŜǊ όƪŎŀǘ ώǎπмϐύ ŀƴŘ ŎŀǘŀƭȅǝŎ ŜŶŎƛŜƴŎȅ όƪŎŀǘκYƳ 
ώƭ ǎπм ƳƻƭπмϐύΦ YƳ ŀƴŘ ±ƳŀȄ ŀǊŜ ōŀǎŜŘ ƻƴ ƴ Ґ ф ҕ {9aΣ ƪŎŀǘ ƛǎ ŎŀƭŎǳƭŀǘŜŘ ǿƛǘƘ ǘƘŜ ƳƻƭŜŎǳƭŀǊ Ƴŀǎǎ 
ƻŦ ǘƘŜ ǇǊƻǘŜƛƴ ƛƴŎƭǳŘƛƴƎ сȄIƛǎπǘŀƎ ƻŦ рмΦр ƪ5ŀΦ DǊŀǇƘǎ ǳƴŘŜǊƭȅƛƴƎ ǘƘŜ ǊŜǎǳƭǘǎ ŀǊŜ ŘƛǎǇƭŀȅŜŘ ƛƴ 
CƛƎǳǊŜ офΦ 9ȄŀŎǘ ǊŜŀŎǝƻƴ ŎƻƴŘƛǝƻƴǎ ŀƴŘ ŎƻƳǇƻǎƛǝƻƴǎ ƻŦ ǘƘŜ ŀǎǎŀȅǎ ŀǊŜ ŘƛǎǇƭŀȅŜŘ ƛƴ ¢ŀōƭŜ мсΦ 
bƻǘŜΥ ŎƻƴŎŜƴǘǊŀǝƻƴ ƻŦ ǇIt[ ŀƴŘ 5It[ ǊŜŦŜǊǎ ǘƻ ǘƘŜ ŎƻƴŎŜƴǘǊŀǝƻƴ ƻŦ ǘƘŜ όwύπŜƴŀƴǝƻƳŜǊ 

Variable 
substrate 

Constant 
substrate 

Km 
[µM]  

Vmax 
[mkat/kg]  

kcat 
[s-1] 

kcat/Km 

[l s-1 mol-1] 

p-coumaroyl-
CoA 

pHPL 14.6 ± 1.7 1.53 ± 0.04 0.079 5398 

caffeoyl-CoA pHPL 57.2 ± 15.7 0.048 ± 0.004 0.002 43 

p-coumaroyl-
CoA 

DHPL 12.6 ± 2.5 1.32 ± 0.09 0.068 5396 

pHPL p-coumaroyl-
CoA 

543.6 ± 47.4 2.62 ± 0.06 0.135 248 

pHPL caffeoyl-CoA 970.7 ± 219.4 0.22 ± 0.02 0.011 12 

DHPL p-coumaroyl-
CoA 

866.8 ± 104.8 0.27 ± 0.01 0.014 16 
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13.5.5 SgHCT-F 

13.5.5.1 Preparation of the expression vector and heterologous expression 

¢ƘŜ wb!Σ ǿƘƛŎƘ ǿŀǎ ǳǎŜŘ ŦƻǊ ǘƘŜ ǎȅƴǘƘŜǎƛǎ ƻŦ Ŏ5b! ǿŀǎ ƛǎƻƭŀǘŜŘ ŦǊƻƳ ǘƘŜ ƭŜŀǾŜǎ ƻŦ {ŀǊŎŀƴŘǊŀ 

ƎƭŀōǊŀ όŎƘŀǇǘŜǊ тΦмΦоύΦ ¢ƘŜ ŦǳƭƭπƭŜƴƎǘƘ ƻŦ {ƎI/¢πC ǿŀǎ ŀƳǇƭƛŬŜŘ ŦǊƻƳ Ŏ5b! ōȅ t/w ό¢ŀōƭŜ пύΦ 

!ƎŀǊƻǎŜ ƎŜƭ ŜƭŜŎǘǊƻǇƘƻǊŜǎƛǎ ǊŜǾŜŀƭŜŘ ōŀƴŘǎ ƻŦ ŀōƻǳǘ мплл ōǇ όCƛƎǳǊŜ пл !ύΣ ǿƘƛŎƘ ǿŜǊŜ 

ƛƴǎŜǊǘŜŘ ƛƴǘƻ Ǉ5ǊƛǾŜ ŀƴŘ 9Φ Ŏƻƭƛ 9½Φ ¢ƘŜ ŦƻƭƭƻǿƛƴƎ ǊŜǎǘǊƛŎǝƻƴ ŘƛƎŜǎǘ ƻŦ ǘƘŜ ǇƭŀǎƳƛŘ ǿƛǘƘ 9ŎƻwL 

ǿŀǎ ŀƴŀƭȅȊŜŘ ōȅ ŀƎŀǊƻǎŜ ƎŜƭ ŜƭŜŎǘǊƻǇƘƻǊŜǎƛǎΦ ¢ǿƻ ōŀƴŘǎ ƻŦ ŀōƻǳǘ улл ŀƴŘ слл ōǇ ǿŜǊŜ 

ƻōǎŜǊǾŜŘΦ ¢Ƙƛǎ ŬƴŘƛƴƎ ǿŀǎ ǊŀǘŜŘ ŀǎ ŀ ǎǳŎŎŜǎǎŦǳƭ ƭƛƎŀǝƻƴ ŀƴŘ ǘǊŀƴǎŦƻǊƳŀǝƻƴ ǎƛƴŎŜ ǘƘŜ Ŧǳƭƭπ

ƭŜƴƎǘƘ ƻŦ {ƎI/¢πC ƛƴŎƻǊǇƻǊŀǘŜŘ ŀ ǊŜǎǘǊƛŎǝƻƴ ǎƛǘŜ ŦƻǊ 9ŎƻwL ǿƘƛŎƘ ǎǇƭƛǘǎ ǘƘŜ ǎŜǉǳŜƴŎŜ ƛƴǘƻ ǘǿƻ 

ǇŀǊǘǎ ƻŦ ǘƘŜ ƳŜƴǝƻƴŜŘ ǎƛȊŜ ό¢ŀōƭŜ ȄǾƛύΦ !ƊŜǊ ŎƻƴŬǊƳƛƴƎ ǘƘŜ ŦǳƭƭπƭŜƴƎǘƘ ōȅ ǎŜǉǳŜƴŎƛƴƎΣ ǘƘŜ 

ǎŜǉǳŜƴŎŜ ǿŀǎ ƛƴǎŜǊǘŜŘ ƛƴǘƻ Ǉ9¢πмрōΦ ¢ƘŜ ǇƭŀǎƳƛŘ ǿŀǎ ƛƴǘǊƻŘǳŎŜŘ ƛƴǘƻ 9Φ Ŏƻƭƛ {ƻƭǳ.[нмΣ ŀƴŘ ŀ 

ǊŜǎǘǊƛŎǝƻƴ ŘƛƎŜǎǘ ǿƛǘƘ bŘŜL ǊŜǾŜŀƭŜŘ ǘǿƻ ōŀƴŘǎ ƻŦ ŀōƻǳǘ флл ŀƴŘ рлл ōǇ ǎƛƴŎŜ ǘƘŜ ǎŜǉǳŜƴŎŜ 

ŎƻƴǘŀƛƴŜŘ ŀƴ ƛƴǘŜǊƴŀƭ bŘŜL ǎƛǘŜ όCƛƎǳǊŜ пл .ύΦ ! ǇƭŀǎƳƛŘ ǿŀǎ ǎŜǉǳŜƴŎŜŘΣ ǘƘŜ ƛƴǎŜǊǝƻƴ ƻŦ ǘƘŜ 

ŦǳƭƭπƭŜƴƎǘƘ ƻŦ {ƎI/¢πC ǿŀǎ ŎƻƴŬǊƳŜŘ όмотт ōǇύΣ ŀƴŘ ǘƘŜ ǇƭŀǎƳƛŘ ǿŀǎ ǳǎŜŘ ŦƻǊ ƘŜǘŜǊƻƭƻƎƻǳǎ 

ŜȄǇǊŜǎǎƛƻƴΦ 

A:  

 
 

B: 

 
 

CƛƎǳǊŜ плΦ !ƎŀǊƻǎŜ ƎŜƭ ŜƭŜŎǘǊƻǇƘƻǊŜǎƛǎ ŦǊƻƳ t/w ŀƴŘ ǊŜǎǘǊƛŎǝƻƴ ŘƛƎŜǎǘ ƻŦ {ƎI/¢πCΦ DǊŀȅŜŘ ƻǳǘ 
ŀǊŜŀǎ ǊŜŦŜǊ ǘƻ ƻǘƘŜǊ ŜȄǇŜǊƛƳŜƴǘǎΦ !Υ CǳƭƭπƭŜƴƎǘƘ t/w ƻŦ {ƎI/¢πCΦ !ǊǊƻǿǎ ǇƻƛƴǝƴƎ ǘƻ ǘƘŜ ōŀƴŘǎΣ 
ǿƘƛŎƘ ǿŜǊŜ ŜȄǘǊŀŎǘŜŘΣ ŎƻƳōƛƴŜŘ ŀƴŘ ƭƛƎŀǘŜŘΦ .Υ wŜǎǘǊƛŎǝƻƴ ŘƛƎŜǎǘ ƻŦ Ǉ9¢πмрō ŎƻƴǘŀƛƴƛƴƎ 
{ƎI/¢πCΦ IŜǘŜǊƻƭƻƎƻǳǎ ŜȄǇǊŜǎǎƛƻƴ ǿŀǎ ǇŜǊŦƻǊƳŜŘ ǿƛǘƘ ǘƘŜ ǇƭŀǎƳƛŘ ƻŦ ǿƘƛŎƘ ŀ ōŀƴŘ ǿŀǎ 
ƳŀǊƪŜŘ ōȅ ŀƴ ŀǊǊƻǿ ǎƛƴŎŜ ƛǘ ŎƻƴǘŀƛƴŜŘ ǘƘŜ ŎƻǊǊŜŎǘ ōŀƴŘΦ aŀǊƪŜǊ ǎƛȊŜǎΥ CƛƎǳǊŜ т 
 

9Φ Ŏƻƭƛ {ƻƭǳ.[нм ƛƴŎƻǊǇƻǊŀǝƴƎ Ǉ9¢πмрō ǿƛǘƘ ǘƘŜ ŦǳƭƭπƭŜƴƎǘƘ ƻŦ {ƎI/¢πC ǿŜǊŜ ǳǎŜŘ ŦƻǊ 

ƘŜǘŜǊƻƭƻƎƻǳǎ ŜȄǇǊŜǎǎƛƻƴΣ ŦƻƭƭƻǿŜŘ ōȅ ǇǳǊƛŬŎŀǝƻƴΣ ŀƴŘ ŘŜƭƛǾŜǊŜŘ ŀ ǇǊƻǘŜƛƴ ƻŦ пру ŀŀ ŀƴŘ 

рлроуΦнр 5ŀ όŀŎŎŜǎǎƛƻƴ tvоосттсΤ птт ŀŀ ŀƴŘ рнрспΦпо 5ŀ ƛƴŎƭǳŘƛƴƎ сȄIƛǎπǘŀƎύ ό¢ŀōƭŜ ȄǾƛƛύΦ 

{5{πt!D9 ǿŀǎ ŎƻƴŘǳŎǘŜŘΣ ŀƴŘ ŀƊŜǊ ǎǘŀƛƴƛƴƎ ǿƛǘƘ /ƻƻƳŀǎǎƛŜΣ ŀƴ ŜƴǊƛŎƘƳŜƴǘ ƻŦ ŀ ōŀƴŘ ƻŦ 

рнΦс ƪ5ŀ ƛƴ ǘƘŜ Ŝƭǳǝƻƴ ŦǊŀŎǝƻƴǎ ǿŀǎ ƻōǎŜǊǾŜŘ όCƛƎǳǊŜ пм !ύΦ Lƴ ǘƘŜ ŦƻƭƭƻǿƛƴƎΣ ŀ {5{ ƎŜƭ ǿŀǎ 

ǎǳōƧŜŎǘŜŘ ǘƻ ²ŜǎǘŜǊƴ ōƭƻǘΣ ǿƘƛŎƘ ǎƘƻǿŜŘ ŀ ōŀƴŘ ƻŦ ǘƘŜ ǎŀƳŜ ǎƛȊŜ ƛƴ ǘƘŜ ǎŀƳŜ ŦǊŀŎǝƻƴǎ όCƛƎǳǊŜ 

пм .ύΦ  
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A:  

 
 

B: 

 
 

CƛƎǳǊŜ пмΦ {5{πt!D9 ŀƴŘ ²ŜǎǘŜǊƴ ōƭƻǘ ƻŦ {ƎI/¢πCΦ !Υ {5{πt!D9 ǎǘŀƛƴŜŘ ǿƛǘƘ /ƻƻƳŀǎǎƛŜΦ !ƴ 
ŀǊǊƻǿ ƳŀǊƪǎ ŀ ōŀƴŘ ǊŜǇǊŜǎŜƴǝƴƎ {ƎI/¢πC όрнΦс ƪ5ŀύΦ .Υ ²ŜǎǘŜǊƴ ōƭƻǘ ǎǘŀƛƴŜŘ ǿƛǘƘ ./Lt ŀƴŘ 
b.¢Φ !ƴ ŀǊǊƻǿ ƳŀǊƪǎ ŀ ōŀƴŘ ǊŜǇǊŜǎŜƴǝƴƎ {ƎI/¢πC όрнΦс ƪ5ŀύΦ aŀǊƪŜǊ ǎƛȊŜǎΥ CƛƎǳǊŜ уΦ !ŘƻǇǘŜŘ 
ŦǊƻƳ .ǀƳŜƪŜ ŀƴŘ tŜǘŜǊǎŜƴ όнлнрύ 
 

13.5.5.2 Analysis of product formation and search for substrates 

!ƊŜǊ ƘŜǘŜǊƻƭƻƎƻǳǎ ŜȄǇǊŜǎǎƛƻƴ ƻŦ {ƎI/¢πC ŀƴŘ ǾŜǊƛŬŎŀǝƻƴ ƻƴ ŀ ²ŜǎǘŜǊƴ ōƭƻǘΣ ŜƴȊȅƳŜ ŀǎǎŀȅǎ 

ǿŜǊŜ ŎƻƴŘǳŎǘŜŘ ƛƴ ƻǊŘŜǊ ǘƻ ǘŜǎǘ ŀŎǝǾƛǘȅ ƻŦ ǘƘŜ ǊŜŎƻƳōƛƴŀƴǘ ǇǊƻǘŜƛƴΦ !ǎǎŀȅǎ ǿŜǊŜ ŎƻƳǇƻǎŜŘ ƻŦ 

лΦм a Ytƛ ǇI тΦлΣ нлл ҡa ƻŦ ŜƛǘƘŜǊ ǇπŎƻǳƳŀǊƻȅƭπ/ƻ! ƻǊ ōŜƴȊƻȅƭπ/ƻ! ŀƴŘ ŀƴ ŀŎȅƭ ŀŎŎŜǇǘƻǊ 

ǎǳōǎǘǊŀǘŜ ǿƛǘƘ ŀ Ŭƴŀƭ ŎƻƴŎŜƴǘǊŀǝƻƴ ƻŦ лΦу ǘƻ у ƳaΣ ŘŜǇŜƴŘƛƴƎ ƻƴ ƛǘǎ ǎƻƭǳōƛƭƛǘȅΦ /ǊǳŘŜ ŜȄǘǊŀŎǘǎ 

όŀōƻǳǘ млл ҡƎ ǇǊƻǘŜƛƴύ ƻǊ ǇǳǊƛŬŜŘ ŜȄǘǊŀŎǘǎ ƻŦ {ƎI/¢πC όр ǘƻ мл ҡƎ ǇǊƻǘŜƛƴύ ǿŜǊŜ ŀŘŘŜŘ ƛƴ ŀ 

Ŭƴŀƭ ǾƻƭǳƳŜ ƻŦ мнр ҡƭΦ !ƊŜǊ ƛƴŎǳōŀǝƻƴ ŦƻǊ о Ƙ ŀǘ ол ϲ/Σ нл ҡƭ с b I/ƭ ǿŜǊŜ ŀŘŘŜŘΣ ŀƴŘ ǘƘŜ 

ŀǎǎŀȅǎ ǿŜǊŜ ŜȄǘǊŀŎǘŜŘ ǿƛǘƘ ŜǘƘȅƭ ŀŎŜǘŀǘŜΦ ¢ƘŜ ƻǊƎŀƴƛŎ ǇƘŀǎŜ ǿŀǎ ŜǾŀǇƻǊŀǘŜŘ ǘƻ ŘǊȅƴŜǎǎΣ ǘƘŜ 

ǊŜǎƛŘǳŜ ǿŀǎ ǊŜŘƛǎǎƻƭǾŜŘ ŀƴŘ ǎǳōƧŜŎǘŜŘ ǘƻ [/πa{Φ ! ƭƛǎǘ ƻŦ ŀƭƭ ǇǳǘŀǝǾŜ ŀŎŎŜǇǘƻǊ ǎǳōǎǘǊŀǘŜǎ ŀƴŘ 

ǘƘŜ ŀŎŎŜǇǘŀƴŎŜ ƻŦ ǘƘŜ {ƎI/¢ǎ ŎƻǾŜǊŜŘ ƛƴ ǘƘƛǎ ǿƻǊƪ Ŏŀƴ ōŜ ŦƻǳƴŘ ƛƴ ¢ŀōƭŜ ноΦ {ƛƴŎŜ ǎŜǉǳŜƴŎŜ 

ŀƭƛƎƴƳŜƴǘǎ ǎƘƻǿŜŘ ǎƛƳƛƭŀǊƛǝŜǎ ǘƻ ŀƴ ŀŎŜǘȅƭǘǊŀƴǎŦŜǊŀǎŜ ŀƴŘ ǇƘȅƭƻƎŜƴŜǝŎ ŀƴŀƭȅǎƛǎ ǎǳƎƎŜǎǘŜŘ 

{ƎI/¢πC ǘƻ ōŜ ŀ ..¢Σ ǎǇŜŎƛŀƭ ŦƻŎǳǎ ǿŀǎ ƻƴ ǘƘŜǎŜ ƻǊ ǎƛƳƛƭŀǊ ǎǳōǎǘǊŀǘŜǎΦ /ƻƳōƛƴŀǝƻƴǎ ƻŦ 

ǎǳōǎǘǊŀǘŜǎΣ ǿƘŜǊŜ нлл ҡa ōŜƴȊƻȅƭπ/ƻ! ǿŀǎ ŀƭǎƻ ǘŜǎǘŜŘΣ ŀǊŜ ƘƛƎƘƭƛƎƘǘŜŘ ό¢ŀōƭŜ ноύΦ ¢Ŝǎǘǎ ǿƛǘƘ 

ǘƘŜ ŀŎȅƭ ŀŎŎŜǇǘƻǊǎ мсπƘȅŘǊƻȄȅǇŀƭƳƛǝŎ ŀŎƛŘΣ мπǇƘŜƴȅƭŜǘƘŀƴƻƭΣ нπόпπƘȅŘǊƻȄȅǇƘŜƴȅƭύπмπŜǘƘŀƴƻƭΣ 

нπƘȅŘǊƻȄȅōŜƴȊȅƭ ŀƭŎƻƘƻƭΣ нπǇƘŜƴȅƭŜǘƘŀƴƻƭπ нπόпπƘȅŘǊƻȄȅǇƘŜƴȅƭύπмπǇǊƻǇŀƴƻƭΣ оπǇƘŜƴȅƭπмπ

ǇǊƻǇŀƴƻƭΣ пπƘȅŘǊƻȄȅōŜƴȊȅƭ ŀƭŎƻƘƻƭΣ пπƛǎƻǇǊƻǇȅƭōŜƴȊȅƭ ŀƭŎƻƘƻƭΣ пπǇƘŜƴȅƭπмπōǳǘŀƴƻƭΣ ōŜƴȊȅƭ 

ŀƭŎƻƘƻƭ ŀƴŘ ŘƻŘŜŎŀƴƻƭ ǿŜǊŜ ŀƴŀƭȅȊŜŘ ōȅ [/πa{ ƛƴ ǘƘŜ ǇƻǎƛǝǾŜ ŀƴŘ ǘƘŜ ƴŜƎŀǝǾŜ ƛƻƴƛȊŀǝƻƴ 

ƳƻŘŜΦ bƻ ǇǊƻŘǳŎǘ ŦƻǊƳŀǝƻƴ ǿŀǎ ƻōǎŜǊǾŜŘΦ  

!ŘŘƛǝƻƴŀƭ ǘŜǎǘǎ ǿƛǘƘ млл ҡa ŀŎŜǘȅƭπ/ƻ! ŀƴŘ ул Ƴa ōŜƴȊƻȅƭπ/ƻ! ŀƭǎƻ ǊŜǎǳƭǘŜŘ ƛƴ ƴƻ ǇǊƻŘǳŎǘ 

ŦƻǊƳŀǝƻƴ ό¢ŀōƭŜ нрύΦ 

5ŜŜǇŜƴƛƴƎ ŀǎǎŀȅǎΣ ǳǎƛƴƎ мсπƘȅŘǊƻȄȅǇŀƭƳƛǝŎ ŀŎƛŘ ŀǎ ŀƴ ŀŎŎŜǇǘƻǊ ǎǳōǎǘǊŀǘŜΣ ǿŜǊŜ ǇŜǊŦƻǊƳŜŘΣ 

ŘƛǎǎƻƭǾƛƴƎ ǘƘŜ ŀŎƛŘ ƛƴ рл ҈ όǾκǾύ ƳŜǘƘŀƴƻƭΣ м ҈ όǾκǾύ ¢ǊƛǘƻƴΣ м ҈ όǾκǾύ 55aΣ ƻǊ мл ҈ όǾκǾύ 
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ŜǘƘŀƴƻƭΦ !ǎǎŀȅǎ ǿŜǊŜ ŎƻƴŘǳŎǘŜŘΣ ǳǎƛƴƎ у όƳŜǘƘŀƴƻƭΣ ¢ǊƛǘƻƴΣ 55aύ ƻǊ п Ƴa όŜǘƘŀƴƻƭύ мсπ

ƘȅŘǊƻȄȅǇŀƭƳƛǝŎ ŀŎƛŘΣ ōǳǘ ǎǳōǎŜǉǳŜƴǘ ŀƴŀƭȅǎƛǎ ōȅ It[/ ƻǊ [/πa{ ǎƘƻǿŜŘ ƴƻ ǇǊƻŘǳŎǘ 

ŦƻǊƳŀǝƻƴΦ  

13.5.6 [RAS] Cluster 

13.5.6.1 Preparation of the expression vector and heterologous expression 

tƭŀƴǘ ƳŀǘŜǊƛŀƭ ǿŀǎ ƘŀǊǾŜǎǘŜŘ ŦǊƻƳ {ŀǊŎŀƴŘǊŀ ƎƭŀōǊŀΣ ŀƴŘ wb! ǿŀǎ ƛǎƻƭŀǘŜŘ ŦǊƻƳ ŀōƻǳǘ нл ǘƻ 

рл ƳƎ ƎǊƻǳƴŘ ƭŜŀǾŜǎ όŎƘŀǇǘŜǊ тΦмΦнύΦ ¢ƘŜ ǊŜǎǳƭǝƴƎ wb! ǿŀǎ ŀƴŀƭȅȊŜŘ ǎǇŜŎǘǊƻǇƘƻǘƻƳŜǘǊƛŎŀƭƭȅ 

ŀƴŘ ǎƘƻǿŜŘ ŀ ŎƻƴŎŜƴǘǊŀǝƻƴ ƻŦ фсΦу ƴƎκҡƭ ŀƴŘ ŀ !нслκ!нул Ǌŀǝƻ ƻŦ мΦусΦ ¦ǎƛƴƎ улрΦн ƴƎ ƻŦ ǘƘŜ 

wb!Σ Ŏ5b! ǿŀǎ ǎȅƴǘƘŜǎƛȊŜŘ όŎƘŀǇǘŜǊ тΦмΦфΦмύΦ ¢ƘŜ ŦǳƭƭπƭŜƴƎǘƘ ǎŜǉǳŜƴŎŜ ƻŦ ώw!{ϐ /ƭǳǎǘŜǊ ǿŀǎ 

ŀƳǇƭƛŬŜŘ ōȅ t/wΣ ǳǎƛƴƎ ǇǊƛƳŜǊǎ ōŀǎŜŘ ƻƴ /ƭǳǎǘŜǊπннΣууоΦнфруф ό·ƛŜ Ŝǘ ŀƭΦ нлнлύΣ ǿƘƛŎƘ 

ŎƻǊǊŜǎǇƻƴŘǎ ǘƻ ǎŎŀũƻƭŘψh{Ivψнллулпт ό¢ŀōƭŜ пύΦ !ƎŀǊƻǎŜ ƎŜƭ ŜƭŜŎǘǊƻǇƘƻǊŜǎƛǎ ǊŜǾŜŀƭŜŘ 

ŦǊŀƎƳŜƴǘǎ ƻŦ ŀōƻǳǘ мплл ōǇ όCƛƎǳǊŜ пн !ύΣ ǘǿƻ ƻŦ ǘƘŜƳ ǿŜǊŜ ŎƻƳōƛƴŜŘΣ ƛƴǎŜǊǘŜŘ ƛƴǘƻ Ǉ9¢πмрō 

ŀƴŘ ǘƘŜƴ ƛƴǘǊƻŘǳŎŜŘ ƛƴǘƻ 9Φ Ŏƻƭƛ {ƻƭǳ.[нмΦ !ƊŜǊ ŀǇǇǊƻǾŀƭ ƻŦ ǘƘŜ монф ōǇ ŦǳƭƭπƭŜƴƎǘƘ ƻŦ ώw!{ϐ 

/ƭǳǎǘŜǊ ōȅ ŀ ǊŜǎǘǊƛŎǝƻƴ ŘƛƎŜǎǘ όCƛƎǳǊŜ пн .ύ ŀƴŘ ǎŜǉǳŜƴŎƛƴƎ ό¢ŀōƭŜ ȄǾƛύΣ ŀ ƎƭȅŎŜǊƻƭ ǎǘƻŎƪ ǿŀǎ 

ǇǊŜǇŀǊŜŘΣ ǎǘƻǊŜŘ ŀǘ πул ϲ/ ŀƴŘ ǳǎŜŘ ŦƻǊ ƘŜǘŜǊƻƭƻƎƻǳǎ ŜȄǇǊŜǎǎƛƻƴΦ 

 

A: 

 
 

B: 

 
 

CƛƎǳǊŜ пнΦ !ƎŀǊƻǎŜ ƎŜƭ ŜƭŜŎǘǊƻǇƘƻǊŜǎƛǎ ŦǊƻƳ t/w ŀƴŘ ǊŜǎǘǊƛŎǝƻƴ ŘƛƎŜǎǘ ƻŦ ώw!{ϐ /ƭǳǎǘŜǊΦ !Υ Cǳƭƭπ
ƭŜƴƎǘƘ t/w ƻŦ ώw!{ϐ /ƭǳǎǘŜǊΦ !ǊǊƻǿǎ Ǉƻƛƴǘ ǘƻ ǘƘŜ ōŀƴŘǎΣ ǿƘƛŎƘ ǿŜǊŜ ŜȄǘǊŀŎǘŜŘΣ ŎƻƳōƛƴŜŘ ŀƴŘ 
ƭƛƎŀǘŜŘΦ .Υ wŜǎǘǊƛŎǝƻƴ ŘƛƎŜǎǘ ǿƛǘƘ ·ƘƻL ƻŦ Ǉ9¢πмрō ŎƻƴǘŀƛƴƛƴƎ ώw!{ϐ /ƭǳǎǘŜǊΦ IŜǘŜǊƻƭƻƎƻǳǎ 
ŜȄǇǊŜǎǎƛƻƴ ǿŀǎ ǇŜǊŦƻǊƳŜŘ ǿƛǘƘ ǘƘŜ ǇƭŀǎƳƛŘ ƻŦ ǿƘƛŎƘ ŀ ōŀƴŘ ǿŀǎ ƳŀǊƪŜŘ ōȅ ŀƴ ŀǊǊƻǿ ǎƛƴŎŜ ƛǘ 
ŎƻƴǘŀƛƴŜŘ ǘƘŜ ŎƻǊǊŜŎǘ ōŀƴŘΦ aŀǊƪŜǊ ǎƛȊŜǎΥ CƛƎǳǊŜ т 
 

9ȄǇǊŜǎǎƛƻƴ ƻŦ ǊŜŎƻƳōƛƴŀƴǘ ώw!{ϐ /ƭǳǎǘŜǊ ŀƴŘ ŦƻƭƭƻǿƛƴƎ ǇǳǊƛŬŎŀǝƻƴ ǘƻƻƪ ǇƭŀŎŜ ŀǎ ŘŜǎŎǊƛōŜŘ 

ŜŀǊƭƛŜǊ όŎƘŀǇǘŜǊ фΦмύΦ ¢ƘŜ ǊŜŎƻƳōƛƴŀƴǘ ώw!{ϐ /ƭǳǎǘŜǊ ǇǊƻǘŜƛƴ ƘŀŘ ŀ ƭŜƴƎǘƘ ƻŦ ппн ŀŀ ŀƴŘ ŀ Ƴŀǎǎ 

ƻŦ пфупуΦун 5ŀ ǿƛǘƘƻǳǘΣ ƻǊ псм ŀŀ ŀƴŘ рноурΦсм 5ŀ ƛƴŎƭǳŘƛƴƎ ǘƘŜ сȄIƛǎπǘŀƎ ό¢ŀōƭŜ ȄǾƛƛύΦ ¢ƘŜ 

ǇǳǊƛŬŎŀǝƻƴ ǇǊƻŎŜǎǎ ǿŀǎ ŎƘŜŎƪŜŘ ōȅ ŀǇǇƭȅƛƴƎ ǎŜǾŜǊŀƭ ŦǊŀŎǝƻƴǎ ǘƻ ŀ {5{ ƎŜƭΣ ǿƘƛŎƘ ǿŀǎ ǎǘŀƛƴŜŘ 

ǿƛǘƘ /ƻƻƳŀǎǎƛŜΦ ώw!{ϐ /ƭǳǎǘŜǊ ǿŀǎ ƛŘŜƴǝŬŜŘ ŀǎ ŀ ōŀƴŘ ƻŦ рнΦп ōǇ ŀƴŘ ƛǘǎ ŜƴǊƛŎƘƳŜƴǘ ǿŀǎ 
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ƻōǎŜǊǾŜŘ ƛƴ ǘƘŜ Ŝƭǳǝƻƴ ŦǊŀŎǝƻƴǎ ƻŦ ǘƘŜ bƛπb¢! ŀƴŘ ǘƘŜ t5мл ŎƻƭǳƳƴ όCƛƎǳǊŜ по !ύΦ Lƴ ǇŀǊŀƭƭŜƭΣ 

²ŜǎǘŜǊƴ ōƭƻǘ ǿŀǎ ŎƻƴŘǳŎǘŜŘΣ ǘƘŜ ƳŜƳōǊŀƴŜ ǎǘŀƛƴŜŘ ǿƛǘƘ b.¢ ŀƴŘ ./Lt ŀƴŘ ŀ ǇǳǊǇƭŜ ōŀƴŘ ŀǘ 

ǘƘŜ ǎŀƳŜ ƘŜƛƎƘǘ όрнΦп ƪ5ŀύ ǿŀǎ ƻōǎŜǊǾŜŘ ƛƴ ǘƘŜ ǎŀƳŜ ŦǊŀŎǝƻƴǎ όCƛƎǳǊŜ по . ŀƴŘ /ύΦ ¢ǿƻ 

ǇƛŎǘǳǊŜǎ ƻŦ ǘƘŜ ²ŜǎǘŜǊƴ ōƭƻǘ ƻŦ ώw!{ϐ /ƭǳǎǘŜǊ ŀǊŜ ŘƛǎǇƭŀȅŜŘΣ ŀǎ ǘƘŜ ǿŜǘ ōƭƻǘ όCƛƎǳǊŜ по .ύ ƛǎ ǾŜǊȅ 

ǎǘǊƻƴƎƭȅ ŎƻƭƻǊŜŘΣ ŀƴŘ ǘƘŜ ŘǊȅ ōƭƻǘ όCƛƎǳǊŜ по /ύ ƛǎ ǾŜǊȅ ŦŀƛƴǘΦ  

 

A:  
 

B:  
 

C:  
 

CƛƎǳǊŜ поΦ {5{πt!D9 ŀƴŘ ²ŜǎǘŜǊƴ ōƭƻǘ ƻŦ ώw!{ϐ /ƭǳǎǘŜǊΦ !Υ {5{πt!D9 ǎǘŀƛƴŜŘ ǿƛǘƘ /ƻƻƳŀǎǎƛŜΦ 
!ƴ ŀǊǊƻǿ ƳŀǊƪǎ ŀ ōŀƴŘ ǊŜǇǊŜǎŜƴǝƴƎ ώw!{ϐ /ƭǳǎǘŜǊ όрнΦп ƪ5ŀΤ 
ώw!{ϐψ/ƭǳǎǘŜǊψIƛǎψt5млψŜƭǳŀǘŜύΦ .Υ ²Ŝǘ ²ŜǎǘŜǊƴ ōƭƻǘ ŀƴŘ /Υ ŘǊƛŜŘ ²ŜǎǘŜǊƴ ōƭƻǘ ǎǘŀƛƴŜŘ ǿƛǘƘ 
./Lt ŀƴŘ b.¢Φ !ƴ ŀǊǊƻǿ ƳŀǊƪǎ ŀ ōŀƴŘ ǊŜǇǊŜǎŜƴǝƴƎ ώw!{ϐ /ƭǳǎǘŜǊ όрнΦп ƪ5ŀΤ 
ώw!{ϐψ/ƭǳǎǘŜǊψIƛǎψt5млψŜƭǳŀǘŜύΦ !ǇǇƭƛŜŘ ǎŀƳǇƭŜǎΥ ŎǊǳŘŜ ǇǊƻǘŜƛƴ ŜȄǘǊŀŎǘΣ ƅƻǿπǘƘǊƻǳƎƘΣ ǿŀǎƘ 
ŦǊŀŎǝƻƴ мΣ н ŀƴŘ рΣ bƛπb¢! ŜƭǳŀǘŜ мΣ н ŀƴŘ оΣ t5мл ŜƭǳŀǘŜΣ wh¢LϯaŀǊƪ ¢wL/h[hw όƳŀǊƪŜǊύΣ 
t5мл ŜƭǳŀǘŜΦ aŀǊƪŜǊ ǎƛȊŜǎΥ CƛƎǳǊŜ у 
 

13.5.6.2 Analysis of product formation and search for substrates 

¢ƘŜ ƘŜǘŜǊƻƭƻƎƻǳǎ ŜȄǇǊŜǎǎƛƻƴ ŀƴŘ ǇǳǊƛŬŎŀǝƻƴ ƻŦ ώw!{ϐ /ƭǳǎǘŜǊ ǿŀǎ ŎƻƴŬǊƳŜŘ ōȅ {5{πt!D9 ŀƴŘ 

²ŜǎǘŜǊƴ ōƭƻǘΣ ǿƘƛŎƘ ƛǎ ǿƘȅ ŀŎǝǾƛǘȅ ƻŦ ǘƘŜ ŜƴȊȅƳŜ ƴŜŜŘŜŘ ǘƻ ōŜ ǇǊƻǾŜƴΦ {ǘŀƴŘŀǊŘ ŀǎǎŀȅǎ ŦƻǊ 

ǎǳōǎǘǊŀǘŜ ǎŜŀǊŎƘ ǿŜǊŜ ǎǘŀǊǘŜŘ ōȅ ŀŘŘƛƴƎ сȄIƛǎπǘŀƎ ǇǳǊƛŬŜŘ ώw!{ϐ /ƭǳǎǘŜǊ ǇǊƻǘŜƛƴΦ tǊƻŘǳŎǘ 

ŦƻǊƳŀǝƻƴ ǿŀǎ ŀƴŀƭȅȊŜŘ ōȅ [/πa{Φ ! ƭƛǎǘ ƻŦ ŀƭƭ ǇǳǘŀǝǾŜ ŀŎŎŜǇǘƻǊ ŀƴŘ ŘƻƴƻǊ ǎǳōǎǘǊŀǘŜǎ ŀƴŘ ǘƘŜ 

ŀŎŎŜǇǘŀƴŎŜ ƻŦ ǘƘŜ {ƎI/¢ǎ ŎƻǾŜǊŜŘ ƛƴ ǘƘƛǎ ǿƻǊƪ Ŏŀƴ ōŜ ŦƻǳƴŘ ƛƴ ¢ŀōƭŜ но ŀƴŘ ¢ŀōƭŜ нрΦ 

bƻ ŎƻƳōƛƴŀǝƻƴ ƻŦ ŀŎȅƭ ŘƻƴƻǊ ŀƴŘ ŀŎŎŜǇǘƻǊ ǎƘƻǿŜŘ ǇǊƻŘǳŎǘ ŦƻǊƳŀǝƻƴ ŀƊŜǊ ƛƴŎǳōŀǝƻƴ ǿƛǘƘ 

ǇǳǊƛŬŜŘ ώw!{ϐ /ƭǳǎǘŜǊΦ 

13.5.7 SgHCT-B 

13.5.7.1 Amplification from cDNA 

Lƴ ǘƘŜ ōŜƎƛƴƴƛƴƎΣ wb! ǿŀǎ ƛǎƻƭŀǘŜŘΣ ŀƴŘ Ŏ5b! ǎȅƴǘƘŜǎƛȊŜŘ όŎƘŀǇǘŜǊ тΦмΦоύΦ !ƊŜǊǿŀǊŘǎΣ Ŏ5b! 

ǿŀǎ ǳǎŜŘ ŀǎ ǘŜƳǇƭŀǘŜ ŦƻǊ t/w ƛƴ ƻǊŘŜǊ ǘƻ ŀƳǇƭƛŦȅ ǘƘŜ ŦǳƭƭπƭŜƴƎǘƘ ƴǳŎƭŜƻǝŘŜ ǎŜǉǳŜƴŎŜ ƻŦ {ƎI/¢π
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.Σ ōŀǎŜŘ ƻƴ {ŎŀũƻƭŘψh{Ivψнллфпфо ό¢ŀōƭŜ пύΦ !ƴŀƭȅǎƛǎ ƻŦ t/w ŀǎǎŀȅǎ ƻƴ ŀƴ ŀƎŀǊƻǎŜ ƎŜƭ 

ǊŜǾŜŀƭŜŘ ǘƘŜ ŀōǎŜƴŎŜ ƻŦ ōŀƴŘǎ ŀǊƻǳƴŘ ǘƘŜ ŜȄǇŜŎǘŜŘ ǎƛȊŜ ƻŦ ŀōƻǳǘ мнлл ǘƻ мрлл ōǇΣ ƳŜŀƴƛƴƎ 

ƴƻ ŀƳǇƭƛŬŎŀǝƻƴ ƻŦ ǘƘŜ ǎŜǉǳŜƴŎŜΦ [ŀǘŜǊ ŀƴŀƭȅǎƛǎ ƻŦ ǘƘŜ ǎŎŀũƻƭŘ ƭŜŘ ǘƻ ǘƘŜ ŀǎǎǳƳǇǝƻƴ ǘƘŀǘ 

ǎŎŀũƻƭŘψh{Ivψнллфпфо Ƴŀȅ ōŜ ƛƴŎƻǊǊŜŎǘƭȅ ŀǎǎŜƳōƭŜŘΣ ŀǎ ǘƘŜ ǎŎŀũƻƭŘ Ŏƻƴǎƛǎǘǎ ƻŦ ǘƘŜ ŦǊƻƴǘ 

ǇŀǊǘ ƻŦ {ƎIv¢м ŀƴŘ ǘƘŜ ǊŜŀǊ ǇŀǊǘ ƻŦ {ƎI{¢Φ 

13.6 Phylogenetic analysis 

tƘȅƭƻƎŜƴŜǝŎ ŀƴŀƭȅǎƛǎ ǿŀǎ ōŀǎŜŘ ƻƴ фн ŀƳƛƴƻ ŀŎƛŘ ǎŜǉǳŜƴŎŜǎ ŦǊƻƳ I/¢ǎ ŀƴŘ ..¢ǎΣ Ƴŀƴȅ ƻŦ 

ǘƘŜƳ ƘŀǾƛƴƎ ōŜŜƴ ǎǳōƧŜŎǘ ƻŦ ǇǊŜǾƛƻǳǎ ǎǘǳŘƛŜǎ ό¢ŀōƭŜ нлύΦ !ƴ ŀƭƛƎƴƳŜƴǘ ǿŀǎ ǇŜǊŦƻǊƳŜŘ ƛƴ 

a9D!ммΣ ŦƻƭƭƻǿŜŘ ōȅ ǇƘȅƭƻƎŜƴŜǝŎ ŀƴŀƭȅǎƛǎΣ ŀƴŘ ŀ ǘƻǘŀƭ ƻŦ нуо Ǉƻǎƛǝƻƴǎ ǿŀǎ ŎƻƴǎƛŘŜǊŜŘ ŀƊŜǊ 

ŜƭƛƳƛƴŀǝƻƴ ƻŦ ƎŀǇǎ ŀƴŘ ƳƛǎǎƛƴƎ ŘŀǘŀΦ ¢ƘŜ ǊŜǎǳƭǝƴƎ ǘǊŜŜ ƘŀŘ ŀ [ƻƎ[ ƻŦ πнроммΦфуΦ As BAHDs are 

already the scope of phylogenetic analysis, names of the clades used in the following were 

adopted from (D'Auria 2006; Kruse et al. 2022; Moghe et al. 2023). 

¢ƘŜ ǊŜǎǳƭǝƴƎ ǇƘȅƭƻƎŜƴŜǝŎ ǘǊŜŜ όCƛƎǳǊŜ ппύ ǎƘƻǿǎ ǎŜǾŜǊŀƭ ŎƭŀŘŜǎΣ ǿƘƛŎƘ ŎƻǳƭŘ ōŜ ƛŘŜƴǝŬŜŘ ŀǎ 

ŎƭŀŘŜ рŀΣ рōΣ рŎΣ ŀƴŘ сŎΣ ƛƴ ŀŎŎƻǊŘŀƴŎŜ ǿƛǘƘ ǘƘŜ ƴƻƳŜƴŎƭŀǘǳǊŜ ŜǎǘŀōƭƛǎƘŜŘ ōȅ 5ϥ!ǳǊƛŀ όнллсύ 

ŀƴŘ aƻƎƘŜ Ŝǘ ŀƭΦ όнлноύΦ {ƻƳŜ ǎŜǉǳŜƴŎŜǎ ŦǊƻƳ ǾŀǊƛƻǳǎ ǘŀȄŀ ǿŜǊŜ ƴƻǘ ŎƭŜŀǊƭȅ ƻǊƎŀƴƛȊŜŘ ƛƴ 

ŎƭŀŘŜǎ ōǳǘ ǿŜǊŜ ƛŘŜƴǝŬŜŘ ŀǎ ƳŜƳōŜǊǎ ƻŦ ŎƭŀŘŜ о ŀƴŘ с ƛƴ ǘƘŜ ŎƛǘŜŘ ƭƛǘŜǊŀǘǳǊŜΦ  

{ǘŀǊǝƴƎ ǿƛǘƘ ŎƭŀŘŜ рŀΣ ǘƘǊŜŜ ǎǳōŎƭŀŘŜǎ ǿŜǊŜ ƻōǎŜǊǾŜŘΦ /ƭŀŘŜ рŀ ƛǎ ŘƛǾƛŘŜŘ ƛƴǘƻ ǎǳōŎƭŀŘŜǎ ƻŦ 

I/¢ǎΣ ǿƘƛŎƘ ŜƛǘƘŜǊ ŀŎŎŜǇǘŜŘ ǎƘƛƪƛƳƛŎ ŀŎƛŘ όǊŜŘύΣ ǉǳƛƴƛŎ ŀŎƛŘ όōƭǳŜύΣ ƻǊ ǇIt[πŘŜǊƛǾŀǝǾŜǎ όƎǊŜŜƴύ 

ŀǎ Ƴŀƛƴ ǎǳōǎǘǊŀǘŜ όCƛƎǳǊŜ ппύΦ I/¢ǎ ŦǊƻƳ tƻŀŎŜŀŜΣ ŀǊŜ ǇƭŀŎŜŘ ōŜǘǿŜŜƴ ǘƘŜ ǉǳƛƴƛŎ ŀŎƛŘ ŀƴŘ 

ǇIt[πŘŜǊƛǾŀǝǾŜǎ ŀŎŎŜǇǝƴƎ ǎǳōŎƭŀŘŜ όCƛƎǳǊŜ ппύΦ wŜŎŜƴǘ ǎǘǳŘƛŜǎ ƛŘŜƴǝŬŜŘ ǘƘƛǎ ŎƭǳǎǘŜǊ ŀǎ ŎƭŀŘŜ 

рō όYǊǳǎŜ Ŝǘ ŀƭΦ нлннΤ aƻƎƘŜ Ŝǘ ŀƭΦ нлноύΦ 

I/¢ǎ ŦŀǾƻǊƛƴƎ ǎƘƛƪƛƳƛŎ ŀŎƛŘ ǿŜǊŜ ƭŀǊƎŜƭȅ ƻǊƎŀƴƛȊŜŘ ŀŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜƛǊ ǘŀȄƻƴƻƳƛŎ ōŀŎƪƎǊƻǳƴŘΣ 

ǎǘŀǊǝƴƎ ǿƛǘƘ ōǊȅƻǇƘȅǘŜǎ ǎΦƭΦΣ ƎƻƛƴƎ ƻǾŜǊ I/¢ǎ ŦǊƻƳ tƻŀŎŜŀŜ ŀƴŘ tƛƴŀŎŜŀŜΣ ŜƴŘƛƴƎ ǿƛǘƘ ŀ ƭŀǊƎŜǊ 

ōǊŀƴŎƘ ƻŦ I/¢ǎ ŦǊƻƳ ŘƛŎƻǘȅƭŜŘƻƴƻǳǎ ŀƴƎƛƻǎǇŜǊƳǎ όCƛƎǳǊŜ ппύΦ ¢ƘŜ ǎƘƛƪƛƳƛŎ ŀŎƛŘπŀŎŎŜǇǝƴƎ 

ǎǳōŎƭŀŘŜ ƛƴŎƭǳŘŜǎ {ƎI{¢ ŀƴŘ ŀ ǇǳǘŀǝǾŜ I/¢πм ŦǊƻƳ !ǎŎŀǊƛƴŀ ǊǳōǊƛŎŀǳƭƛǎΣ ǿƘƛŎƘ ŀǊŜ ǇƭŀŎŜŘ 

ōŜǘǿŜŜƴ ǘƘŜ I/¢ǎ ŦǊƻƳ ōǊȅƻǇƘȅǘŜǎ ǎΦƭΦ ŀƴŘ ŀ ǎǳōŎƭŀŘŜΣ ŎƻƴǎƛǎǝƴƎ ƻŦ ǉǳƛƴƛŎ ŀŎƛŘπŀŎŎŜǇǝƴƎ I/¢ǎ 

ŦǊƻƳ ŘƛŎƻǘȅƭŜŘƻƴƻǳǎ ŀƴƎƛƻǎǇŜǊƳǎΦ I/¢ǎ ŦǊƻƳ ǘƘŜ ŬǊǎǘ όǊŜŘύ ǎǳōŎƭŀŘŜ ŀǊŜ ǳǎǳŀƭƭȅ ƛŘŜƴǝŬŜŘ ŀǎ 

I{¢ǎΣ ōǳǘ Ƴƻǎǘ ƻŦ ǘƘŜƳ ŀƭǎƻ ŎƻƴǾŜǊǘŜŘ ǉǳƛƴƛŎ ŀŎƛŘΣ ŀƴǘƘǊŀƴƛƭƛŎ ŀŎƛŘΣ ƘȅŘǊƻȄȅŀƴǘƘǊŀƴƛƭƛŎ ŀŎƛŘ ƻǊ 

ƘȅŘǊƻȄȅōŜƴȊƻƛŎ ŀŎƛŘ ŘŜǊƛǾŀǝǾŜǎ όaƻƎƘŜ Ŝǘ ŀƭΦ нлноύΦ LƴǘŜǊŜǎǝƴƎƭȅΣ ŀ II¢ ŦǊƻƳ 9ŎƘƛǳƳ 

ǇǳǊǇǳǊŜŀΣ ŀŎŎŜǇǝƴƎ ǘŀǊǘŀǊƛŎ ŀŎƛŘ ό9ŎƘǇǳǊII¢ύΣ ŀƴŘ ŀ I/¢ ŦǊƻƳ aŜƴǘƘŀ ƭƻƴƎƛŦƻƭƛŀ 

όaŜƴƭƻƴ!¢мύΣ ŀŎŎŜǇǝƴƎ ǇIt[ ōŜǎƛŘŜǎ ǎƘƛƪƛƳƛŎ ŀƴŘ ǉǳƛƴƛŎ ŀŎƛŘ ŀǊŜ ǇƭŀŎŜŘ ƛƴ ǘƘƛǎ ǎǳōŎƭŀŘŜΦ  

{ƎIv¢м ŀƴŘ ŀ ŎƭƻǎŜƭȅ ǊŜƭŀǘŜŘ ǎŜǉǳŜƴŎŜ ƻŦ !ǎŎŀǊƛƴŀ ǊǳōǊƛŎŀǳƭƛǎ ό!ǊI/¢πнύ ŀǊŜ ƛƴ ōŜǘǿŜŜƴ ǘƘŜ 

ǎǳōŎƭŀŘŜ ŀŎŎŜǇǝƴƎ ǎƘƛƪƛƳƛŎ ŀŎƛŘ ŀƴŘ ŀ ǎǳōŎƭŀŘŜ ƻŦ ŘƛŎƻǘȅƭŜŘƻƴƻǳǎ ŀƴƎƛƻǎǇŜǊƳǎ ŀŎŎŜǇǝƴƎ 

ǉǳƛƴƛŎ ŀŎƛŘ όōƭǳŜύ ŀǎ ƻƴƭȅ ŀŎȅƭ ŀŎŎŜǇǘƻǊ όCƛƎǳǊŜ ппύΦ ¢ƘŜǎŜ I/¢ǎ ŀǊŜ ǳǎǳŀƭƭȅ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ Iv¢ǎΦ 
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¢ƘŜ ŎƭŀǎǎƛŬŎŀǝƻƴ ƻŦ {ƎIv¢м ƛǎ ǳƴŎƭŜŀǊ ŀƴŘ ǿƛƭƭ ōŜ ŎƻǾŜǊŜŘ ƛƴ ǘƘŜ ŦƻƭƭƻǿƛƴƎ όŎƘŀǇǘŜǊ нлΦоύ ǎƛƴŎŜ 

ǘƘŜ ŜƴȊȅƳŜ ŦŀǾƻǊǎ ǉǳƛƴƛŎ ŀŎƛŘ ƻǾŜǊ ǎƘƛƪƛƳƛŎ ŀŎƛŘΦ {ƎIv¢н ƛǎ ǇƭŀŎŜŘ ŎƭƻǎŜƭȅ ǘƻ ǘƘŜ ǉǳƛƴƛŎ ŀŎƛŘπ

ŀŎŎŜǇǝƴƎ ǎǳōŎƭŀŘŜ όōƭǳŜύΣ ōǳǘ ŀǘ ǘƘŜ ƳŀǊƎƛƴ ƻŦ ǘƘƛǎ ƎǊƻǳǇ ŀƴŘ ƛƴ ŎƭƻǎŜǊ ǊŜƭŀǝƻƴǎƘƛǇ ǘƻ ŎƭŀŘŜ 

рō I/¢ǎ ŦǊƻƳ tƻŀŎŜŀŜΦ  

¢ƘŜ ǘƘƛǊŘ ǎǳōŎƭŀŘŜ ƻŦ ŎƭŀŘŜ рŀΣ ƘƛƎƘƭƛƎƘǘŜŘ ƛƴ ƎǊŜŜƴΣ Ŏƻƴǎƛǎǘǎ ƻŦ I/¢ǎ ŦǊƻƳ [ŀƳƛŀŎŜŀŜΣ ǿƘƛŎƘ 

ŀŎŎŜǇǘ ǇIt[πŘŜǊƛǾŀǝǾŜǎ ŀǎ Ƴŀƛƴ ǎǳōǎǘǊŀǘŜǎΣ ŀƴŘ ŀǊŜ ǘƘŜǊŜŦƻǊŜ ƴŀƳŜŘ w!{ όCƛƎǳǊŜ ппύΦ hǾŜǊŀƭƭ 

ŀƴŀƭȅǎƛǎ ƻŦ I/¢ǎ ŦǊƻƳ ŎƭŀŘŜ рŀ ƘƛƎƘƭƛƎƘǘǎ ƘƛƎƘ ŘƛǾŜǊǎƛǘȅ ƛƴ ǘƘŜ ŀŎŎŜǇǘŀƴŎŜ ƻŦ ǎǳōǎǘǊŀǘŜǎΣ ōǳǘ 

ŀƭǎƻ ǎǘǊƛŎǘ ƻǊƎŀƴƛȊŀǝƻƴ ƛƴ ǎǳōŎƭŀŘŜǎΦ ¢ƘǊŜŜ ǎŜǉǳŜƴŎŜǎ ŦǊƻƳ tƻŀŎŜŀŜ ŦƻǊƳ ǘƘŜ ǊŀǘƘŜǊ ŜȄŎƭǳǎƛǾŜ 

ŎƭŀŘŜ рōΣ ǿƘƛŎƘ ƛƴ ǘƘƛǎ ŎŀǎŜΣ ǿŀǎ ǇƭŀŎŜŘ ƛƴǘƻ ŎƭŀŘŜ рŀΣ ŀǎ ǿŜƭƭΦ 

/ƭŀŘŜ рŎ ƛƴŎƭǳŘŜǎ ŀ ŎƭǳǎǘŜǊƛƴƎ ƻŦ ǎŜǾŜǊŀƭ {I¢ǎ ŦǊƻƳ ŘƛŎƻǘȅƭŜŘƻƴƻǳǎ ŀƴƎƛƻǎǇŜǊƳǎΣ ǿƘƛŎƘ ƛǎ 

ǇƭŀŎŜŘ ƴŜȄǘ ǘƻ ŀ ƎǊƻǳǇ ƻŦ I/¢ǎ ŦǊƻƳ ŘƛŎƻǘȅƭŜŘƻƴƻǳǎ ŀƴƎƛƻǎǇŜǊƳǎΣ ŀŎŎŜǇǝƴƎ ǇƛǎŎƛŘƛŎ ŀŎƛŘΣ [π

ŀƳƛƴƻ ŀŎƛŘǎ ƻǊ ǘŜǘǊŀƘȅŘǊƻȄȅƘŜȄŀƴŜŘƛƻƛŎ ŀŎƛŘ όCƛƎǳǊŜ ппύΦ ¢Ƙƛǎ ŎƭŀŘŜ ƛǎ ƻŦ ǎǇŜŎƛŀƭ ƛƴǘŜǊŜǎǘ ŀǎ w!{ 

ŦǊƻƳ tƘŀŎŜƭƛŀ ŎŀƳǇŀƴǳƭŀǊƛŀ ƛǎ ǇƭŀŎŜŘ ƴŜȄǘ ǘƻ {I¢ǎΦ {Ǝw!{ ŀƴŘ ŀ ǊŜƭŀǘŜŘ ǎŜǉǳŜƴŎŜ ŦǊƻƳ 

!ǎŎŀǊƛƴŀ ǊǳōǊƛŎŀǳƭƛǎ ŀǊŜ ŀƭǎƻ ǇŀǊǘ ƻŦ ŎƭŀŘŜ рŎ ōǳǘ ǎŜŜƳ ǘƻ ōŜ ƳƻǊŜ Řƛǎǘŀƴǘƭȅ ǊŜƭŀǘŜŘ ǘƻ 

tƘŀŎŀƳw!{ ƻǊ {I¢ǎΦ  

!ǇŀǊǘ ŦǊƻƳ ŎƭŀŘŜ рΣ ŀ ƎǊƻǳǇ ƻŦ ŀƴƎƛƻǎǇŜǊƳ I/¢ǎ ŦƻǊƳƛƴƎ ōŜƴȊƻȅƭ ōŜƴȊƻƛŎ ŀŎƛŘΣ ƛƴŎƭǳŘƛƴƎ {ƎI/¢π

CΣ ǿŀǎ ƘƛƎƘƭƛƎƘǘŜŘ ƛƴ ƻǊŀƴƎŜ ŀƴŘ ƛŘŜƴǝŬŜŘ ŀǎ ŎƭŀŘŜ сŎ όCƛƎǳǊŜ ппύΦ 

hǘƘŜǊΣ ƴƻǘ ŎƘŀǊŀŎǘŜǊƛȊŜŘ ǎŜǉǳŜƴŎŜǎ ŦǊƻƳ /ƘƭƻǊŀƴǘƘŀŎŜŀŜ ǿŜǊŜ ƴƻǘ ŎƻǾŜǊŜŘ ƛƴ ŎƭŀŘŜǎ р ƻǊ с 

ŀƴŘ ŀǊŜ ǇƭŀŎŜŘ ŀǘ ǘƘŜ ōƻǧƻƳ ƻŦ ǘƘŜ ǘǊŜŜΣ ƛƴ ƴƻ ŎƭƻǎŜ ǊŜƭŀǝƻƴǎƘƛǇ ǘƻ ǎŜǉǳŜƴŎŜǎ ŦǊƻƳ ƻǘƘŜǊ 

ǘŀȄŀΦ LƴǘŜǊŜǎǝƴƎƭȅΣ ǎŜǉǳŜƴŎŜǎ ŦǊƻƳ {ŀǊŎŀƴŘǊŀ ƎƭŀōǊŀ ǿŜǊŜ ŀǘ Ƴƻǎǘ ŀƭǿŀȅǎ ǇƭŀŎŜŘ ƴŜȄǘ ǘƻ ŀ 

ΨǎƛǎǘŜǊπǎŜǉǳŜƴŎŜΩ ŦǊƻƳ !ǎŎŀǊƛƴŀ ǊǳōǊƛŎŀǳƭƛǎ ǎǳƎƎŜǎǝƴƎ ƘƻƳƻƭƻƎƻǳǎ ǎŜǉǳŜƴŎŜǎΦ 
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Figure 44. Phylogenetic analysis of BAHDs. Accessions, abbreviations, and additional 
literature is listed in Table 20. Characterized HCT sequences from Sarcandra glabra are 
highlighted with a black frame. Accepted main substrates are colored: red  ς shikimic 
acid, blue  ς quinic acid, green  ς phenyllactic acids, purple  ς spermidine, orange  ς 
benzyl alcohol (benz.-alc.). Clades 5a, 5b, 5c, and 6c refer to the clades established by 
D'Auria (2006) and Moghe et al. (2023), and are marked by curved brackets. A second line 
of curved brackets gives information about the taxonomic background. Numbers next to 
the branches represent robustness of the tree, while the length of the branches correlates 
with evolutionary distance. 
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14 CYP98s from Sarcandra glabra 

14.1 Fishing for CYP98 sequences in Sarcandra glabra (and Ascarina rubricaulis) 

¢ƘŜ мƪt ŘŀǘŀōŀǎŜ ǿŀǎ ŀƭǎƻ ǳǝƭƛȊŜŘ ǘƻ ǎŜŀǊŎƘ ŦƻǊ ƘƻƳƻƭƻƎǎ ƻŦ tǎ/¸tфу!мпΦ .ȅ ǳǎƛƴƎ ǘƘŜ .[!{¢t 

ŀƭƎƻǊƛǘƘƳ ƻƴ ǘƘŜ ǘǊŀƴǎƭŀǘŜŘ ǘǊŀƴǎŎǊƛǇǘƻƳŜ ƻŦ {ŀǊŎŀƴŘǊŀ ƎƭŀōǊŀΣ млм ƘƻƳƻƭƻƎƻǳǎ ǎŎŀũƻƭŘ 

ǎŜǉǳŜƴŎŜǎ ǿŜǊŜ ŦƻǳƴŘΣ ǿƘƛŎƘ ŀǊŜ ƭƛǎǘŜŘ ƛƴ ¢ŀōƭŜ ȄƛΣ ōŜƎƛƴƴƛƴƎ ǿƛǘƘ ǘƘŜ ǎŜǉǳŜƴŎŜ ǿƛǘƘ ǘƘŜ 

ƭƻǿŜǎǘ ŜπǾŀƭǳŜΦ ¢ǿƻ ǎŜǉǳŜƴŎŜǎ ǿŜǊŜ ƴŀƳŜŘ {Ǝ/¸tфуπм ŀƴŘ {Ǝ/¸tфуπн ŀƴŘ ǘŀƪŜƴ ƛƴǘƻ ŦǳǊǘƘŜǊ 

ŎƻƴǎƛŘŜǊŀǝƻƴΦ ¢ƘŜ ƛŘŜƴǝǘȅ ǿŀǎ ōŜǘǿŜŜƴ ст ŀƴŘ тр ҈ ǘƻ ǘƘŜ ōŀƛǘ ǎŜǉǳŜƴŎŜ ŀƴŘ ǘƘŜ ŜπǾŀƭǳŜ 

ǿŀǎ лΦлΦ ¢ƘŜ ƭŜƴƎǘƘ ƻŦ ǘƘŜ ŬǊǎǘ ǘŜƴ ǎŜǉǳŜƴŎŜǎ ǾŀǊƛŜŘ ōŜǘǿŜŜƴ оср ŀƴŘ рлс ŀŀΣ ǿƛǘƘ ŀƴ ƛŘŜƴǝǘȅ 

ƻŦ оо ǘƻ тр ҈ ǘƻ tǎ/¸tфу!мпΦ ¢ƘŜ ŜπǾŀƭǳŜ ƛƴŎǊŜŀǎŜŘ ŀƴŘ ǘƘŜ ƛŘŜƴǝǘȅ ŘǊƻǇǇŜŘ ǎƛƎƴƛŬŎŀƴǘƭȅ ŀƊŜǊ 

ǘƘŜ ŬǊǎǘ ǘǿƻ ǎŜǉǳŜƴŎŜǎ ƛƴŘƛŎŀǝƴƎ ŀ ƭƻǿŜǊ ǇǊƻōŀōƛƭƛǘȅ ƻŦ ǘƘŜ ǎŜǉǳŜƴŎŜǎ ōŜƛƴƎ ŀ /¸tфуΦ 

¢ƘŜ ǎŜǉǳŜƴŎŜ ƻŦ ǇǳǘŀǝǾŜ {Ǝ/¸tфуπм όh{IvψǎŎŀũƻƭŘψнлпуутлύ ǿŀǎ рлс ŀŀ ŀƴŘ ǎƘƻǿŜŘ 

ƳŜǘƘƛƻƴƛƴŜ ƛƴ ǘƘŜ ōŜƎƛƴƴƛƴƎ ƻŦ ǘƘŜ ǎŜǉǳŜƴŎŜ ŀǎ ǿŜƭƭ ŀǎ ǘȅǇƛŎŀƭ /¸tфу ƳƻǝŦǎ ŀƴŘ ǿŀǎ ǘƘŜǊŜŦƻǊŜ 

ŎƻƴǎƛŘŜǊŜŘ ŎƻƳǇƭŜǘŜΦ {Ǝ/¸tфуπн όǎŎŀũƻƭŘψh{IvψнлптсолύΣ ƛƴǎǘŜŀŘΣ ǿŀǎ ƻƴƭȅ оср ŀŀ ŀƴŘ ǘƘŜ 

ǎŜǉǳŜƴŎŜ ǎƘƻǿŜŘ ƴƻ ǎǘŀǊǘ ƳŜǘƘƛƻƴƛƴŜΦ ¢ƘŜǊŜŦƻǊŜΣ ǘƘŜ ǎŜǉǳŜƴŎŜ ǿŀǎ ŎƻƴǎƛŘŜǊŜŘ ƛƴŎƻƳǇƭŜǘŜΣ 

ŀƴŘ ǘƘŜ ŀōǎŜƴŎŜ ƻŦ ǘƘŜ рΩπŜƴŘ ǿŀǎ ŀǎǎǳƳŜŘΦ ¢ƘŜ ƳƛǎǎƛƴƎ рΩπŜƴŘ ǿŀǎ ƭŀǘŜǊ ŎƻƳǇƭŜǘŜŘ ōȅ рΩπ

w!/9πt/w όŎƘŀǇǘŜǊ тΦмΦмлΦпύΦ 

{Ǝ/¸tфуπм ŀƴŘ πн ǿŜǊŜ ŀǎƪŜŘ ǘƻ ōŜ ƴŀƳŜŘ ōȅ 5Φ bŜƭǎƻƴ όƘǧǇǎΥκκŘǊƴŜƭǎƻƴΦǳǘƘǎŎΦŜŘǳκΣ bŜƭǎƻƴ 

нллф ƻƴǿŀǊŘǎύΣ ȅŜǘ ǘƘŜ ǎŜǉǳŜƴŎŜǎ ƘŀŘ ŀƭǊŜŀŘȅ ōŜŜƴ ŘŜǇƻǎƛǘŜŘ ƛƴ ǘƘŜ /¸t ŘŀǘŀōŀǎŜ ǿƛǘƘ ƻƴŜ 

ŀŀ ƳƛǎƳŀǘŎƘ ŜŀŎƘ ƛƴ ǘƘŜ ŀƳƛƴƻ ŀŎƛŘ ǎŜǉǳŜƴŎŜǎΦ ¢ƘŜ ƴŀƳŜǎ ŀǎǎƛƎƴŜŘ ǘƻ ǘƘŜ ǎŜǉǳŜƴŎŜǎ ǿŜǊŜ 

{Ǝ/¸tфу!ноп ŦƻǊ {Ǝ/¸tфуπн ŀƴŘ {Ǝ/¸tфу!нор ŦƻǊ {Ǝ/¸tфуπм ŀƴŘ ŀǊŜ ǳǎŜŘ ǘƘǊƻǳƎƘƻǳǘ ǘƘƛǎ 

ǊŜǇƻǊǘΦ {Ǝ/¸tфу!ноп ǿŀǎ ŦǳǊǘƘŜǊ ŘŜǇƻǎƛǘŜŘ ƛƴ DŜƴ.ŀƴƪ 

όƘǧǇǎΥκκǿǿǿΦƴŎōƛΦƴƭƳΦƴƛƘΦƎƻǾκƎŜƴōŀƴƪκύ ǳƴŘŜǊ ǘƘŜ ŀŎŎŜǎǎƛƻƴ ƴǳƳōŜǊ t±оофропΦ !ŎŎŜǎǎƛƻƴ 

·/bффнрр ό{Ǝ/¸tфу!норύ ǊŜŦŜǊǎ ǘƻ ǘƘŜ ŀƳƛƴƻ ŀŎƛŘ ǎŜǉǳŜƴŎŜ ŘŜǎŎǊƛōŜŘ ōȅ ό[ƛ Ŝǘ ŀƭΦ нлнпύΦ ¢ƘŜ 

ŜƴȊȅƳŜΣ ǿƘƛŎƘ ƛǎ ŘŜǎŎǊƛōŜŘ ƛƴ ǘƘƛǎ ǇǊŜǎŜƴǘ ǿƻǊƪ ŘƛũŜǊǎ ƛƴ ƻƴŜ ŀŀ ǘƻ ·/bффнрр ό¢нмп{ύΦ 

¢ƘŜ ǘǊŀƴǎƭŀǘŜŘ ǘǊŀƴǎŎǊƛǇǘƻƳŜ ƻŦ !ǎŎŀǊƛƴŀ ǊǳōǊƛŎŀǳƭƛǎ ǿŀǎ ǎŜŀǊŎƘŜŘ ŦƻǊ ǇǳǘŀǝǾŜ /¸tфуǎ ŀǎ ǿŜƭƭΦ 

.[!{¢tπǎŜŀǊŎƘŜǎ ǊŜǾŜŀƭŜŘ млл ǎŎŀũƻƭŘǎ ǿƛǘƘ ƘƻƳƻƭƻƎȅ ǘƻ tǎ/¸tфу!мп ŀƴŘ ǎŎŀũƻƭŘǎ ǿƛǘƘ ǘƘŜ 

ƭƻǿŜǎǘ ŜπǾŀƭǳŜ ŀǊŜ ǎƘƻǿƴ ƛƴ ¢ŀōƭŜ ȄƛƛΦ ¢ƘŜ ǘƘǊŜŜ Ƙƛǘǎ ǿƛǘƘ ǘƘŜ ƭƻǿŜǎǘ ŜπǾŀƭǳŜ όлΦлύ ŀƴŘ ƘƛƎƘŜǎǘ 

ƛŘŜƴǝǘȅ όст ǘƻ ту ҈ύ ǿŜǊŜ ƴŀƳŜŘ !Ǌ/¸tфуπн ŀƴŘ !Ǌ/¸tфуπм ŀƴŘ ǿŜǊŜ пуу ǘƻ пфо ŀŀ ƛƴ ƭŜƴƎǘƘΦ 

{ƛƴŎŜ ǎŎŀũƻƭŘǎ нллпсмр ŀƴŘ нллпсмп ǿŜǊŜ ƛŘŜƴǝŎŀƭΣ ōƻǘƘ ǿŜǊŜ ƴŀƳŜŘ !Ǌ/¸tфуπмΦ ¢ƘŜ ƻǊŘŜǊ 

ƻŦ ǘƘŜ ƴǳƳōŜǊƛƴƎ ǿŀǎ ƛƴǾŜǊǘŜŘ ōŜŎŀǳǎŜ ƻŦ ǘƘŜ ǎǘǊǳŎǘǳǊŀƭ ǎƛƳƛƭŀǊƛǘȅ ǘƻ {Ǝ/¸tфу!нор ŀƴŘ πнопΦ 

hǘƘŜǊ ǎŎŀũƻƭŘǎ ǎƘƻǿŜŘ ŀ ǎƛƎƴƛŬŎŀƴǘ ƛƴŎǊŜŀǎŜ ƛƴ ŜπǾŀƭǳŜ ŀƴŘ ƭƻǿŜǊ ƻǾŜǊŀƭƭ ƛŘŜƴǝǘȅΦ 
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14.2 Bringing the sequences into context: BLASTP similarity searches with CYP98s 

¢ƘŜ b/.L ŘŀǘŀōŀǎŜ ǿŀǎ ǎŜŀǊŎƘŜŘ ŦƻǊ ǇǊƻǘŜƛƴǎ ǿƛǘƘ ƘƛƎƘ ǎƛƳƛƭŀǊƛǘȅ ǘƻ ǘƘŜ {Ǝ/¸tфу ŀƳƛƴƻ ŀŎƛŘ 

ǎŜǉǳŜƴŎŜǎ όŀŎŎŜǎǎŜŘ нфΦмлΦнлнпύΦ ¢ƘŜ ǘƻǇ ǘƘǊŜŜ Ƙƛǘǎ ƛƴ ǘƘŜ ǎǘŀƴŘŀǊŘ ŦǊƻƳ .[!{¢tπǎŜŀǊŎƘŜǎ 

ǿƛǘƘ {Ǝ/¸tфу!нор ŀƴŘ πнопΣ ŜȄŎƭǳŘƛƴƎ ǇǊƻǘŜƛƴǎΣ ǝǘƭŜŘ ŀǎ ΨƘȅǇƻǘƘŜǝŎŀƭ ǇǊƻǘŜƛƴΩ ǿŜǊŜ 

ŎƻƴǎƛŘŜǊŜŘΦ  

¢ƘŜ ƘƛƎƘŜǎǘ ƛŘŜƴǝǘȅ όффΦул ҈ύ ǿƛǘƘ {Ǝ/¸tфу!нор ǿŀǎ ŦƻǳƴŘ ǿƛǘƘ /¸tфу ŦǊƻƳ {ŀǊŎŀƴŘǊŀ 

ƎƭŀōǊŀ ό·/bффнррΦмύΣ ŎƘŀǊŀŎǘŜǊƛȊŜŘ ōȅ ό[ƛ Ŝǘ ŀƭΦ нлнпύΦ 9ȄŎŜǇǘ ŦǊƻƳ ǘƘƛǎ ƘƛǘΣ ŎȅǘƻŎƘǊƻƳŜ tпрл 

фу! ŦǊƻƳ /ŀǊȅŀ ƛƭƭƛƴƻƛƴŜƴǎƛǎΣ WǳƎƭŀƴǎ ƳƛŎǊƻŎŀǊǇŀ Ȅ WǳƎƭŀƴǎ ǊŜƎƛŀ ŀƴŘ 9ǳŎŀƭȅǇǘǳǎ Ǝƭƻōǳƭǳǎ ƘŀŘ 

ŀƴ ƛŘŜƴǝǘȅ ƻŦ ŀōƻǳǘ то ҈Φ .[!{¢tπǎŜŀǊŎƘŜǎ ǿƛǘƘ {Ǝ/¸tфу!ноп ǊŜǾŜŀƭŜŘ ŀƴ ƛŘŜƴǝǘȅ ƻŦ урΦлт ҈ 

ǿƛǘƘ ŀ ŎȅǘƻŎƘǊƻƳŜ tпрл ŦǊƻƳ aŀƎƴƻƭƛŀ ǎƛƴƛŎŀ ό·tψлрултфлпсΦмύ ŀƴŘ ŀƭǎƻ ƘƛƎƘ ƛŘŜƴǝǘȅ ǿƛǘƘ 

/¸tфу ŦǊƻƳ /ƛƴƴŀƳƻƳǳƳ ƳƛŎǊŀƴǘƘǳƳ ŦΦ ƪŀƴŜƘƛǊŀŜ όw²wтптррΦмύΦ !ǇŀǊǘ ŦǊƻƳ ǘƘŜ ǊŜǎǇŜŎǝǾŜ 

ǘƻǇ ǘƘǊŜŜ ƘƛǘǎΣ ōƻǘƘ ǎŜǉǳŜƴŎŜǎ ǎƘŀǊŜŘ ŀƭǎƻ ǎƛƳƛƭŀǊƛǝŜǎ ǿƛǘƘ ŦǳǊǘƘŜǊ /¸tфу!нπƭƛƪŜ ǎŜǉǳŜƴŎŜǎΦ 

tǳǘŀǝǾŜ tǎ/¸tфу!мп ƘƻƳƻƭƻƎǎ ŦǊƻƳ ǘƘŜ !ǎŎŀǊƛƴŀ ǊǳōǊƛŎŀǳƭƛǎ ǘǊŀƴǎƭŀǘŜŘ ǘǊŀƴǎŎǊƛǇǘƻƳŜ ǿŜǊŜ 

ŀƭǎƻ ǳǎŜŘ ŦƻǊ .[!{¢tπǎŜŀǊŎƘŜǎ ƛƴ ǘƘŜ b/.L ǎǘŀƴŘŀǊŘ ŘŀǘŀōŀǎŜΣ ŀƴŘ ǘƘŜ ǘƻǇ ǘƘǊŜŜ Ƙƛǘǎ ǿŜǊŜ 

ŎƻƴǎƛŘŜǊŜŘΦ ¦ǎƛƴƎ ǘƘŜ ŀƳƛƴƻ ŀŎƛŘ ǎŜǉǳŜƴŎŜ ƻŦ !Ǌ/¸tфуπмΣ ǘƘŜ ōŜǎǘ Ƙƛǘ ǿŀǎ ŀŎƘƛŜǾŜŘΣ ƘŀǾƛƴƎ 

ŀƴ ƻǾŜǊŀƭƭ ƛŘŜƴǝǘȅ ƻŦ уфΦор ҈Σ ǿƛǘƘ /¸tфу ŦǊƻƳ {ŀǊŎŀƴŘǊŀ ƎƭŀōǊŀ ό·/bффнррΦмύΣ ǿƘƛŎƘ ǿŀǎ 

ŘŜǎŎǊƛōŜŘ ōȅ [ƛ Ŝǘ ŀƭΦ όнлнпύΦ ! ǇπŎƻǳƳŀǊƻȅƭπ/ƻ! оϥπƘȅŘǊƻȄȅƭŀǎŜ ŦǊƻƳ {ŀƭƛȄ ǎǳŎƘƻǿŜƴǎƛǎ 

όY!DрнпнрллΦмύ ǎƘƻǿŜŘ ŀƴ ƻǾŜǊŀƭƭ ƛŘŜƴǝǘȅ ƻŦ ŀōƻǳǘ тоΦус ҈Φ !Ǌ/¸tфуπн ǎƘƻǿŜŘ ŀƴ ŀǾŜǊŀƎŜ 

ƛŘŜƴǝǘȅ ƻŦ ŀōƻǳǘ ур ҈ ǿƛǘƘ ŎȅǘƻŎƘǊƻƳŜ tпрл ŦǊƻƳ /ƛƴƴŀƳƻƳǳƳ ƳƛŎǊŀƴǘƘǳƳ ŦΦ ƪŀƴŜƘƛǊŀŜΣ 

/ƻǇǝǎ ƧŀǇƻƴƛŎŀ ǾŀǊΦ ŘƛǎǎŜŎǘŀ ŀƴŘ aŀƎƴƻƭƛŀ ǎƛƴƛŎŀΦ ¢ƘŜ ǘƻǇ ƻƴŜ ƘǳƴŘǊŜŘ .[!{¢t Ƙƛǘǎ ƻŦ ōƻǘƘ 

!Ǌ/¸tфуǎ ǎƘƻǿŜŘ ŀƭǎƻ ƛŘŜƴǝǝŜǎ ǿƛǘƘ ŦǳǊǘƘŜǊ /¸tфу!нπƭƛƪŜ ǎŜǉǳŜƴŎŜǎΦ 

14.3 HMMering CYP98 sequences in Sarcandra glabra (and Ascarina rubricaulis) 

{ŜŀǊŎƘ ŦƻǊ /¸tфу ƘƻƳƻƭƻƎǎ ǿŀǎ ŎƻƴŘǳŎǘŜŘ ōȅ ǳǎƛƴƎ ǘƘŜ IaaŜǊ ǎƻƊǿŀǊŜ ŦƻǊ ǘƘŜ 

ǘǊŀƴǎŎǊƛǇǘƻƳŜ ƻŦ {ŀǊŎŀƴŘǊŀ ƎƭŀōǊŀΦ IaaŜǊπǎŜŀǊŎƘ ǎǳƎƎŜǎǘŜŘ мло ǎŎŀũƻƭŘǎ ŦƻǊ ŦǳǊǘƘŜǊ 

ƛƴǾŜǎǝƎŀǝƻƴΦ [ŜƴƎǘƘǎ ǾŀǊƛŜŘ ŦǊƻƳ млн ǘƻ рсл !! ŀƴŘ ŜπǾŀƭǳŜǎ ŦǊƻƳ пΦрϊмлπнтл ǘƻ лΦлом όŎǳǘƻũ 

ǾŀƭǳŜ Ҕ лΦломύ ό¢ŀōƭŜ ȄƛƛƛύΦ ¢ƘŜ ǘǿƻ Ƴƻǎǘ ǇǊƻōŀōƭŜ Ƙƛǘǎ όƭƻǿŜǎǘ ŜπǾŀƭǳŜύ ƻŦ ǘƘŜ IaaŜǊπǎŜŀǊŎƘ 

ό{Ǝ/¸tфу!нор ŀƴŘ πнопύ ǎƘƻǿŜŘ ǘƘŜ ǎŀƳŜ ǎŜǉǳŜƴŎŜǎ ŀǎ .[!{¢t ƘƻƳƻƭƻƎȅ ǎŜŀǊŎƘ ǿƛǘƘ 

tǎ/¸tфу!мп ό¢ŀōƭŜ ȄƛύΦ hǘƘŜǊ ǇǊƻōŀōƭŜ Ƙƛǘǎ ŀƭǎƻ ǿŜǊŜ ƛƴ ŀŎŎƻǊŘŀƴŎŜ ǿƛǘƘ ǘƘŜ ǘƻǇ Ƙƛǘǎ ƻŦ 

.[!{¢tπǎŜŀǊŎƘΦ tǊƻōŀōƭŜ ŦǳƴŎǝƻƴǎ ƻŦ ǘƘŜ ŜƴŎƻŘŜŘ ŜƴȊȅƳŜǎ ǿŜǊŜ ŀƴƴƻǘŀǘŜŘ ōȅ .[!{¢tπ

ǎŜŀǊŎƘŜǎ ƻƴƭȅ ŦƻǊ ǘƘŜ ǘƻǇ мл Ƙƛǘǎ ƛƴ ǘƘŜ ǎǘŀƴŘŀǊŘ ŘŀǘŀōŀǎŜǎΦ ¢ƘŜ Ƴƻǎǘ ƻŎŎǳǊǊƛƴƎ ƪŜȅǿƻǊŘǎ ŀǊŜ 

ŘƛǎǇƭŀȅŜŘ ƛƴ ¢ŀōƭŜ Ȅƛƛƛ όΨ!ƴƴƻǘŀǝƻƴΩύΦ ¢ƘŜ ŬǊǎǘ ǘǿƻ Ƙƛǘǎ ǿŜǊŜ ŀƴƴƻǘŀǘŜŘ ŀǎ /оIκ/оΩI ǿƛǘƘ 

ǎƛƳƛƭŀǊƛǝŜǎ ǘƻ /¸tфу!нΣ ǿƘƛƭŜ ǘƘŜ ŦƻƭƭƻǿƛƴƎ ŀƳƛƴƻ ŀŎƛŘ ǎŜǉǳŜƴŎŜǎ ǎƘŀǊŜŘ ǎƛƳƛƭŀǊƛǝŜǎ ǿƛǘƘ 

ƅŀǾƻƴƻƛŘ оΩπƳƻƴƻƻȄȅƎŜƴŀǎŜǎΣ /¸tтм!мπƭƛƪŜ ŜƴȊȅƳŜǎΣ /¸tтос!ммтπƭƛƪŜ ŜƴȊȅƳŜǎ ƻǊ 

/¸tтр.мотπƭƛƪŜ ŜƴȊȅƳŜǎΦ 
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¢ƘŜ ǎŀƳŜ ǎŜǘ ƻŦ /¸tфу ǿŀǎ ǳǎŜŘ ŀǎ ƛƴǇǳǘ ŬƭŜ ŦƻǊ IaaŜǊπǎŜŀǊŎƘ ƛƴ ǘƘŜ ǘǊŀƴǎƭŀǘŜŘ 

ǘǊŀƴǎŎǊƛǇǘƻƳŜ ƻŦ !ǎŎŀǊƛƴŀ ǊǳōǊƛŎŀǳƭƛǎΦ IaaŜǊπǎŜŀǊŎƘ ǊŜǾŜŀƭŜŘ мнн ǎŜǉǳŜƴŎŜǎΦ Ŝπ±ŀƭǳŜǎ 

ǊŀƴƎŜŘ ŦǊƻƳ мΦсϊмлπнфт ǘƻ лΦлллпп όŎǳǘƻũ ǾŀƭǳŜ Ҕ лΦлллппύ ŀƴŘ ǘƘŜ ƭŜƴƎǘƘ ƻŦ ǘƘŜ ǎŜǉǳŜƴŎŜǎ 

ǿŀǎ ōŜǘǿŜŜƴ ум ŀƴŘ ррс ŀŀΦ ¢ƘŜ ƴǳƳōŜǊ ƻŦ ǘƘŜ ǎŎŀũƻƭŘΣ ŜπǾŀƭǳŜ ŀƴŘ ǘƘŜ ƭŜƴƎǘƘ ƻŦ ǘƘŜ 

ǎŜǉǳŜƴŎŜ ŀǊŜ ǎƘƻǿƴ ƛƴ ¢ŀōƭŜ ȄƛǾΦ ¢ƘŜ ǘƘǊŜŜ Ƴƻǎǘ ǇǊƻōŀōƭŜ Ƙƛǘǎ όƭƻǿŜǎǘ ŜπǾŀƭǳŜύ ƻŦ ǘƘŜ IaaŜǊπ

ǎŜŀǊŎƘ ό!Ǌ/¸tфуπн ŀƴŘ πмύ ǎƘƻǿŜŘ ǘƘŜ ǎŀƳŜ ǎŜǉǳŜƴŎŜǎ ŀǎ .[!{¢t ƘƻƳƻƭƻƎȅ ǎŜŀǊŎƘ ǿƛǘƘ 

tǎ/¸tфу!мп ό¢ŀōƭŜ ȄƛƛύΦ hǘƘŜǊ ǇǊƻōŀōƭŜ Ƙƛǘǎ ŀƭǎƻ ǿŜǊŜ ƛƴ ŀŎŎƻǊŘŀƴŎŜ ǿƛǘƘ ǘƘŜ ǘƻǇ Ƙƛǘǎ ƻŦ 

.[!{¢tπǎŜŀǊŎƘΦ ¢ƘŜ ǇǳǘŀǝǾŜ ǇǊƻǘŜƛƴ ǎŜǉǳŜƴŎŜǎ ƻŦ ǘƘŜ ŬǊǎǘ ǘŜƴ ǎŎŀũƻƭŘǎ ǿŜǊŜ ŀƴƴƻǘŀǘŜŘ ōȅ 

ŀǇǇƭȅƛƴƎ ƘƻƳƻƭƻƎȅ ǎŜŀǊŎƘ ǘƻ ǎǘŀƴŘŀǊŘ ŘŀǘŀōŀǎŜǎΦ ¢ƘŜ ŬǊǎǘ ǘǿƻ Ƙƛǘǎ ǿŜǊŜ ŀƴƴƻǘŀǘŜŘ ŀǎ 

/оIκ/оΩI ǿƛǘƘ ǎƛƳƛƭŀǊƛǝŜǎ ǘƻ /¸tфу!нΣ ǿƘƛƭŜ ǘƘŜ ŦƻƭƭƻǿƛƴƎ ŀƳƛƴƻ ŀŎƛŘ ǎŜǉǳŜƴŎŜǎ ǎƘŀǊŜŘ 

ǎƛƳƛƭŀǊƛǝŜǎ ǿƛǘƘ ƅŀǾƻƴƻƛŘ оΩπƳƻƴƻƻȄȅƎŜƴŀǎŜǎΣ /¸tтм!мπƭƛƪŜ ŜƴȊȅƳŜǎΣ ƎŜǊŀƴƛƻƭ уπƘȅŘǊƻȄȅƭŀǎŜπ

ƭƛƪŜ ŜƴȊȅƳŜǎΣ /¸tтр.мотπƭƛƪŜ ŜƴȊȅƳŜǎΣ /¸tтм!фπƭƛƪŜ ŜƴȊȅƳŜǎΣ /¸tумvонπƭƛƪŜ ŜƴȊȅƳŜǎ ƻǊ 

ƛǎƻƅŀǾƻƴŜ нΩπƘȅŘǊƻȄȅƭŀǎŜǎΦ 

14.4 Sequence analysis 

14.4.1 Sequence similarity and pairwise comparison 

!Ƴƛƴƻ ŀŎƛŘ ǎŜǉǳŜƴŎŜǎ ƻŦ /¸tфуǎ ǿŜǊŜ ŎƻƳǇŀǊŜŘ ǳǎƛƴƎ 9Ƴōƻǎǎ bŜŜŘƭŜ όCƛƎǳǊŜ прύΦ .ȅ 

ŎƻƳǇŀǊƛƴƎ ŀƭƭ ǎŜǉǳŜƴŎŜǎ ǿƛǘƘ ŜŀŎƘ ƻǘƘŜǊΣ ǘƘŜ ǇŜǊŎŜƴǘŀƎŜ ƻŦ ƛŘŜƴǝŎŀƭ ŀƴŘ ǎƛƳƛƭŀǊ ŀƳƛƴƻ ŀŎƛŘǎ 

ǿŀǎ ŎŀƭŎǳƭŀǘŜŘΦ tǳǘŀǝǾŜ /¸tфу ǎŜǉǳŜƴŎŜǎ ŦǊƻƳ !ǎŎŀǊƛƴŀ ǊǳōǊƛŎŀǳƭƛǎ ŀƴŘ ǘƘŜ ŀƭǊŜŀŘȅ 

ŎƘŀǊŀŎǘŜǊƛȊŜŘ tǎ/¸tфу!мп ό9ōŜǊƭŜ Ŝǘ ŀƭΦ нллфύ ǿŜǊŜ ǘŀƪŜƴ ƛƴǘƻ ŎƻƴǎƛŘŜǊŀǝƻƴ ŀǎ ǿŜƭƭΦ  

IƛƎƘ ǎŜǉǳŜƴŎŜ ǎƛƳƛƭŀǊƛǝŜǎ ōŜǘǿŜŜƴ {Ǝ/¸tфу!нор ŀƴŘ !Ǌ/¸tфуπм όфрΦм ҈ύΣ ŀƴŘ {Ǝ/¸tфу!ноп 

ŀƴŘ !Ǌ/¸tфуπн όфсΦф ҈ύ ǿŜǊŜ ƻōǎŜǊǾŜŘΦ Lƴ ŎƻƳǇŀǊƛǎƻƴΣ ǘƘŜ ŀƳƛƴƻ ŀŎƛŘ ǎŜǉǳŜƴŎŜǎ ƻŦ 

{Ǝ/¸tфу!нор ŀƴŘ πноп ŀǊŜ ƻƴƭȅ унΦо ҈ ǎƛƳƛƭŀǊΦ tǎ/¸tфу!мп ǿŀǎ ǳǎŜŘ ŀǎ ōŀƛǘ ǎŜǉǳŜƴŎŜ ŦƻǊ 

.[!{¢tπǎŜŀǊŎƘŜǎ ƛƴ ǘƘŜ ǘǊŀƴǎŎǊƛǇǘƻƳŜǎ ƻŦ {ŀǊŎŀƴŘǊŀ ƎƭŀōǊŀ ŀƴŘ !ǎŎŀǊƛƴŀ ǊǳōǊƛŎŀǳƭƛǎΦ ¢ƘŜ 

ƛŘŜƴǝǘȅ ōŜǘǿŜŜƴ tǎ/¸tфу!мп ŀƴŘ {Ǝ/¸tфу!нор ƛǎ спΦт ҈Σ ǿƘƛƭŜ ƛǘ ƛǎ трΦл ҈ ǿƛǘƘ 

{Ǝ/¸tфу!нопΦ 
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Figure 45. Pairwise comparison of amino acid sequences from CYP98s in %, using Emboss 
Needle; A: identity, B: similarity. Light colors represent higher percentual identity/similarity. 
PsCYP98A14: Plectranthus scutellarioides CYP98A14 (CAD20576) 
 

14.4.2 Alignment of CYP98s 

¢ƘŜ ŀƳƛƴƻ ŀŎƛŘ ǎŜǉǳŜƴŎŜǎ ƻŦ ǘƘŜ ǘǿƻ {Ǝ/¸tфуǎ ό{Ǝ/¸tфу!норΣ {Ǝ/¸tфу!нопύΣ ǿŜǊŜ ŀƭƛƎƴŜŘΣ 

ŀƴŘ ǘƘŜ ǎŜǉǳŜƴŎŜǎ ǿŜǊŜ ŀƴŀƭȅȊŜŘ ǊŜƎŀǊŘƛƴƎ ǘƘŜ ŎƻƴǎŜǊǾŀǝƻƴ ƻŦ ŎŜǊǘŀƛƴ ŀƳƛƴƻ ŀŎƛŘǎ ŀƴŘ ŀƳƛƴƻ 

ŀŎƛŘ ǎŜǉǳŜƴŎŜǎ όCƛƎǳǊŜ псύΦ CƻǳǊ ǘȅǇƛŎŀƭ ƳƻǝŦǎ ǿŜǊŜ ƘƛƎƘƭƛƎƘǘŜŘ ǿƛǘƘ ŀ ōƭŀŎƪ ŦǊŀƳŜ ŀƴŘ 

ǎǳǇŜǊǎŎǊƛǇǘŜŘΦ /¸tфуǎ ŦǊƻƳ !ǎŎŀǊƛƴŀ ǊǳōǊƛŎŀǳƭƛǎΣ tƭŜŎǘǊŀƴǘƘǳǎ ǎŎǳǘŜƭƭŀǊƛƻƛŘŜǎΣ !ƳōƻǊŜƭƭŀ 

ǘǊƛŎƘƻǇƻŘŀΣ !ǊŀōƛŘƻǇǎƛǎ ǘƘŀƭƛŀƴŀ ŀƴŘ !ƴǘƘƻŎŜǊƻǎ ŀƎǊŜǎǝǎ ǿŜǊŜ ǘŀƪŜƴ ƛƴǘƻ ŎƻƴǎƛŘŜǊŀǝƻƴ ŦƻǊ 

ǘƘƛǎ ŀƭƛƎƴƳŜƴǘ ǎƛƴŎŜ ǘƘŜ !Φ ǘǊƛŎƘƻǇƻŘŀ ǎŜǉǳŜƴŎŜǎ ŀǊŜ ǇƘȅƭƻƎŜƴŜǝŎŀƭƭȅ ŎƭƻǎŜƭȅ ǊŜƭŀǘŜŘ ǘƻ ǘƘŜ 

{ŀǊŎŀƴŘǊŀ ƎƭŀōǊŀ /¸tфуǎ ŀƴŘ ǘƘŜ tƭŜŎǘǊŀƴǘƘǳǎ ǎŎǳǘŜƭƭŀǊƛƻƛŘŜǎΣ !ǊŀōƛŘƻǇǎƛǎ ǘƘŀƭƛŀƴŀ ŀƴŘ 

!ƴǘƘƻŎŜǊƻǎ ŀƎǊŜǎǝǎ ǎŜǉǳŜƴŎŜǎ ŀǊŜ ǇƭŀŎŜŘ ƛƴ ǘƘŜ ǎŀƳŜ ŎƭŀŘŜ L ŀǎ {Ǝ/¸tфу!ноп ό¢ŀōƭŜ орύΦ 

¢ƘŜ ǇǊƻƭƛƴŜπǊƛŎƘ ǊŜƎƛƻƴ ό{Ǝ/¸tфу!норΥ ŀŀ ол ǘƻ отύΣ ŀǎ ǿŜƭƭ ŀǎ ǘƘŜ hнπōƛƴŘƛƴƎ ǊŜƎƛƻƴ 

ό{Ǝ/¸tфу!норΥ ŀŀ олл ǘƻ олпύΣ ǘƘŜ YπƘŜƭƛȄ ό{Ǝ/¸tфу!норΥ ŀŀ орс ǘƻ ослύΣ ǘƘŜ 9Cwt9wCπ ǊŜƎƛƻƴ 

ό{Ǝ/¸tфу!норΥ ŀŀ плф ǘƻ пмрύΣ ŀƴŘ ǘƘŜ ƘŜƳŜπōƛƴŘƛƴƎ ŘƻƳŀƛƴ ό{Ǝ/¸tфу!норΥ ŀŀ пом ǘƻ ппмύ 

ŎƻǳƭŘ ōŜ ŦƻǳƴŘ ƛƴ ōƻǘƘ {Ǝ/¸tфу ǎŜǉǳŜƴŎŜǎ ŀƴŘ ƛƴ ǘǿƻ ǇǳǘŀǝǾŜ !ǎŎŀǊƛƴŀ ǊǳōǊƛŎŀǳƭƛǎ /¸tфу 

ƘƻƳƻƭƻƎǎ όCƛƎǳǊŜ псύΦ ¢ƘŜ ǇǊƻƭƛƴŜπǊƛŎƘ ǊŜƎƛƻƴ Ŏƻƴǎƛǎǘǎ ƻŦ ŬǾŜ ǇǊƻƭƛƴŜǎ όtύΣ ǿƘƛŎƘ ŀǊŜ 

ŘƻǿƴǎǘǊŜŀƳ ƻŦ ŀ ƳŜƳōǊŀƴŜ ŀƴŎƘƻǊΣ ŀƴŘ ŦƻǊƳ ŀ ƘƛƴƎŜ ό¸ŀƳŀȊŀƪƛ Ŝǘ ŀƭΦ мффоΤ ²ŜǊŎƪπwŜƛŎƘƘŀǊǘ 

Ŝǘ ŀƭΦ нллнύΦ ¢ƘŜ ƳŜƳōǊŀƴŜ ŀƴŎƘƻǊ ƛǎ ŦƻǊƳŜŘ ōȅ ŀƴ hπƘŜƭƛȄ ŎǊŜŀǘŜŘ ōȅ ƘȅŘǊƻǇƘƻōƛŎ ŀƳƛƴƻ ŀŎƛŘ 

ǊŜǎƛŘǳŜǎΣ ǿƘƛŎƘ ǊŜŀŎƘŜǎ ǘƘǊƻǳƎƘ ǘƘŜ ŎŜƭƭ ƳŜƳōǊŀƴŜΣ ŀƴŘ ƛǎ ŦƻƭƭƻǿŜŘ ōȅ ŀ ŎƭǳǎǘŜǊ ƻŦ ōŀǎƛŎ 

ǊŜǎƛŘǳŜǎ ό{Ǝ/¸tфу!норΥ Yоуύ ό{ŀƪŀƎǳŎƘƛ Ŝǘ ŀƭΦ мфутΤ /ƘŀǇǇƭŜ мффуύΦ ¢ƘŜ hнπōƛƴŘƛƴƎ ǊŜƎƛƻƴ ƛǎ 

ƛŘŜƴǝŎŀƭ ƛƴ ǘƘŜ ŀƭƛƎƴŜŘ ǎŜǉǳŜƴŎŜǎ ό!Da5¢ύΦ ! ŎƻƴǎŜǊǾŜŘ ŀǊƎƛƴƛƴŜ ό{Ǝ/¸tфу!норΥ wпмпύΣ ōŜƛƴƎ 

ƛƳǇƻǊǘŀƴǘ ŦƻǊ ǘƘŜ ǎǘŀōƛƭƛȊŀǝƻƴ ƻŦ ǘƘŜ ŎƻƴǎŜǊǾŜŘ ŎƻǊŜ ǎǘǊǳŎǘǳǊŜ όIŀǎŜƳŀƴƴ Ŝǘ ŀƭΦ мффрύΣ ǿŀǎ 

ŦƻǳƴŘ ƛƴǎƛŘŜ ǘƘŜ 9Cwt9wC ǊŜƎƛƻƴ ƻŦ {Ǝ/¸tфу!нор ŀƴŘ πноп ŀǎ ǿŜƭƭ ŀǎ ƛƴ ǘƘŜ !ǎŎŀǊƛƴŀ ǊǳōǊƛŎŀǳƭƛǎ 

/¸tфуǎΦ Lƴ ǘƘŜ ŀƳƛƴƻ ŀŎƛŘ ǎŜǉǳŜƴŎŜǎ ƻŦ {Ǝ/¸tфу!ноп ŀƴŘ !Ǌ/¸tфуπнΣ ƘƻǿŜǾŜǊΣ ǘƘŜ ǎŜŎƻƴŘ 

ǇƘŜƴȅƭŀƭŀƴƛƴŜ ό{Ǝ/¸tфу!норΥ Cпмрύ ǿŀǎ ŎƘŀƴƎŜŘ ǘƻ ǾŀƭƛƴŜ ό{Ǝ/¸tфу!нопΥ ±пмрύΦ LƴǘŜǊŀŎǝƻƴǎ 

ǿƛǘƘ ƎƭǳǘŀƳƛŎ ŀŎƛŘ ό{Ǝ/¸tфу!норΥ 9ортύ ŀƴŘ ŀǊƎƛƴƛƴŜ ό{Ǝ/¸tфу!норΥ wослύ ŦǊƻƳ ǘƘŜ YπƘŜƭƛȄ 
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όY9Ȅ[wΤ {Ǝ/¸tфу!норΥ ŀŀ орс ǘƻ ослύ Ƴŀȅ ƻŎŎǳǊ ǎƛƴŎŜ ǘƘŜ ǎŜǉǳŜƴŎŜ ƛǎ ŎƻƴǎŜǊǾŜŘ ƛƴ {Ǝπ ŀƴŘ 

!Ǌ/¸tǎ όIŀǎŜƳŀƴƴ Ŝǘ ŀƭΦ мффрύΦ ! ŎȅǎǘŜƛƴŜ ό{Ǝ/¸tфу!норΥ /пофύΣ ǿƘƛŎƘ ƛǎ ŎƻƴǎŜǊǾŜŘ ƛƴ ŀƭƭ ǘƘŜ 

ŀƭƛƎƴŜŘ ǎŜǉǳŜƴŎŜǎΣ ƛǎ ǘƘŜ ŀȄƛŀƭ ƭƛƎŀƴŘ ǘƻ ǘƘŜ ƘŜƳŜ ƳƻƭŜŎǳƭŜ ƛƴ ǘƘŜ ŀŎǝǾŜ ǎƛǘŜ όǾƻƴ ²ŀŎƘŜƴŦŜƭŘǘ 

ŀƴŘ WƻƘƴǎƻƴ мффрύΦ /ƻƴǎƛŘŜǊƛƴƎ ǘƘŜ ƭŜƴƎǘƘ ŀƴŘ ƻǾŜǊŀƭƭ ŎƻƴǎŜǊǾŀǝƻƴΣ ǘƘŜ ŀƭƛƎƴŜŘ ǎŜǉǳŜƴŎŜǎ 

ǾŀǊȅ ŦǊƻƳ рлп ǘƻ рмт ŀƳƛƴƻ ŀŎƛŘǎΣ ǿƛǘƘ {Ǝ/¸tфу!нор ŀƴŘ πноп ŀǘ ǘƘŜ ƭƻǿŜǊ ŜƴŘΣ ŎƻƴǎƛǎǝƴƎ ƻŦ 

рлс ŀƴŘ рлф ŀƳƛƴƻ ŀŎƛŘǎΣ ǊŜǎǇŜŎǝǾŜƭȅ όCƛƎǳǊŜ псύΦ ¢ƘŜ ǎŜǉǳŜƴŎŜ ƻŦ !ǘ/¸tфу!ур ǎƘƻǿǎ ŀ 

ǎǘǊŜǘŎƘ ƻŦ ф ŀƳƛƴƻ ŀŎƛŘǎ ǿƛǘƘƛƴ ǘƘŜ ŬǊǎǘ bπǘŜǊƳƛƴŀƭ ŀƳƛƴƻ ŀŎƛŘǎΣ ǿƘƛŎƘ ƳŀƪŜǎ ƛǘ ǘƘŜ ƭƻƴƎŜǎǘ ƻŦ 

ǘƘŜ ŀƭƛƎƴŜŘ ǎŜǉǳŜƴŎŜǎΦ hƴƭȅ ǘƘŜ ŬǊǎǘ пл ŀƳƛƴƻ ŀŎƛŘǎΣ ǿƘƛŎƘ ŜƴŎƻƳǇŀǎǎ ǘƘŜ ƳŜƳōǊŀƴŜ ŀƴŎƘƻǊ 

ŀƴŘ ǎƻƳŜ ŀƳƛƴƻ ŀŎƛŘǎ ŀǘ ŀǊƻǳƴŘ ŀŀ мул ǎƘƻǿ ŀ ǊŀǘƘŜǊ ƭƻǿ ŎƻƴǎŜǊǾŀǝƻƴ όCƛƎǳǊŜ псύΦ  

 

¢ŀōƭŜ орΦ [ƛǎǘ ƻŦ /¸tфу ǎŜǉǳŜƴŎŜǎ ǳǎŜŘ ŦƻǊ ǎŜǉǳŜƴŎŜ ŀƭƛƎƴƳŜƴǘǎ 

Sequence 
abbreviation 

Species and family Accession 

AtCYP98A84  Amborella trichopoda (Amborellaceae) XP_011625941 

AtCYP98A85 Amborella trichopoda (Amborellaceae) XP_006836224 

AaCYP98A147 Anthoceros agrestis (Anthocerotaceae) QPI70542 

ArCYP98-1 Ascarina rubricaulis (Chloranthaceae) scaffold-WZFE-2004614 

ArCYP98-2 Ascarina rubricaulis (Chloranthaceae) scaffold-WZFE-2019035 

AtCYP98A3 Arabidopsis thaliana (Brassicaceae) OAP09214 

PsCYP98A14  Plectranthus scutellarioides (Lamiaceae) CAD20576 

SgCYP98A235 Sarcandra glabra (Chloranthaceae) XCN99255 T214S 

SgCYP98A234 Sarcandra glabra (Chloranthaceae) PV339534 

 

14.4.3 Analysis of membrane anchors 

¢ƘŜ ŀƳƛƴƻ ŀŎƛŘ ǎŜǉǳŜƴŎŜǎ ƻŦ /¸tфуǎ ŦǊƻƳ {ŀǊŎŀƴŘǊŀ ƎƭŀōǊŀ ŀƴŘ !ǎŎŀǊƛƴŀ ǊǳōǊƛŎŀǳƭƛǎ ǿŜǊŜ 

ŀƴŀƭȅȊŜŘ ǊŜƎŀǊŘƛƴƎ ŀƳƛƴƻ ŀŎƛŘǎ ŦǳƴŎǝƻƴƛƴƎ ŀǎ ƳŜƳōǊŀƴŜ ŀƴŎƘƻǊǎ ŀƴŘ ƪŜŜǇƛƴƎ ǘƘŜ /¸tǎ 

ŀǧŀŎƘŜŘ ǘƻ ǘƘŜ 9w ƳŜƳōǊŀƴŜΦ ¢ƘŜ ¢aIaaπнΦл ό5¢¦ύ ǇǊŜŘƛŎǝƻƴ ǘƻƻƭ ǿŀǎ ǳǎŜŘ ǘƻ ǇǊŜŘƛŎǘ 

ǎǳŎƘ ǘǊŀƴǎƳŜƳōǊŀƴŜ ƘŜƭƛŎŜǎ όYǊƻƎƘ Ŝǘ ŀƭΦ нллмύΦ ¢ƘŜ ƳƻǊŜ ǊŜŎŜƴǘ ǾŜǊǎƛƻƴ 5ŜŜǇ¢aIaaπмΦл 

ό5¢¦ύ ǿŀǎ ǘŜǎǘŜŘ όIŀƭƭƎǊŜƴ Ŝǘ ŀƭΦ нлннύΣ ōǳǘ ƻƴƭȅ р ƻŦ ǘƘŜ пт /¸tфу ǎŜǉǳŜƴŎŜǎΣ ǿƘƛŎƘ ǿŜǊŜ 

ǳǎŜŘ ŦƻǊ ǘƘŜ ǇƘȅƭƻƎŜƴŜǝŎ ŀƴŀƭȅǎƛǎ ǿŜǊŜ ǇǊŜŘƛŎǘŜŘ ǘƻ Ŏƻƴǘŀƛƴ ƳŜƳōǊŀƴŜ ŀƴŎƘƻǊǎΦ !ǎ ǘƘŜ ƳƻǊŜ 

ǊŜŎŜƴǘ ǾŜǊǎƛƻƴ ǿŀǎ ƴƻǘ ǾŜǊȅ ƘŜƭǇŦǳƭΣ ŦǳǊǘƘŜǊ ŀƴŀƭȅǎƛǎ ǿŀǎ ǇŜǊŦƻǊƳŜŘ ǿƛǘƘ ǘƘŜ ƻƭŘŜǊ ǾŜǊǎƛƻƴ 

¢aIaaπнΦлΦ 
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M--------- ALPLLPIATT IILLLL-AIK LYQRLR---F RLPPGPRPWP VVGNLYDIKP VRFRCFAEWA

M--------- ALPLLPIATT ILLLLLLAIK LYQRLR---F RIPPGPRPWP VVGNLYDVKP VRFRCFAEWA

MDFLSPLSSL SLPTISLLTL TIFFLL--LK LISSLR---Y KLPPGPRPWP VVGNLYDIKP VRFRCFAEWA

MSWF------ ---LIAVAT- --IAAVVSYK LIQRLR---Y KFPPGPSPKP IVGNLYDIKP VRFRCYYEWA

M--------- ASPLLILFSL PLAVVL--YH LFYRLR---Y RIPPGPRPWP VVGNLYDVKP VRFRCFAEWA

MAF------- ---SLQISLL CLLFSFIAFK LYQRFR---Y KLPPGPRPWP VVGNLYDIKP VRFRCFAEWA

MAL------- ---SLQISLL SLLFCFVAFK LYQRLR---F KLPPGPRPWP VVGNLYDIKP VRFRCFAEWS

MAEL------ ---VVRAVLA LIAVAVAAGF LFYRARWSRY KLPPGPKPRL FVGNLLDVTA VRFKCFEQWA

ME-------- ---SLFLLAF SLLALIISVK LLYSKR---F KLPPGPRPWP LFGNLHEIEP VRFRCFAKWA

QTYGPIVSVW FGSTLNVVVL SSKLAKEVLK ENDQQLADRP RSRSAAKFSR DGKDLIWADY GPHYVKVRKV

QTYGPIVSVW FGSTLNAVVS SSKLAKEVLK ENDQQLADRP RSRSAAKFSR DGADLIWADY GPHYVKVRKV

QHYGPIMSVW FGGTLDVVVS SPDLAREVLK EKDQQLADRP RSRSSAKFSR DGKDLIWADY GPHYVKVRKV

QSYGPIISVW IGSILNVVVS SAELAKEVLK EHDQKLADRH RNRSTEAFSR NGQDLIWADY GPHYVKVRKV

QLFGPTFSVW FGSTLNVIVS SSELAKEVLK EKDGQLADRH RSRSAVKLSR DGKDLIWADY GPHYVKVRKV

ETYGPIVSVW FGSRLNVVVS SSELAKEVLK EKDQQLADRP RDGSVTKFSR NGKDLIWADY GPHYVKVRKV

QKYGPIVSVW FGSTLNVVVS SSELAKEVLK EKDQQLADRP RDGSVTKFSR NGKDLIWADY GPHYVKVRKV

KVYGPVMSVW MGATLNVVVS SAEGAKEVLK DKDQSLAARA RSRAAAKFSR DGQDLIWADY GPHYVKVRKV

ERYGPIMSVW IGGSLNVIVS SPELAREVLK EQDQHLANRH RTRSAAKFSR EGTDLIWADY GPHYVKVRKL

CTLELFTPKR LESLRPIRED EVTAMVETIF RDCTKPDNYG KSVLVRSYLS AVAFNNITRL AFGKRFENSD

CTLELFTPKR LESLRPIRED EVTAMVESIF RDCTKPDNYG KSVVVKSYLS AVAFNNITRL AFGKRFANSD

CTLELFTAKR LEALRSIRED EVTAMVESIY KDCVSPGKTG ESLVVKNYLG SVAFNNITRL AFGKRFVNAE

CTLELFTPKR LESLRPIRED EVTAMVESVF RDCNLPENRA KGLQLRKYLG AVAFNNITRL AFGKRFMNAE

CTVVLFSPKR LELLRPIRED EITVMVESIY QDSAAS---G KSVVIKKYLA SMAFHNITRL VFGKRFVNSE

CTVELFTPKR LESLRHIRED EVTAMVEAIF TDCTQQGNQG KSMVLKEYLS PVAFNNIARL SLGKRVMDRA

CTLELFTPKR LEALRHIRED EVTAMVESIF TDCTQPGNQG KIMVLKEYLS PVAFNNIARL SLGKRVMDRE

CNVELFTPKR LEALRPIRQD EVSAMVHKIH RDAPKGP--- --VNPKKYLS AMAFNNITRL AFGKRFVDDE

CTLELFSVKR LEALRAIREE EVSAMVESLY TDC--KGKSE ERLVLRTYLS VVTFNHITRL VFGKRFINSK

GMMDDQGLEF KAIVSNGLKL GASLTMAEHI PWLRWLFPLE EGAFAKHGAR RDQLTKLIME EHTEARQKSG

GVLDDQGLEF KAIVANGLKL GASLTMAEHI PWLRWMFPLE EGAFAKHGAR RDRLTKLIME EHTLARQKSG

GIMDEQGKEF KDIVATGLKL GASLAMAEHI PWLRWMFPLE EEAFAKHGAR RDRLTRAIMD EHTRARE-SG

GVVDEQGLEF KAIVSNGLKL GASLSIAEHI PWLRWMFPAD EKAFAEHGAR RDRLTRAIME EHTLARQKSS

GEVDKQGQEF KAIAINGLKL GASLAVSEHI PWLRWMFPLD EDAFTQHGVR MERLTREIMQ EHTLARQKTG

ELVDEQGAEL KRLVSEGIRV GGSLPIFEYV PWLRWFFPSQ VKAVLLRAER RDRVSRAIME EHTRNLGTTQ

ELVDKQGAEL KALVTEGIKV GGALPIFEHV PWLRWFFPNQ VNAVLIRAAR RDAVSKAIMD EHTRNLATSH

GKIDSQGVEF KEVIGQGMKL GASLKISEHI PSIRWMFPLQ NEEFAKHGAR RDTLTRTIMK EHAALRETLG

GEMEEQGKEF KDIVATGNEL SASLSIAEHL PWLQSLFPLE VEAFDKHWDR RDRLTRTIME EHTKARLESG

-AKQHFVDAL LTLQEKYDLS EDTIIGLLWD MITAGMDTTA ISVEWAMAEL IKNPRVQEKA QEELDRVIGS

DAKQHFVDAL LTLQEKYDLS EDTIIGLLWD MITAGMDTTA ISVEWAMAEL IKNPRVQEKA QEELDQVIGS

SAKQHFVDAL LTLQEQYDLS EDTIIGLLWD MITAGMDTTA ISVEWAMAEL IRNPRVQAKA QEELDSVIGH

GAKQHFVDAL LTLKDQYDLS EDTIIGLLWD MITAGMDTTA ITAEWAMAEM IKNPRVQQKV QEEFDRVVGL

GAKQHFFDAL LTLKDEYDLS EDTIIALLWD MIAAGMDTPA ISVEWAMAEL VRNPRVQEKV QEELDRVIGH

-KQHHFMEAL LSLKDEYDLS EDTIIGLLWD MITAGMDTTV IAVEWGMAEL IKNPRVLRKA QEELDRVVGK

TKQHHFMEAL LSLQEQYDLS EDTIIGLLWD MITAGMDTTV IAVEWAMAEL IKNPRVLRKA QEELDQVVGK

-PQSHFVDAL LGLQKQYDLS ETTIIGLLWD MVTAGMDTVA ITVEWALAEL IRNPEVQRKA QEELDAVVGD

SEQQHFVGAL LSLRDEYDLS DDTVTGLLWD MIQAGMDTIA ITCEWGMAEL IRNPQVQAKA QEELDRVIGD

DRVMTESDFS SLPYLQCVTK EALRLHPPTP LMLPHKATTN VKLGGYDIPK GSNVHVNVWA IARDPEVWKE

DRVMTESDFL SLPYLQCVAK EALRLHPPTP LMLPHKAITN VKLGGYDIPK GSNVHVNVWA IARDPEVWKE

ERVMTEADFP RLPYLHCVTK EALRLHPPTP LMLPHKASAN VKIGGYDIPK GSNVLVNVWA IARDPTAWKE

DRILTEADFS RLPYLQCVVK ESFRLHPPTP LMLPHRSNAD VKIGGYDIPK GSNVHVNVWA VARDPAVWKN

ERIMTELDIP NLPYLQCVVK ESLRLHPPTP LMLPHRSNAD VKIGGYDIPK GSNVHVNVWA IARDPKSWKD

DRVVTEPDFA NLPYLHCVVK EALRLHPSTP LMLPHKASSD VKIAGYDIPK GSIVHINVWA IARDPKVWKN

DRVLTEPDFP NLPYLHSVVK ESLRLHPSTP LMLPHKASAD VKIGGYDIPK GSVVHVNVWA IARDPKVWKN

ETVLTEAHFS KLPYLTALTK ESLRLHPPTP LMLPHKCTED VKIQGYDIPK GTVVHCNIYV IARDPAVWKE

KRAMTESDFS QLPYLRCIAK ESLRLHPPTP LMLPHRASKH IKLGGYDVPK GSNVHVNAWA IARHPDTWKD

PLEFRPERYV EEDVDMKGHD FRLLPFGAGR RVCPGAQLGI NLAQSMIGHL LHHFHWAPPK GVRPVDIDMS

PLEFRPERYA EEDVDMKGHD FRLLPFGAGR RVCPGAQLGI NLVQSMLGHL LHHFHWALPE GVRPEEMDMS

PLEFRPERFL EEDVDIKGHD FRLLPFGAGR RVCPGAQLGL NLVQSMLGHL LHHFKWAPPD GVDPSSIDMS

PFEFRPERFL EEDVDMKGHD FRLLPFGAGR RVCPGAQLGI NLVTSMMSHL LHHFVWTPPQ GTKPEEIDMS

PLEFRPERFL EEDVDIKGHD FRLLPFGAGR RVCPGAQLGI DLATSMIGHL LHHFRWTPPA GVRAEDIDMG

PLEFRPERFA EDDVDMKGHD FRLLPFGAGR RVCPGAQLGI NLVQSMLAHL LHHFDWTMPK GVKHEEIDMT

PLEFRPERFA EDDVDMKGHD FRLLPFGAGR RVCPGAQLGI NLVQSMLGHL LHHFDWTLPK GVKPEEIDMA

PLAFRPERFL EQDVDIKGHD FRLLPFGAGR RVCPGAQLGL NMVQLMIGRL LHQFSWSPPE GVRAEDISLE

PTVFRPERFL EDDVDMKGQD FRLLPFGSGR RICPGATLGT YLLQLMLGRM LHGFRWTT-- -IDASSIDMS

ENPGLVTYMR TPVQATPTPR LPAHLFKRVT V-DM

ENPGMVTYMR TPVQAIPTPR LPAHLYKRVA V-DM

ENPGLVTYMM HSVKAIATPR LPPHLYTRVP T-QM

ENPGLVTYMR TPVQAVATPR LPSDLYKRVP Y-DM

ENPGTVTYMR TPVEAVPTPR LPADLYKRVA VVDI

ETPGLVTFMK TPLRVVATPR LPSELYKRM- ---C

ETPGLVSFMK TPLKVIATPR LPPHLYKRM- ---C

ERSGIVTYMA KSLEAVATPR LPQALYAR-- --NV

EDPGLVAFMT TPLVAVATPR LPSDLYS-CQ SMKV

Proline-rich region 

O2-binding region 

EFRPERF region Heme-binding domain 

K-helix 
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Figure 46. The caption is continued from the previous page.  
Alignment of amino acid sequences from SgCYP98s. Nine CYP98 sequences are stacked and 
ordered by their similarity. Amino acids are abbreviated by their one letter code and kept in 
different colors. A bar plot (salmon colored) shows the conservation from 0 to 100 %. 
Generally accepted conserved motifs (proline-rich region, O2-binding region, K-helix, EFRPERF 
region, heme-binding domain) are superscripted and highlighted with a black frame. For the 
abbreviations of the sequences, see Table 35. Note: Amborella trichopoda (AtCYP98A84, 
CYP98A85) and Arabidopsis thaliana (AtCYP98A3) are both abbreviated as At, but the CYPs 
can be distinguished by their numbers. 

 

 

 

 

 

 

 
¢ƘŜ ǇǊƻǘŜƛƴ ǎŜǉǳŜƴŎŜ ƻŦ tƭŜŎǘǊŀƴǘƘǳǎ ǎŎǳǘŜƭƭŀǊƛƻƛŘŜǎ tǎ/¸tфу!мп ό/!5нлртсύ ǿŀǎ ǳǎŜŘ ŦƻǊ 
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от ŀŀ ƻŦ ǘƘŜ ƻǊƛƎƛƴŀƭ ŀƳƛƴƻ ŀŎƛŘ ǎŜǉǳŜƴŎŜ ƻŦ !ŀ/tw ǿŜǊŜ ǊŜƳƻǾŜŘ ƛƴ ǘƘŜ ƳŜƴǝƻƴŜŘ ǎǘǳŘȅ ƛƴ 

ƻǊŘŜǊ ǘƻ ƛƴŎǊŜŀǎŜ ǘƘŜ ǎƻƭǳōƛƭƛǘȅ ƻŦ ǘƘŜ ǇǊƻǘŜƛƴΦ ! ǘǊŀƴǎƳŜƳōǊŀƴŜ ƘŜƭƛȄ ƻŦ мт ŀŀ ǿƛǘƘƛƴ ǘƘŜ ŬǊǎǘ 
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ŀƴŘ ƴƻ ƳŜƳōǊŀƴŜ ŀƴŎƘƻǊ ǿŀǎ ŘŜǘŜŎǘŜŘ ƛƴ ǘƘŜ ƴŜƎŀǝǾŜ ŎƻƴǘǊƻƭ όCƛƎǳǊŜ пт .ύΦ 

CƻǊ {Ǝ/¸tфу!нор όCƛƎǳǊŜ пт /ύ ŀƴŘ !Ǌ/¸tфуπм όCƛƎǳǊŜ пт 9ύΣ ƴƻ ŎƻƳǇƭŜǘŜ ǘǊŀƴǎƳŜƳōǊŀƴŜ ƘŜƭƛȄ 
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ŀƳƛƴƻ ŀŎƛŘ ǊŜǎƛŘǳŜǎ ǎǳŎƘ ŀǎ ǾŀƭƛƴŜΣ ƭŜǳŎƛƴŜ ƻǊ ƛǎƻƭŜǳŎƛƴŜ όCƛƎǳǊŜ псΣ ŀƭƛƎƴƳŜƴǘύΦ ¢ƘŜ ǇǊŜŘƛŎǝƻƴ 

ǎƻƊǿŀǊŜ ǊŜǾŜŀƭŜŘ ǘƘŜ ƻŎŎǳǊǊŜƴŎŜ ƻŦ ƳŜƳōǊŀƴŜ ŀƴŎƘƻǊǎ ŦƻǊ {Ǝ/¸tфу!ноп όCƛƎǳǊŜ пт 5ύ ŀƴŘ 

!Ǌ/¸tфуπн όCƛƎǳǊŜ пт Cύ ǿƛǘƘƛƴ ǘƘŜ ŬǊǎǘ сл ŀŀΣ ǿƘŜǊŜ ƛƴ ōƻǘƘ ŎŀǎŜǎ ǘƘŜ ǇǊƻōŀōƛƭƛǘȅ ƻŦ ǘƘŜ 

ǘǊŀƴǎƳŜƳōǊŀƴŜ ǎŜǉǳŜƴŎŜ ǿŀǎ ŀōƻǳǘ лΦфΦ ¢ƘŜ ƴǳƳōŜǊ ƻŦ ŀƳƛƴƻ ŀŎƛŘǎ ƛƴ ǘƘŜ ƳŜƳōǊŀƴŜ ŀƴŎƘƻǊ 
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14.5 Characterization of SgCYP98s 

14.5.1 SgCYP98A235 

14.5.1.1 Preparation of the expression vector and heterologous expression 

wb! ǿŀǎ ƛǎƻƭŀǘŜŘ ŦǊƻƳ ŘƛũŜǊŜƴǘ Ǉƭŀƴǘ ǇŀǊǘǎ ƻŦ {ŀǊŎŀƴŘǊŀ ƎƭŀōǊŀΣ ŦƻƭƭƻǿŜŘ ōȅ ƛǘǎ ŎƻƴǾŜǊǎƛƻƴ 

ƛƴǘƻ Ŏ5b! όŎƘŀǇǘŜǊ тΦоΦнύΦ ¢ƘŜ Ŏ5b! ǿŀǎ ǘƘŜƴ ǳǎŜŘ ŦƻǊ t/w ό¢ŀōƭŜ пύΣ ŀƴŘ ǎǳōǎŜǉǳŜƴǘ ŀƴŀƭȅǎƛǎ 

ǊŜǾŜŀƭŜŘ ŀ ōŀƴŘ ǿƛǘƘ ŀ ǎƛȊŜ ƻŦ ŀōƻǳǘ мрлл ōǇ όCƛƎǳǊŜ пу !ύΦ {ŜǉǳŜƴŎƛƴƎ ǎƘƻǿŜŘ ǘƘŜ ǎǳŎŎŜǎǎŦǳƭ 

ƭƛƎŀǝƻƴ ƻŦ ǘƘŜ ŦǳƭƭπƭŜƴƎǘƘ ǎŜǉǳŜƴŎŜ ƻŦ {Ǝ/¸tфу!нор ƛƴǘƻ Ǉ5ǊƛǾŜ ό¢ŀōƭŜ ȄǾƛύΦ .ŀǎŜŘ ƻƴ ǘƘŜ 

ǊŜǎǳƭǘǎ ŦǊƻƳ ǎŜǉǳŜƴŎƛƴƎΣ ǘƘŜ ŦǳƭƭπƭŜƴƎǘƘ ƻŦ {Ǝ/¸tфу!нор ǿŀǎ ŜȄǘŜǊƴŀƭƭȅ ŎƻŘƻƴπƻǇǝƳƛȊŜŘ ŦƻǊ 

ƘŜǘŜǊƻƭƻƎƻǳǎ ŜȄǇǊŜǎǎƛƻƴ ƛƴ {Φ ŎŜǊŜǾƛǎƛŀŜΣ ƭŜŀǾƛƴƎ ƻƴƭȅ тпΦн ҈ ƛŘŜƴǝǘȅ ƻƴ ƴǳŎƭŜƻǝŘŜ ōŀǎƛǎΣ ōǳǘ 

млл ҈ ƛŘŜƴǝǘȅ ƻŦ ǘƘŜ ǊŜǎǳƭǝƴƎ ǇǊƻǘŜƛƴ ό¢ŀōƭŜ осύΦ aƻǊŜƻǾŜǊΣ ǘƘŜ D/πŎƻƴǘŜƴǘ ǿŀǎ ǊŜŘǳŎŜŘΦ ¢ƘŜ 

ǎǘƻǇ ŎƻŘƻƴ ƻŦ ǘƘŜ ƻǇǝƳƛȊŜŘ ǎŜǉǳŜƴŎŜ ǿŀǎ ǊŜƳƻǾŜŘ ǘƻ ŜƴŀōƭŜ ǘƘŜ ǳǎŜ ƻŦ ŀ C[!DπŜǇƛǘƻǇŜ 
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Ǉ9{/π¦Ǌŀ όCƛƎǳǊŜ пу .ύΦ tǎ/tw ǿŀǎ ŜƳōŜŘŘŜŘ ƛƴǘƻ a/{πLL ƻŦ Ǉ9{/π¦Ǌŀ ŀƭǊŜŀŘȅ ƘŀǊōƻǊƛƴƎ 

{Ǝ/¸tфу!нор ƛƴ a/{πL όCƛƎǳǊŜ пу /ύΦ !ƊŜǊ ŬƴƛǎƘƛƴƎ ǘƘŜ ŎƻƴǎǘǊǳŎǝƻƴ ƻŦ ǘƘŜ ŜȄǇǊŜǎǎƛƻƴ ǊŜŀŘȅ 




















































































































































































































































