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1. INTRODUCTION 
 

Higher plants synthesize an immense amount of chemicals of various structures and 

classes, of which more than 200,000 individual chemical entities have been isolated and identified 

(Lattanzio, 2013). These substances are further classified as primary and secondary metabolites. 

Primary metabolites are essential compounds used by all plants for growth, development and 

reproduction. Secondary metabolites are structurally and chemically much more diverse and refer 

to compounds that are not directly required for primary respiratory or photosynthetic metabolism 

but are thought to be necessary as a competitive advantage for plant survival in the environment 

(Wu and Chappell, 2008). Specialized cells in organisms synthesize via different metabolic 

pathways tens of thousands of these secondary compounds that can effectively respond to biotic 

and abiotic stressors. Phenolic compounds are the most abundant secondary metabolites in the 

plant kingdom (Lattanzio, 2013). A subcategory of phenolic compounds is hydroxycinnamic acids, 

naturally occurring molecules that contribute to plant rigidity by linking the complex lignin 

polymer to plant cell wall hemicelluloses and cellulose. Simple phenolic acids such as p-coumaric, 

caffeic, ferulic, and sinapic acids can be covalently attached to the plant cell wall or freely diffuse 

in the cytoplasm (Landete et al., 2010). Decarboxylation is a common enzymatic transformation 

of phenolic acids that results in vinyl phenol derivates. This enzymatic conversion is thought to be 

used by bacteria as a mechanism to reduce the accumulation of toxic phenolic acids (Tran et al., 

2008), and it is also responsible for the formation of phenolic acid-derived phenols acting as 

flavouring compounds in alcoholic beverages (Vanbeneden et al., 2008). Several organisms have 

evolved the ability to transform these potentially toxic phenolic acids (Zaldivar et al., 1999) via 

various metabolic pathways (Rosazza et al., 1995), including phenolic acid decarboxylase (PAD) 

from Bacillus subtilis (BsPAD). BsPAD is cofactor independent enzyme that catalyzes the non-

oxidative decarboxylation of phenolic acids to their corresponding p-vinyl derivates (Priefert et 

al., 2001). The enzymatic decarboxylation of these organic molecules derived from renewable 

feedstock has received much attention since these processes can lead to sustainable routes to 

produce precursors for commodity chemicals (Hermann et al., 2007) and high-value products for 

the flavour and fragrance industry (Vanbeneden et al., 2008; Serra et al., 2005). Because lignin is 

a renewable resource, PADs may also be suitable biocatalysts for the production of styrene 

derivates as polymer industry precursors (Jung et al., 2013). BsPAD wild type (BsPAD_wt) 
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catalyzes the conversion of p-coumaric, caffeic and ferulic acid into the volatile compounds 4-

vinyl phenol, 4-vinyl catechol and 4-vinyl guaiacol. A recently introduced variant (BsPAD_I85A) 

also catalyzes the conversion of sinapic acid to 4-vinyl syringol (Morley et al., 2013). 4-Vinyl 

guaiacol, a product of mentioned enzymatic transformation, is considered one of the precursors to 

vanillin production (Koseki et al., 1996), which is commonly used flavoring compound in foods, 

beverages, perfumes, and pharmaceuticals (Zheng et al., 2007). 4-Vinyl guaiacol is 40 times more 

valuable than ferulic acid and can be biotransformed into acetovanillone, ethyl guaiacol, and 

vanillin (Mathew et al., 2007). Furthermore, PAD-catalyzed decarboxylation of p-coumaric and 

ferulic results in the formation of vinyl phenol and 4-vinyl guaiacol, which are food additives and 

have been approved as flavoring agents by regulatory agencies (Anonymous 1, 2001). Although 

PADs were discovered several decades ago, their biochemical characterisation largely relies on 

complex and time-consuming methods such as gas chromatography (GC; Mojzer et al., 2016), 

high-performance liquid chromatography (HPLC; Hu et al., 2014; Landete et al., 2010) or even 

mass spectrometry (MS; Hu et al., 2015). While the UV-absorbance of hydroxycinnamate 

substrates has been used in some cases, the overlapping UV absorbance of the hydroxycinnamates 

with their corresponding decarboxylation products has been neglected (Williamson et al., 2020; 

Noda et al., 2015; Cavin et al., 1998; Cavin et al., 1997; Cavin et al., 1993). Current methods to 

kinetically characterize and measure the activity of PAD-catalyzed decarboxylation reactions 

require specialized equipment and extensive sample work-up, therefore do not provide the 

possibility for high-throughput measurements. Spectral shifts in the UV range caused by substrate 

decarboxylation have been used to screen a PAD library generated by site-saturation mutagenesis 

(Morley et al., 2013) in addition to these mentioned commonly used methods. However, the 

overlapping UV absorbance of hydroxycinnamates and their corresponding derivates complicate 

kinetic measurements. This study aimed to develop a fast, robust and sensitive spectrophotometric 

assay that allows following BsPAD decarboxylation reactions in real-time while avoiding product 

extraction. In the current research, BsPAD_wt and BsPAD_I85A were expressed in E. coli BL21 

(DE3), purified, and their substrate conversion was shown by thin-layer chromatography (TLC) 

and 1H NMR. BsPAD_wt and BsPAD_I85A activity results obtained by spectrophotometric assay 

were proven with HPLC-UV analysis.  
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2. LITERATURE REVIEW 
 

2.1 PLANT PRIMARY AND SECONDARY METABOLITES 

 

Metabolism implies synthesizing and breaking down chemical compounds through a series 

of chemical reactions catalyzed by enzymes in living organisms. Plant metabolism is usually 

divided into two categories - primary and secondary metabolism. The primary metabolism includes 

synthesizing or consuming chemical substances such as amino acids, nucleic acids, fatty acids and 

sugars. These primary metabolites play a vital role in cell metabolism because cells use them to 

build cofactors, precursors and other biopolymers that enable growth and reproduction. Primary 

metabolism includes all biochemical processes an organism must carry out to survive, which is 

why they are of essential importance (Maeda, 2019). 

Secondary metabolites are a class of organic molecules produced by plants and 

microorganisms that do not directly contribute to growth or development and are typically 

produced by only one kind of organism or even just one strain. These compounds are not essential 

to sustain an organism’s survival or growth, but they give it a selective advantage when interacting 

with the environment (Ncube et al., 2017). Each organism contains particular set of enzymes in a 

specific tissue, resulting in the specificity of the metabolic process and contributing to the 

alteration of the fundamental biosynthetic pathway and the formation of various metabolites. To 

date, the majority of secondary metabolic pathways in plants have not yet been fully mapped and 

characterised (Zhao et al., 2013; Pichersky and Gang, 2000). Because secondary metabolites have 

evolved opportunistically, each imparting its unique advantage, they do not have a common, 

universal purpose. There is a widespread presence of multifunctional enzymes in the plant 

kingdom. However, the synthesis of secondary compounds is not only determined by enzyme 

specificity, but it is also essential to consider substrate availability and compartmentation (Schwab, 

2003). 

A plant’s natural habitat is filled with various biotic and abiotic stress factors, and the 

formation of secondary metabolites results from physiological regulation in reaction to 

environmental stress. Plants are surrounded by a large number of potential enemies (bacteria, 

molds, viruses, stress). These elicitors are substances of biological or non-biological origin that, in 
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contact with plant cells, cause physiological or morphological changes that include increased 

synthesis or de novo synthesis of secondary metabolites. Since plants are immobile, receiving 

stress signals and translating them into useful responses are essential for plant survival and 

adaptability (Bartwal et al., 2012).  

 

2.2. CLASSIFICATION OF PLANT SECONDARY METABOLITES 

 

Secondary metabolites are categorized based on their chemical structure, solubility, 

pathway by which they are synthesized or their composition. The primary classification includes 

three main groups: 

 

1. Terpenoids (limonoids, saponin and pinene) 

2. Alkaloids (nicotine, morphine, cocaine, caffeine and glucosinolates) 

3. Phenolic compounds (flavonoids, anthocyanidins, salicylic acid and lignin) 

 

The most prevalent and structurally diverse family of secondary metabolites found in many 

plants are terpenoids, sometimes referred to as isoprenoids. They constitute the most important 

class of active chemicals in plants, with more than 60 000 known structures (Agatonovic-Kustrin 

and Morton, 2018). 

Alkaloids are a group of nitrogen-containing secondary metabolites derived from amino 

acids. Structurally, they differ from other secondary metabolites and thus lack a standardized 

classification. Numerous organisms, including bacteria, fungi, mammals and plants, synthesize 

alkaloids, most of which are toxic to other organisms. Due to their advantageous biological 

features, alkaloids have been extensively explored and divided into categories based on their 

biosynthetic precursor and heterocyclic ring system (Mondal, 2019). 

 

2.2.1. Phenolic compounds 

 

Phenolic compounds are the most widely distributed secondary metabolites naturally found 

throughout the plant kingdom. While some phenolic compounds are ubiquitous in plants, others 
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can be found in only specific plant groups, organs or even at different development stages 

(Iannucci et al., 2013). For example, non-vascular land plants (bryophytes) lack developed 

physical barriers but regularly synthesize a diverse range of phenolics, such as flavonoids, enabling 

them to tolerate unfavorable abiotic and biotic stresses (Dziwak et al., 2022). On the other hand, 

the whole spectrum of phenolic compounds is only found in vascular plants that produce thousands 

of distinct phenolics already described. They are represented by at least 10 000 different identified 

compounds that include one or more aromatic rings with one or more hydroxyl groups connected 

to them (Li et al., 2014). Phenolic compounds are synthesized either via the polyketide or shikimic 

acid pathway, which account for around 40 % of the organic carbon circulating in the biosphere 

(Lattanzio, 2013). They exhibit a wide range of structural variations, including hydroxycinnamic 

acids (caffeic acid, vanillin, gallic acid), polyphenols such as flavonoids and polymers derived 

from these building blocks.  

Phenolic compounds as secondary metabolites also show a variety of beneficial human 

health-related abilities. Anthocyanins, for instance, can be found either in ripe fruits and plants 

acting as attractants or in young leaves with a deterrent effect against herbivore insects (Gloud, 

2010). Phenolic compounds are free radical scavengers and chelators having an antioxidant 

activity that is particularly effective against hydroxyl and peroxyl radicals, superoxide anions, and 

peroxynitrites (Lall et al., 2015). In humans, once consumed, they show antioxidant properties 

(Merecz-Sadowska et al., 2021), can be used as supplementary and nutraceutical treatment for 

diabetes and related disorders (Rasouli et al., 2017), and exhibit therapeutic antiplatelet, 

vasodilatory and anti-inflammatory effects against cardiovascular pathologies (Alotaibi et al., 

2021). Two phenolic compounds even showed activity against SARS-coronavirus protease. These 

compounds became a crucial target for drug development (Lin et al., 2005), which served as a base 

for further research during the COVID-19 pandemic (Chen et al., 2023; Jo et al., 2020). Phenolic 

compounds can be divided into (a) phenolic acids such as benzoic and cinnamic acids and their 

hydroxylated derivates, and (b) polyphenols such as flavonoids, stilbenes and coumarins, lignin 

and tannins. 

More than 8000 different organic molecules fall under the classification of phenolic acids, 

containing a phenol ring with at least one hydroxyl group (Robbins, 2003). Simple phenolic acids 

are the most prevalent among the thousands of compounds involved in ecological interactions in 
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soils, and many of them are referred to as plant allelochemicals, which are one of the mechanisms 

by which a plant survives in nature and reduces competition from nearby plants (Marchiosi et al., 

2020). Many of them, including hydroxycinnamic acids, are intermediates or structural 

components of the plant cell wall (de Oliveira et al. 2015). 

Cinnamic acid is suggested precursor to p-hydroxycinnamic acids (Bourgaud et al., 2006) 

that have been known for centuries as significant and one of the main classes of phenolic 

compounds found in nature that possess multiple biological properties (Alam et al., 2016). This 

family includes several simple phenolic compounds such as ferulic acid, p-coumaric acid, caffeic 

acid and sinapic acid. A plant produced p-hydroxycinnamic acids and their corresponding 

derivates give them resistance by joining hemicelluloses and lignin in the plant cell wall (ferulic 

and p-coumaric acid), or protect them from insects and oxidative stress, as in the case of sinapoyl 

malate and chlorogenic acid. Also, they are valuable and particularly appealing compounds in the 

pharmaceutic and cosmetic industries because they can operate as high-value precursors of anti-

UV compounds, antioxidants, vanillin, monomers and polymer additives (Flourat et al., 2020). 

Plants synthesize hydroxycinnamic acids via an essential primary and secondary metabolism 

pathway. The Shikimate biosynthesis pathway leads to the synthesis of tyrosine and phenylalanine, 

significant aromatic amino acids, by converting simple primary metabolites, phosphoenolpyruvate 

and erythrose 4-phosphate, in higher plants. A series of enzymatic reactions follow the 

phenylalanine ammonia-lyase (PAL) catalyzed reaction to produce hydroxycinnamate from 

previously mentioned aromatic amino acids. PAL catalyzes the deamination of phenylalanine or 

tyrosine to produce the C3-C6 unit, which serves as the core structural component of 

phenylpropanoids, linking amino acids to the hydroxycinnamic acids and their activated forms (El-

Seedi et al., 2012). Phenylpropanoids may function as phytoalexins in some plant species because 

the stimulation of PAL expression is frequently seen as a component of the reactions of plants to 

encroaching microbes (Liang et al., 1989). It has been established that every studied plant 

possesses several copies of genes that encode for the PAL, each of which is differentially 

expressed. In plants, the conversion of tyrosine into 4-hydroxycinnamic acid (also known as p-

coumaric acid) is also catalyzed by tyrosine ammonia-lyase (TAL). p-Coumaric acid is also a 

precursor in the biosynthesis of ferulic, caffeic or sinapic acid. Chemical decarboxylation of p-

hydroxycinnamic acids requires expensive base catalysis with microwave heating (Ben-Bassat et 

al., 2005) or harsh reaction conditions such as high temperature and pressure. That is why 
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enzymatic decarboxylation, which employs mild temperature and generates little waste, is a 

potential alternative for the p-hydroxystyrene production. Enzymes that catalyze the 

decarboxylation may potentially be used to convert phenolic acids derived from renewable sources 

into styrene derivates for the polymer industry (Lee et al., 1998). 

 

2.2.1.1. Simple phenolic acids 

 

Coumaric acid is a naturally occurring hydroxy derivate of cinnamic acid, which has three 

distinct isomers (ortho-, meta-, and para-). The most prevalent type, p-coumaric acid (4-

hydroxycinnamic acid, C9H8O3; figure 1. a) (Boz, 2015), is found in the cell walls of numerous 

vegetables, fruits and seeds such as broccoli, eggplant, tomato, carrot, blueberries, peanuts and 

others. Due to its role in the defense against bacterial pathogens (Li et al., 2009), chemoprotective 

(Torres and Rosazza 2001) and antioxidative (Kilic, 2013) properties, p-coumaric acid is of high 

economic interest. Decarboxylation of p-coumaric acid results in the formation of 4-vinyl phenol.  

Caffeic acid (3,4-dihydroxy cinnamic acid; C9H8O4, figure 1. b) is found in many plant 

products, including coffee, fruits, wine, olive oil, and legumes (Stojković et al., 2013). Caffeic acid 

has been linked to several plant interactions, including allelopathy between plants and 

microorganisms (Batish et al., 2008), but it also greatly influences human health. Caffeic acid can 

inhibit the biosynthesis of leukotrienes, which are involved in allergic responses, asthma, and other 

immune-regulatory illnesses (Koshihara, 1984). Several of its ester derivatives may inhibit the 

development of colon cancer (Olthof, 2001).  

The cell walls of various plants contain high concentrations of ferulic acid (4-hydroxy-3-

methoxy cinnamic acid, C10H10O4, figure 1. c; Abraham et al., 2007). The molecule is primarily 

present in the trans form and is esterified with hemicelluloses and arabinoxylans. It is found in the 

leaves and seeds of many plants, especially in grains such as wheat and oats. Ferulic acid contains 

a single para-substituted hydroxyl group connected to a highly conjugated side chain, which 

allows the phenoxy radical of ferulic acid to be delocalized and stabilized throughout the entire 

molecule (Graf, 1992). In plant cell walls, ferulic acid plays a crucial role in pathogen defense 

(Ren et al., 2020; Blokker et al., 2006), the response to abiotic stress (Novaković et al., 2018) and 

is toxic to herbivorous insects (Yang et al., 2017). 
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Sinapic acid (3,5-dimethoxy-4-hydroxycinnamic acid; C11H12O5), also called sinapinic 

acid, has two methoxy groups attached to the phenyl ring (figure 1. d). Although it can occur in 

the form of sinapate esters, like other hydroxycinnamic acids, it can also be found in a free form. 

Sinapic acid and some of its derivates can be potentially applied as preservatives in foods, 

cosmetics, and the pharmaceutical industry (Nićiforović, 2013). 

p-Coumaric, ferulic, and caffeic acid also link the complex lignin polymer to the cellulose 

and hemicelluloses in plant cell walls, where they are typically esterified with tartaric acid (El-

Seedi et al., 2018). Many microorganisms can metabolize free phenolic acids to 4-vinyl derivates 

using specific phenolic acid decarboxylase enzymes. The decarboxylated reaction products, 4-

hydroxy styrenes, can inhibit the growth of a wide variety of Gram-negative bacteria, including 

pathogens and food spoilage flora (Cavin et al., 1998). They are valuable compounds that can be 

used as flavor enhancers in the production of chewing gums, in bakery and meat products, desserts 

and confectionery and in alcoholic beverages. Ferulic acid-derived 4-vinyl guaiacol is a precursor 

for the synthesis of fragrance compounds (van Beek and Priest, 2000) or biodegradable polymers 

(Zago et al., 2016). The supply of 4-vinyl derivates such as 4-vinyl phenol, 4-vinyl guaiacol and 

others from natural sources is insufficient to meet industrial demand (Bernini et al., 2007). 

Currently, in industry, 4-vinyl phenol is produced by dehydrogenating 4-ethylphenol over an 

expensive catalyst (chromia-alumina) and at a high temperature (600 oC) with a low yield (15 %). 

In addition, 4-ethylphenol is derived from nonrenewable fossil materials (Qu et al., 2013).  

Caffeic acid is an abundant catechol-containing natural aromatic compound that can be 

converted to 4-vinyl catechol (Takeshima et al., 2018). It can be used for synthesizing catechol-

containing polymers used as functional coating materials (Nishimori et al., 2020) due to their 

strong binding to a large variety of surfaces like gold, silicon and metal oxides (Leibig et al., 2016). 

Canolol, also known as 4-vinyl syringol, is a main phenolic compound in canola (Krygier et al., 

1982), and it is identified as the decarboxylation product of sinapic acid (Galano, 2011). Vinyl 

syringol is recognized as a radical scavenger (Koski et al., 2003), and it is a potential precursor for 

the production of the biodegradable polymer polyvinylsyringol (PVS) (Morley et al., 2013).  
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a)                                                                                                                                                                  b) 

       

 

      

      c)                                                               d) 

 

 

 

Figure 1. Molecular structures of simple phenolic acids used in this research. a) p-coumaric (p-

CUA), b) caffeic acid (CAA), c) ferulic acid (FA) and d) sinapic acid (SA)  

 

2.3. PHENOLIC ACID DECARBOXYLASE FROM Bacillus subtilis 

 

In plant-soil systems, when lignocellulose is broken down enzymatically by bacteria and 

fungi, cinnamic acid derivates such as p-coumaric, ferulic, caffeic and sinapic acids are released 

(Jung et al., 2013). Enzymatic decarboxylation by bacterial decarboxylases is a potential defense 

mechanism that prevents the accumulation of phenolic acids, which show toxicity towards the 

bacteria. In response to toxic stress caused by previously mentioned free phenolic acids, some 

microorganisms such as Bacillus pumilus and Lactobacillus plantarum degrade cinnamic acid 

derivates through non-oxidative decarboxylation (Rodriguez et al., 2008; Cavin et al., 1998; 

Degrassi et al., 1995). Phenolic acid decarboxylase (PAD) catalyzes the nonoxidative 

carboxylation of p-hydroxycinnamic acids to their corresponding p-hydroxystyrenes. According 

to their substrate specificity, PAD-type enzymes can be classified as ferulic acid (FAD) or p-

coumaric acid decarboxylase (PDC). Despite having a 66 % amino acid sequence identity, PADs 

from different origins have different structures, physiochemical properties and substrate 

specificities.  
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The screening of a genomic library of the Gram-positive bacterium Bacillus subtilis led to 

the discovery and characterization of the first phenolic acid decarboxylase (BsPAD) that could 

decarboxylate p-coumaric, caffeic and ferulic acid to yield para-hydroxy styrene derivates (figure 

2) (Cavin et al, 1998). BsPAD is a dimeric enzyme, with each dimer containing 161 amino acids 

(figure 3).  

 

Figure 2. p-Hydroxycinnamic acid derivates are converted to their corresponding p-

hydroxystyrenes in reactions catalyzed by phenolic acid decarboxylase from Bacillus subtilis 

(BsPAD)  

 

Size exclusion chromatography and X-ray crystallography showed that BsPAD is a 

homodimer with a molecular mass of 40 (2 x 20) kDa (Protein Data Bank code: 2P8G; Cavin et 

al., 1998). In each subunit, an internal cavity formed by a conserved β-barrel contains an active 

site which changes its conformation from ‘open’ to ‘closed’ via the movement of several loops 

upon substrate binding. An arginine residue (Arg41) forms a hydrogen bond with the phenol 

functional group, while two tyrosine residues (Tyr11 and Tyr13) engage with the carboxylate 

groups of the substrate. Glutamate (Glu64) is the catalytic base that accepts a proton from p-

hydroxyl group (Frank et al., 2012). 
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Figure 3. 3D structure of phenolic acid decarboxylase from Bacillus subtilis (BsPAD) (generated 

by PyMOL 2.4). Red amino acid residues represent residues that are part of an active site  

 

While PAD-type enzymes can decarboxylate several phenolic acids, substrate analogues 

that lack a hydroxy group at the para- position of the aromatic ring are converted much slower. 

Also, since neither sinapic acid nor 5-hydroxy ferulic acid could be decarboxylated by the enzyme, 

it was suggested that the substitution of both meta- sites on the aromatic ring prevents the 

biotransformation (Edlin et al., 1998). Morley and co-workers (2013) used the crystal structure of 

BsPAD to alter the substrate specificity by site-saturation mutagenesis. Based on the assumption 

that the active site of the BsPAD cannot accommodate hydroxycinnamic acids with bulky 

substitutions, such as sinapic acid, five amino acid residues of the BsPAD active site were targeted 

by saturation mutagenesis. Following a screening based on the absorbance of sinapic acid, a variant 

in which isoleucine at position 85 was substituted by alanine showed enhanced activity towards 

sinapic acid (Morley et al., 2013).  
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2.4. COMMONLY USED METHODS FOR DETERMINATION OF THE p-

HYDROXYCINNAMIC ACIDS AND p-HYDROXYSTYRENE DERIVATES 

 

Determination of the p-hydroxycinnamic acids and p-hydroxystyrene derivates largely 

relies on complex and time-consuming methods. 

 

2.4.1. Thin-Layer Chromatography (TLC) 

 

The term chromatography implies the separation of complex mixtures into individual 

compounds between mobile and stationary phases (Belanger et al., 1997) that do not mix. The 

separation of individual compounds is based on the fact that the compound (analyte) from the 

solution interacts with stationary and mobile phase due to differences in adsorption, distribution 

between phases or the size of the substance being separated, which affects its retention time. It is 

the most basic way to confirm whether phenolic compounds are present in the mixture (Dinakaran, 

2018). Despite its many advantages, TLC is a qualitative analytic method with limited quantitation 

capabilities. Because of this, TLC may be used to detect activity or assess the completion of a 

bioconversion, but it is not accurate enough to provide accurate quantitative data for the 

decarboxylation of p-hydroxycinnamic acids.  

 

2.4.2. Gas Chromatography (GC) 

 

Gas chromatography (GC) employs a solid stationary phase while the mobile phase is 

gaseous. Sample molecules are transported by the carrier gas through the GC system, ideally 

without any interaction. The speed of analyte passage through the column is determined by the 

ratio of its distribution between the gaseous mobile phase and the immobilized stationary phase. It 

is a highly efficient method for separating, identifying, and quantifying various phenolic species, 

including p-hydroxycinnamic acids. The main limitation of GC analysis is that phenolics have low 

volatility and must be derivatized (Capriotti et al. 2014).  

A carrier gas system, injector, gas chromatographic column, detector, and data processing 

unit are all standard components of GC equipment. The nature of carrier gas can affect the 
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separation characteristics of the GC system as well as its detection sensitivity; therefore, it is 

typically a permanent gas with minimal or no adsorption capacity, such as hydrogen, helium, or 

nitrogen. When determining volatile phenolic compounds, the carrier gas most often used is helium 

(Payer et al., 2017; Zhou et al., 2015; Cabrita et al., 2012; Zuo et al., 2002) or nitrogen (Hu et al., 

2015). Injectors deliver the sample to the column and are divided into two groups. On-column 

injectors deposit samples directly into the column, while vaporization injectors use high 

temperatures to vaporize samples quickly, mix them with a carrier gas and transport them to the 

column (Forgacs and Cserhati, 2003). The volatile phenolic compounds of the injected sample are 

separated in the GC column divided into packed and capillary columns of various dimensions. A 

packed column is a rigid metal or glass column filled with a thin layer of a high molecular weight 

polymer, while a capillary column is a very small internal diameter glass or fused-silica tube. 

Capillary columns have a higher separation capacity than packed columns, making them more 

frequently used in GC. The stationary liquid phase of GC columns has low vapor pressure, high 

chemical stability, relatively low viscosity at analysis temperature, selectivity for the sample 

components and good wetting capacity (Forgacs and Cserhati, 2003). Often used stationary phases 

for separating and identifying phenolic are capillary compounds either with polyethylene glycol 

stationary phase (Zhou et al., 2015; Cabrita et al., 2012) or with a mixture of 5 % phenyl and 95 

% dimethylpolysiloxane (Payer et al., 2017; Hu et al., 2015). Many different detectors have been 

developed for the sensitive and selective detection and quantification of sample components 

(flame-ionisation, FID; nitrogen-phosphorus, NPD; flame photometric, FPD; thermal 

conductivity, TCD; chemiluminescence, etc.), but in recent decades, GC methods combined with 

various mass spectrometric (MS) detection system have found increasing application in GC 

analysis of phenolic compounds (Payer et al., 2017; Zhou et al., 2015; Hu et al., 2015; Zuo et al., 

2002).  

 

2.4.3. High-Performance Liquid Chromatography (HPLC)  

 

High-Performance Liquid Chromatography (HPLC) is a frequently used separation method 

that uses small particles as column packing materials, so the stationary phase and the components 

following past it has a large surface area, improving separation for more precise determination. It 
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is the most commonly used separation technique to analyse phenolic compounds. Although 

conventional LC methods have yielded promising results in the past, the high complexity of 

phenolics has put sustained pressure on improved chromatographic performance to meet 

increasing analytical demands regarding resolving power, selectivity, and sensitivity (Kalili and 

Villiers, 2011). HPLC, which enables quantitative analysis of multiple phenolics in a significantly 

shorter time, quickly replaced traditional approaches in the 1980s. Since then, it has become the 

most often employed technique for identifying and analysing these compounds (Cheynier et al., 

2012). 

HPLC is divided into two major groups - (1) normal-phase HPLC, in which the stationary 

phase is hydrophilic, and the mobile phase is hydrophobic, and (2) reversed-phase HPLC, where 

the stationary phase is hydrophobic, and the mobile phase is hydrophilic. In reversed-phase HPLC, 

analysed compounds are eluted by decreasing polarity in the presence of an organic solvent, 

making them far more common for analysis of phenolic compounds (Suleymanova et al., 2019; 

Noda et al., 2015; Jung et al., 2013). HPLC columns are mostly packed with silica gel with a 

silanol group on the surface that provides a high adsorptive capacity and is used for chemical 

bonding. Frequently used bonded phases include C18, C8, and phenyl, which are chains attached 

to the surface of the silica gel. C18 is octyldecylsilan, which contains 18 carbons bound to the 

silica allowing for a larger surface area and longer interaction time between the bonded phase and 

the elutes. For identification and separation of p-hydroxycinnamic acids and their corresponding 

decarboxylated products, variations of C18 columns are used (Li et al., 2021; Williamson et al., 

2020; Mittmann et al., 2019; Hu et al., 2015; He et al., 2011). Compounds eluted from the 

chromatographic column are detected based on their physicochemical properties. The following 

are frequently used for detection: light refraction, fluorescence, nuclear magnetic resonances, 

absorption in the UV-, VIS- and near-IR range and MS. In addition, the compounds can be 

derivatised in the pre-column or post-column process to obtain detectable properties. Even though 

many types of detectors are used in chromatography, diode array detectors (DAD) that record UV-

VIS absorption spectra are among the most frequently utilised detection systems in liquid 

chromatography (Kuppusamy et al., 2020; Mittmann et al., 2019; Suleymanova et al., 2019; Hu et 

al., 2015). By passing UV light through the eluting sample mixture compounds, the analyte can be 

quantified by comparing the absorbance to calibration standards. The separation capabilities of LC 
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and the selectivity and sensitivity of the MS detector are combined in HPLC-MS (Pyrzynska et 

al., 2014), allowing the identification of individual phenolic compounds from the complex 

matrices (Fiorini et al., 2014; Torre-Carbot 2005). The apparatus consists of a mass spectrometer 

connected to high-performance liquid chromatography via an appropriate interface. 

GC and HPLC-MS are preferred methods for separating and quantifying phenolic 

compounds (Mojzer et al., 2016). However, because both of these approaches are relatively 

expensive to buy and maintain, many laboratories decide to employ HLPC-UV detection, which 

is less expensive, comparable easy to use, and appropriate for routine analysis (Pyrzynska et al., 

2014). 

 It is worth noting that one research group also used a UV-VIS spectrophotometric assay in 

order to screen mutants for sinapic acid decarboxylase activity after site-saturation mutagenesis. 

The decrease of sinapic acid absorbance was monitored at 310 nm. On the other hand, the overlap 

of UV absorption spectra of substrates and their corresponding decarboxylated products 

significantly complicates kinetic measurements, which is why there was an increasing need to 

optimize a quick and efficient assay for measuring PAD activity in real-time. 

 

2.5. UV-VIS SPECTROSCOPY  

 

Spectroscopy is a branch of physics that studies a physical system through observation 

effects related to the emission and absorption of electromagnetic radiation. Each form of 

spectroscopy uses a different part of the electromagnetic spectrum and thus includes a different 

type of excitation, in which the region of near-UV (190 to 400 nm) and VIS part of the spectrum 

(400-800 nm) causes the excitation of valence electrons and their transition to higher energy levels 

(figure 4). UV-VIS spectroscopy is used to analyse a wide range of compounds in the food and 

beverage industry, in clinical diagnostics, drug discovery, and environmental science (Franca and 

Nollet, 2017). 



16 
 

 

 

Figure 4. Electromagnetic spectrum 

 

Photometric measurements are based on the absorption of light by conjugated double 

bonds. UV-VIS radiation corresponds to the energies that excite the molecule from its ground state 

or highest occupied molecular orbital (HOMO) to its excited state or lowest unoccupied molecular 

orbital (LUMO). The absorption energy in the UV range induces changes in the electronic energy 

of the molecule as a result of electron transitions. These transitions are related to electron excitation 

from bonding to antibonding orbitals. The energy of the photon and the electronic configuration 

of the molecule, that is, the energy differences between the electron states in the molecule, 

determine whether the molecule absorbs UV or VIS light. Because each molecule has a unique 

orbital structure, it will absorb light differently. This method relies on the measurement of the 

interaction of electromagnetic radiation with matter at a certain wavelength (Akash and Rehman, 

2020). Depending on substitutions and the number of conjugated double bonds, phenolic 

molecules can absorb light across the UV-VIS range from 200-800 nm (Aleixandre-Tudo and du 

Toit, 2018; Harnly et al., 2007).  

The spectrophotometer is used to analyze the absorption spectrum of electromagnetic 

radiation and measures the absorbance of the sample as a function of its wavelength. A light beam 

emitted from a suitable light source (UV or VIS) passes through the sample and is captured by a 

detector (Nilapwar et al., 2011). Typically, a light source emits polychromatic light (Akash and 

Rehman, 2020). Some of the radiation sources used are deuterium arc (190-330 nm) and tungsten 
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filament lamps (330-800 nm) that together generate a light beam that spans the UV-VIS spectral 

range. The intensity of a spectrophotometer light beam decreases when it passes through a UV-

VIS active sample (figure 5). According to Beer-Lambert law [Eq. 1], there is a linear relationship 

between the concentration and the absorbance of the solution, where A is measured absorbance, ε 

molar absorption coefficient [M-1cm-1], c is solute concentration [M], ℓ is optical path length [cm], 

Io is incident light, and I is transmitted light.   

                                             A = ε c ℓ = log (Io/I)                                                 [1] 

 

Figure 5. Working principle of Beer-Lambert law 

  

In contrast to classic UV-VIS spectrophotometers, a plate reader is a similar appliance with 

few key differences. It significantly increases and accelerates throughput by using multiwell plates. 

Some plate readers can cover up to 1536 samples simultaneously. Because the conditions are 

consistent across the range of samples, the comparison of duplicates or triplicates is simplified. 

Typically, plate readers use a monochromator or filter-based optics. While the light beam in the 

spectrophotometer travels horizontally through the cuvette and the path length is standardized to 

1 cm, light is passed vertically through the wells of a plate reader. The light beam orientation 

induces variables which must be considered, such as pipetting accuracy and consistency, since the 

volume within the well determines the path length.    
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3. EXPERIMENTAL PART 
 

3.1. MATERIALS 

 

3.1.1. Cell cultures 

 

In this project, Escherichia coli BL21 (DE3) cells were used for the expression of BsPAD 

and variants thereof. Used E. coli BL21 (DE3) strains contained the pET28a plasmid with either 

the wild-type pad gene from Bacillus subtilis (accession number: WP_119995789) or its variant 

I85A. Both strains were obtained from the culture collection of the Institute of Molecular 

Biotechnology, Graz University of Technology.   

 

3.1.2. Media used for the cultivation of E. coli BL21 (DE3) strain 

 

• Lysogeny Broth (LB) medium (10.0 g/L peptone; 5.0 g/L yeast extract; 5.0 g/L NaCl) 

• Terrific Broth (TB) medium (24.0 g/L yeast extract; 12.0 g/L tryptone, 4.0 g/L glycerol) 

• 10X Terrific Broth (TB) salts (170 mM KH2PO4; 720 mM K2HPO4) 

 

3.1.3. The column used for protein purification by affinity chromatography 

 

• Ni Sepharose™ affinity column (GE Healthcare, USA) 

 

3.1.4. Membrane used for imidazole removal  

 

• Spectra/Por® 1 Dialysis Membrane (MWCO 6-8 kDa, Spectrum Labs, SAD) 
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3.1.5. Concentrator tube used for buffer exchange after protein purification 

 

• Vivaspin® 20 centrifugal concentrator (10 kDa MWCO; Sartorius, Germany) 

 

3.1.6. Kit used for protein quantification 

 

• Bicinchoninic acid assay (PierceTM BCA Protein Assay, ThermoFischer Scientific, USA) 

was used to determine the protein concentration of purified BsPAD_wt and BsPAD_I85A 

using bovine serum albumin as a calibration standard.  

 

3.1.7. Well plates used in this research 

 

• UV-STAR® well plates (96 Well UV-STAR® Microplate, Greiner Bio-One, Austria) used 

for spectrophotometric analysis 

• Greiner microplate (Microplate, 96 well, PS, Greiner Bio–One, Austria) used for HPLC-

UV analysis 

 

3.1.8. Aluminium plates used for thin-layer chromatography (TLC) 

• TLC Silica gel 60 F254 (Aluminum sheets 20 x 20 cm; Merck KGaA, German) 

 

Table 1. List of chemicals, buffers and standards used in this Graduate thesis 

Chemical Supplier 

Acetic acid Roth, Germany 

Acetonitrile >99 % for HPLC Chem-lab, Belgium 

Bovine serum albumin standard Sigma-Aldrich, USA 

Caffeic acid (CAA) Alfa Aesar by Thermo Fischer Scientific, USA 

Coomassie Brilliant Blue G-250 Sigma-Aldrich, USA 

p-Coumaric acid (p-CUA) TCI Chemicals, USA 

Deuterated chloroform (CDCl3) Sigma-Aldrich, USA 

Dimethyl sulfoxide (DMSO) Sigma-Aldrich, USA 

di-Potassium hydrogen phosphate (K2HPO4) Roth, Germany 

Double distilled water (ddH2O) IMBT, TU Graz 
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Table 1. List of chemicals, buffers and standards used in this Graduate thesis – continuation 

Ethanol (EtOH, 96 %) Roth, Germany 

Ferulic acid (FA) Alfa Aesar by Thermo Fischer Scientific, USA 

Glycerol Roth, Germany 

Hydrochloric acid (HCl) Fischer Chemical, USA 

Imidazole Roth, Germany 

Isopropyl-β-D-1-thiogalactopyranoside 

(IPTG) 

Roth, Germany 

Kanamycin  Roth, Germany 

Methyl tert-butyl ether (MBTE) Roth, Germany 

Peptone Roth, Germany 

Potassium dihydrogen phosphate (KH2PO4) Roth, Germany 

Sinapic acid TCI Chemicals, USA 

Sodium chloride (NaCl) Roth, Germany 

Sodium sulfate (Na2SO4) Roth, Germany 

Terrific Broth (TB medium) Roth, Germany 

Tris aminomethane (TRIS) Roth, Germany 

Methyl tert-butyl ether (MBTE) Roth, Germany 

 

Table 2. Buffers, protein ladders and gels used in SDS-PAGE 

Buffer/protein ladder/gel Manufacturer 

NuPAGETM LDS Sample buffer (4X) Thermo Fischer Scientific, USA 

NuPAGETM Reducing agent (2X) Thermo Fischer Scientific, USA 

NuPAGETM MES Running buffer Thermo Fischer Scientific, USA 

PageRulerTM pre-stained protein ladder Thermo Fischer Scientific, USA 

NuPAGETM 4-12% Bis-Tris gel Thermo Fischer Scientific, USA 

 

Table 3. Buffers used during purification and for activity and kinetic measurements of BsPAD_wt 

and BsPAD_I85A 

Buffer Composition 

Potassium phosphate buffer (KPi) 
50 mM potassium phosphate  

pH 6.0 

Binding buffer 

20 mM Tris-HCl 

300 mM NaCl 

30 mM imidazole 

pH 7.4 
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Table 4. Laboratory devices 

Device Model Manufacturer 

Analytical balance Practum®  Sartorius, Germany  

Centrifuges  

5415 R  Eppendorf, Germany  

5810 R  Eppendorf, Germany  

Avanti® J-20 XP  Beckman coulter, USA  

HPLC  
Agilent 1200 Gradient HPLC 

System 

Agilent Technologies, Austria 

pH-electrode  inoLab® pH 720  VWR International, USA  

Precision balance CP 6201 Sartorius, Germany 

Rotary Evaporator Laborota 4011 digital Heidolph, Germany 

SDS-PAGE machine PowerEase500 Invitrogen  Thermo Scientific, USA 

Sonifer  
Branson Ultrasonics™ 

Sonifier S-250A  

Thermo Scientific, USA 

Shaking incubator  Infors HT, Switzerland 

Spectrophotometer 

BioPhotometer 6131  Eppendorf, Germany  

NanoDrop™ 2000  Thermo Scientific, USA  

Plate reader  BioTek Instruments, USA 

ThermoMixers® ThermoMixer® comfort  Eppendorf, Germany  

Vortex  Vortex-Genie 2 Scientific industries, USA  

 

 

3.2. METHODS  

 

3.2.1. Expression and purification of recombinant phenolic acid decarboxylases from Bacillus 

subtilis (BsPAD_wt and BsPAD_I85A) 

 

3.2.1.1. Over-night cultures 

 

Over-night cultures (ONCs) of chemically competent E. coli BL21 (DE3) cells transformed 

with the pET28a plasmid containing the wild-type pad gene or its variant I85A were prepared by 

supplementing 5 mL of Lysogeny broth (LB medium, see Chapter 3.1.2.) with the antibiotic 

kanamycin (final concentration: 40 mg/L). Kanamycin-supplemented LB media were inoculated 

with 10 μL of E. coli BL21 (DE3) glycerol stock (either with the bspad_wt containing strain or 

with the strain containing the bspad_I85A mutant). ONCs were incubated at 37 ˚C and 130 rpm 

for 16 h.   
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3.2.1.2. Heterologous expression of BsPAD wild type (BsPAD_wt) and BsPAD mutant 

(BsPAD_I85A) 

 

After the inoculum preparation (see chapter above), E. coli BL21 (DE3) BsPAD_wt and 

BsPAD_I85A strains were grown at 400 mL-scale for protein expression and purification. For the 

main cultures, 400 mL of the TB medium was prepared. To this end, TB medium (see Chapter 

3.1.2.) and 10X TB salts (see Chapter 3.1.2.) were prepared and autoclaved separately. After 

cooling down to room temperature, 90 % of TB medium was mixed with 10 % of 10X TB salts. 

Sterilized TB medium was added to a sterile 2 L baffled Erlenmeyer flask and supplemented with 

kanamycin to a final concentration of 40 mg/L. TB media were inoculated with 5 mL of the ONC 

[E. coli BL21 (DE3) BsPAD_wt or BsPAD_I85A strain]. The main cultures were incubated at 37 

˚C and 120 rpm with periodic determination of the optical density of the suspension at 600 nm 

(OD600; BioPhotometer 6131, Eppendorf, Germany). After the OD600 value reached 0.5-0.6 

(usually ~3 hours after inoculation), gene expression was induced by adding isopropyl-β-D-1-

thiogalactopyranoside (IPTG) to a final concentration of 0.1 mM. After induction, the bacterial 

cultures were cultivated at 24 ˚C and 130 rpm for about 24 h. Cells were harvested by 

centrifugation (4000 rpm, 4 ˚C, 15 min; Avanti J-10, Beckman coulter, USA), and the cell pellets 

were washed and resuspended in 20 mL of 50 mM potassium phosphate buffer (KPi), pH 6.0 

(Table 3). After discarding the supernatant, cell pellets were either stored at -20 ˚C or used for 

protein purification. Prior to cell lysis, cell pellets were resuspended in the ‘binding buffer’ (Table 

3). 

 

3.2.2. Purification of expressed BsPAD_wt and BsPAD_I85A 

 

Harvested cell pellets from the expression process (see chapter above) were thawed on ice 

and resuspended in 20 mL of 20 mM Tris-HCl ‘binding’ buffer (Table 3) to improve protein 

binding to the chromatography column during the purification process. Resuspended cell 

suspensions were sonicated at 4°C (output control: 50 %, duty cycle %, 5 min; Branson 

Ultrasonics™ Sonifier S-250A, Thermo Scientific, USA), and the cell debris were separated from 

soluble components by centrifugation (11 000 rpm, 4 ̊ C, 30 min; Avanti J-25.50, Beckman coulter, 

USA). Obtained supernatants were filtered through a 0.22 µm Minisart® Syringe Filter (Sartorius, 
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Germany) to remove any residual macroscopic impurities. PADs were purified from the 

supernatants via Ni-affinity chromatography (GE Healthcare, USA). Approximately 1.5-2 mL of 

the Ni Sepharose™ resin (GE Healthcare, USA; see Chapter 3.1.2.) was placed in affinity gravity 

columns and washed with 5 column volumes (CV) of distilled water before use. After that, columns 

were equilibrated with 10 CV of binding buffer. Isolated proteins from each cell culture 

(BsPAD_wt and BsPAD_I85) were purified in an individual Ni Sepharose™ affinity column. The 

supernatant was applied to the column and incubated on ice for 30 min on a rotary shaker operating 

at 100 rpm. The flow through (FT) was collected and each column with bound enzymes was 

washed with 10-20 CV binding buffer to remove unspecifically bound proteins. All buffer-washed 

(BW) fractions were collected. Enzymes were eluted with 5-7 CV of elution buffer that contained 

300 mM of imidazole, and collected in fractions of 1 mL. Columns were washed with 10 CV of 

elution buffer, rinsed with 10 CV of ddH2O and 10 CV of 20 % ethanol (EtOH). Columns were 

filled with 20 % ethanol, sealed and stored at 4 ˚C.  

Purified enzyme fractions were pooled and desalted to remove imidazole. Enzyme samples 

of approximately 5 mL were transferred to a Spectra/Por® 1 dialysis membrane (MWCO 6-8 kDa, 

Spectrum Labs, SAD) and incubated in a beaker filled with 300 mL 50 mM KPi buffer, pH 6.0. 

The solutions were incubated overnight in a cold room (4 ˚C), placed on a magnetic stirrer and 

gently stirred (cca. 5 rpm). Afterwards, desalted samples were concentrated by centrifugation 

(4000 rpm, 4 ˚C, 10 min; 5810 R, Eppendorf, Germany) using Vivaspin® 20 centrifugal 

concentrators (10 kDa MWCO; Sartorius, Germany) to a final volume of 1.5 mL.  

 

3.2.3. Determination of phenolic acid decarboxylase concentration  

 

A NanoDrop™ 2000 spectrophotometer (Thermo Scientific, USA) was used to determine 

absorbance of purified PAD proteins at 280 nm and therefrom respective concentrations by using 

molar absorption coefficients. The protein solutions were appropriately diluted for SDS-PAGE. In 

addition, protein concentrations of pooled and desalted fractions were determined using the BCA 

protein assay [solutions and protocols were used according to the manufacturer’s instructions 

(PierceTM BCA Protein Assay, ThermoFischer Scientific, USA), see Chapter 3.1.5.]. The 

absorbance of the obtained samples was measured at 562 nm using UV-STAR® well plates (96 
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Well UV-STAR® Microplate, Greiner Bio-One, Austria) using a plate reader (BioTek 

Instruments, USA).  

 

3.2.4. Sodium dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-PAGE)  

 

The soluble protein fractions of the cell free extracts (CFE), as well as the fractions 

obtained during the purification of expressed proteins (see Chapter 3.2.2.) were qualitatively 

analyzed using gradient SDS-PAGE. This relatively fast, simple and highly sensitive 

electrophoretic method is often used after protein purification to confirm their expression and 

estimate the molecular weight of purified proteins. Gradient gels have a layer of polyacrylamide 

that gradually increases from the top to the bottom of the gel, which allows greater resolution when 

separating a wide range of protein molecular weights.  

Aliquots of protein samples containing 5.9 µg/mL of protein were prepared according to 

the manufacturer's instructions by adding reducing reagent (10X, 2 μL; NuPAGE®, 

ThermoFischer Scientific, USA) and LDS buffer (4X, 4 μL; NuPAGE®, ThermoFischer 

Scientific, USA) to the sample solutions. The resulting mixtures were heated for 3 minutes at 96 

˚C and then applied to the wells of an gradient SDS-PAGE gel (4-12% Bis-Tris gel; NuPAGE®, 

ThermoFischer Scientific, USA). SDS-PAGE was performed in MES-SDS buffer at 160-180 V 

for 35 minutes (20X, PowerEase500®, ThermoFischer Scientific, USA). After that, the proteins 

in this gel were visualized with Coomassie Brilliant Blue (Sigma-Aldrich, USA) for approximately 

8 h and destained according to the manufacturer's instructions (Sigma-Aldrich, USA). 

 

3.2.5. Reaction conditions for complete substrates conversion for the TLC and 1H NMR analysis  

 

To test the decarboxylase activity of the purified proteins, decarboxylation products 

obtained by incubating BsPAD_wt and BsPAD_I85A with p-coumaric- (p-CUA), caffeic- (CAA), 

ferulic- (FA) and sinapic acid (SA) were analysed by TLC and 1H NMR (see Chapters 3.2.5.1. and 

3.2.5.2.). Due to the insolubility of the substrates in aqueous solvents, 200 mM stock solutions of 

the substrates were prepared in dimethyl sulfoxide (DMSO), a solvent highly miscible with water 

and a wide range of other organic compounds. Reactions were carried out in 1.5 mL vials in final 
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reaction volume of 1 mL with 50 mM KPi buffer, pH 6.0, and 10 mM of a substrate (p-CUA, 

CAA, FA or SA). The reaction mix was incubated on a Thermomixer comfort shaker (Eppendorf, 

Germany) at 30°C for approximately 10 min and 600 rpm. Then, BsPAD_wt was added to a final 

concentration of 0.4 mg/mL to reaction mixtures containing p-CUA, CAA or FA. The same 

concentration of BsPAD_I85A was added to a reaction mixture containing SA. The reactions were 

incubated for 3 h. Samples were taken after 0 h, 1 h and 3 h from the addition of the enzyme were 

analyzed by TLC (see Chapter 3.2.5.1.) and 1H NMR (see Chapter 3.2.5.2.) to assess substrate 

conversion. After TLC had confirmed that all biotransformation processes were run to completion, 

converted products 4-vinyl phenol (4-VP), vinyl catechol (4-VC), 4-vinyl guaiacol (4-VG) and 

vinyl syringol (4-VS) were further used for the 1H NMR analysis, and to prepare calibration 

standards for HPLC-UV (see Chapter 3.2.6.1.) and UV-VIS (see Chapter 3.2.7.1.) measurements. 

 

3.2.5.1. Thin-layer chromatography (TLC) 

 

TLC uses a stationary phase supported by an inert backing to separate components of a 

mixture. For separating and detecting hydroxycinnamic acids and their respective decarboxylation 

products, aluminium plates plated with polar silica gel were used as stationary phase. On a TLC 

Silica gel 60 F254 (Aluminum sheets 20 x 20 cm; Merck KGaA, German), three different samples 

were applied: 2 µL of 10 mM substrate (p-CUA, CAA, FA or SA) as a standard, 2 µL of 0.4 

mg/mL BsPAD_wt or BsPAD_I85A (depending on the substrate that was decarboxylated) and 2 

µL of reaction samples removed from the biotransformation at different time points. TLC was run 

in a glass TLC chamber with a mixture of cyclohexane:ethyl acetate (1:1) as the mobile phase with 

the addition of 150 µL of acetic acid. TLC plates were incubated for approximately 5 min and 

dried with a heating gun before visualisation of the samples under the UV lamp.  

 

3.2.5.2. 1H NMR spectroscopy 

 

For more explicit confirmation, decarboxylation of the substrates (p-CUA, CAA, FA and 

SA) was analysed by proton nuclear magnetic resonance spectroscopy (1H NMR). After substrate 

conversion for 1-3 h (see Chapter 3.2.5.), reaction products were subjected to double extraction to 

remove the aqueous sample buffer. Methyl tert-butyl ether (MTBE) was added to samples at a 
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ratio of 1:1, after which the mixture was vortexed and centrifuged (13 000 rpm, 4 ˚C, 10 min; 5415 

R centrifuge, Eppendorf, Germany). The organic phase was carefully transferred into a new 

reaction tube. An approximately equal volume of the organic solvent MBTE was added to the 

aqueous phase, and the extraction procedure was repeated. The organic phases were collected in a 

reaction tube and supplemented with an excess of Na2SO4 to bind the remaining water in the 

sample. Na2SO4 was added to each sample until the solution remained turbid when shaken, 

indicating saturation. Afterwards, the samples were placed in a rotary evaporator to evaporate the 

organic solvent. After evaporation, the sample was transferred to an NMR tube and mixed with 

760 µL deuterated chloroform (CDCl3). The height of the liquid in the NMR tube was 5 cm. CDCl3 

is a commonly used solvent in proton NMR spectroscopy. It is an isotopologue of chloroform in 

which the hydrogen atom has been substituted with deuterium. Sample tubes were placed in the 

NMR for analysis. This procedure was performed for each substrate (p-CUA, CAA, FA and SA). 

 

3.2.6. HPLC-UV analysis 

 

Decarboxylation reactions by the PAD enzymes were also followed by HPLC-UV, which 

is a commonly used chromatographic method in the literature. Since previous measurements of 

BsPAD with HPLC-UV were already carried out at the Institute for Molecular Biotechnology, an 

established and optimized method was available. 

 

3.2.6.1. HPLC calibration curve  

 

Decarboxylation reactions were followed by determining the residual substrate 

concentration in PAD-catalysed biotransformations. Calibration standards were prepared using 

commercially available hydroxycinnamic acids at the highest purity available (p-CUA and SA, 

TCI Chemicals, USA; FA and CAA, Alfa Aesar by Thermo Fischer Scientific, USA). All 

substrates were prepared in HPLC-grade dimethyl sulfoxide (DMSO) at a concentration of 200 

mM. Calibration standards were diluted in 50 mM KPi buffer, pH 6.0, to match the conditions 

used in the biotransformation reactions. 200 µL of substrate samples were transferred to Greiner 

microplates (Microplate, 96 well, PS, Greiner Bio–One, Austria) and covered with optical 
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adhesive covers (GPLE Thermo Fischer Scientific, USA) to prevent evaporation. Prior to 

measurement, well plates were centrifuged (13 000 rpm, 4 ̊ C, 10 min; Eppendorf, Germany). After 

centrifugation, 150 µL of each sample was transferred to HPLC vials. For the calibration curve for 

HPLC-UV analyses the following concentrations of the substrates were used: 1.0, 2.5, 3.0, 5.0, 

7.0, and 10.0 mM. All calibration standards were measured in triplicates. 

 

3.2.6.2. Reaction conditions for the HPLC activity measurements 

 

Each biotransformation reaction was performed at least in triplicates. Reaction mixtures 

were prepared by diluting the hydroxycinnamic acid substrates in 50 mM KPi buffer, pH 6.0, to a 

final concentration of 2.5 mM. The reaction mixtures were temperate to 30 ˚C for 10 min on a 

thermomixer operated at 450 rpm. The reaction was started by the addition of BsPAD_wt (0.0005 

µg/µL, final concentration) or BsPAD_I85A (0.01 µg/µL, final concentration) to give a total 

reaction volume of 1.0 mL. BsPAD_wt was used for the decarboxylation of p- CUA, CAA and 

FA, and the BsPAD_I85A mutant was used to convert SA. Enzymes were added using a 

multichannel pipette set to mix three times to guarantee proper mixing.  

To achieve time-dependent progress curves, samples were withdrawn periodically and 

quenched with acetonitrile (ACN), which instantly inactivates the enzyme, thereby stopping the 

reaction. 150 µL of sample solution was mixed with 150 µL of ACN, which was pre-prepared in 

Greiner microplates (Microplate, 96 well, PS, Greiner Bio–One, Austria) for each time point. 

Reaction samples were analyzed after 0 min (immediately after the time of enzyme addition), 1 

min, 5 min, 15 min and 60 min. After stopping the reactions, well plates were covered with an 

optical adhesive cover (GPLE, Thermo Fischer Scientific, USA), and the precipitated enzymes 

were removed by centrifugation with Centrifuge 5415 R (13 000 rpm, 4 ˚C, 10 min; Eppendorf, 

Germany). Removal of enzymes was necessary to prevent clogging of the HPLC system. After 

centrifugation, 150 µL of the enzyme-free reaction mixture was carefully pipetted into vials for 

the HPLC-UV analysis.  
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3.2.6.3. HPLC measurements 

 

Samples were analyzed by Agilent 1200 Gradient HPLC System (Agilent Technologies, 

Austria) equipped with a diode array detector. In total, 2 µL of each sample was injected into a 

reversed-phase Nucleodur C18 Pyramid column (5 µm, 250 x 4.6 mm; Macherey Nagel, 

Germany). An isocratic HPLC method was used to separate the hydroxycinnamic acids. A 

combination of mobile phases was utilized for the elution at a total flow rate of 1 mL/min (Table 

5). Previously purified by filtering, double distilled H2O (ddH2O) containing 0.1 % of acetic acid 

(solvent A), served as a water phase, and pure acetonitrile (ACN), which had already been used to 

quench the enzyme reactions, was used as the organic phase. The program of solvent A in B (v/v) 

used is described in detail in Table 5, and the retention times of substrates and their corresponding 

products are in Table 6. Elution was followed at 305 nm.  

 

Table 5. Method parameters for the HPLC analysis of biotransformation products 

Parameter Method 

Column 
Reversed phase Nucleodur C18 Pyramid column (5 µm, 250x4.6 mm; 

Macherey Nagel, Germany) 

Injection volume 2 µL 

Mobile Phase 
A: ACN 

B: ddH2O (0.1 % acetic acid) 

Flow 1 mL/min 

Method Isocratic 

Program 0-13 min – 40 % ACN 

Total program time 13.0 min 

ACN-acetonitrile; ddH2O-double distilled H2O 
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Table 6. Retention time of substrates p-coumaric acid (1a), caffeic acid (1b), ferulic acid (1c) and 

sinapic acid (1d) and their decarboxylated products 4-vinyl phenol (2a), vinyl catechol (2b), 4-

vinyl guaiacol (2c) and vinyl syringol (2d), detected at 305 nm with the HPLC-UV method 

Substrate 
Retention time 

(min) 

Decarboxylation 

Product 

Retention time 

(min) 

OH

OH

O

1a 

3.2 
OH

2a 

2.8 

OH

OH

OH

O

1b  

3.9 

OH

OH
2b 

3.2 

MeO

OH

OH

O

1c 

4.1 

 

MeO

OH
2c 

3.3 

MeO

OH

OH

O

OMe 1d 

3.9 

MeO

OH

OMe 2d 

3.2 

 

 

3.2.7. Spectrophotometric assay for the determination of BsPAD activity 

 

Here we established a fast, robust and sensitive spectrophotometric assay for the activity 

measurements of PAD from Bacillus subtilis (BsPAD_wt) and its I85A mutant (BsPAD_I85A).  

 

3.2.7.1. Measuring absorbance spectra and preparation of the calibration curve  

 

 Electronic absorbance spectra were obtained by measuring each sample at different 

wavelengths (250-500 nm). Calibration curves were necessary for the establishment of 

spectrophotometric assay. The substrate dilutions were prepared the same way described for 

HPLC-UV analysis (see Chapter 3.2.6.1.). The following concentrations of substrate solutions 

were prepared: 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0, 1.5, 2.0, 2.5, 3.0 mM in 50 mM KPi, 
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pH 6.0. 100 µL of dissolved substrate samples were pipetted in UV-STAR® microplate and the 

absorbance of the samples was measured spectrophotometrically with a BioTek Synergy HTX 

plate reader (Agilent Technologies, USA). The absorbance spectrum (250-500 nm) of each sample 

was measured. Product samples were obtained by complete BsPAD_wt decarboxylation of 

substrates (p-CUA, CAA, FA) and by BsPAD_I85A conversion of SA (see Chapter 3.2.5.). The 

same procedure was repeated for each enzymatically obtained decarboxylation product.  

  

3.2.7.2. Reaction conditions for the BsPAD_wt and BsPAD_I85A activity measurements 

 

Decarboxylation reactions were carried out in 1.5 mL reaction tubes in triplicates on a 

Thermomixer comfort shaker (Eppendorf, Germany) with continuous mixing at 450 rpm to 

maintain optimal reaction conditions. 2.5 mM of the substrate (p-CUA, CAA, FA and SA) was 

mixed with 50 mM KPi buffer, pH 6.0, and final reaction volumes were 1.0 mL. Reaction mixtures 

were tempered at 30 ˚C for 10 minutes. Reactions were started by adding a specific volume of 

enzyme solution using a multichannel pipette. The decarboxylation reactions of p-CUA, CAA and 

FA substrates are started by adding 0.0005 µg/µL of BsPAD_wt. In comparison, the 

decarboxylation reaction of SA is carried out with the addition of 0.01 µg/µL BsPAD_I85A. For 

measurement, 100 µL of the reaction mixtures were transferred to UV-transparent UV-STAR well 

plates (96 Well UV-STAR® Microplate, Greiner Bio-One, Austria) and continuously measured at 

the respective wavelength. The decrease in absorbance due to substrate consumption was 

monitored for 20 min. 

 

3.2.7.3. Reaction conditions for the kinetics measurements 

 

Kinetic measurements were conducted with the BsPAD_wt. Reactions were carried out in 

1 mL 50 mM KPi buffer, pH 6.0, with addition 0.0005 µg/µL of enzyme and with different 

substrate concentrations: 0.25, 0.5, 1.0, 1.5, 2.5, 3.0, 4.0, 5.0, 7.0 mM. Reaction conditions and 

measurements were conducted as previously described (see Chapter 3.2.4.2.) and used 

wavelengths for kinetic characterization are shown in Table 8. Based on the obtained results, KM 

and Vmax values were estimated.   
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4. RESULTS AND DISCUSSION 
 

Biocatalytic decarboxylation of bio-based hydroxycinnamic acids offers a sustainable 

route to produce a variety of p-hydroxystyrene derivates with broad applications as antioxidants, 

epoxy-coatings, adhesives and other polymeric materials (Schweiger et al., 2019). A current 

limitation in the application and engineering of phenolic acid decarboxylases is the lack of a robust 

and high-throughput enzyme assay for monitoring the decarboxylation reactions. State-of-the-art 

activity assays require extensive work-up, including product extraction and long analysis times. 

They are also limited to end-point measurements and lack real-time kinetic information. In this 

graduate thesis, a real-time and high-throughput setup for measuring real-time kinetics in the 96-

well plate format was developed. The assay was tested for the conversion of the hydroxycinnamic 

acids: p-coumaric (p-CUA), caffeic (CAA), ferulic (FA) and sinapic acid (SA) employing phenolic 

acid decarboxylase from Bacillus subtilis wild-type (BsPAD_wt) or its I85A mutant 

(BsPAD_I85A).  

Expression (Chapter 3.2.1.) and purification (Chapter 3.2.2.) of recombinant phenolic acid 

decarboxylases (BsPAD_wt and BsPAD_I85A) were conducted, and the purity of the enzymes 

was checked by SDS-PAGE (Chapter 3.2.4.). The complete conversion of substrates to their 

corresponding products was confirmed by TLC (3.2.5.1.) and 1H NMR analysis (3.2.5.2.). The 

specific activity of BsPAD_wt and BsPAD_I85A was determined with HPLC-UV (Chapter 3.2.6.), 

which is a widely employed reference method to estimate concentration of substrates. It was used 

to test the accuracy of a newly established spectrophotometric assay for monitoring BsPAD_wt 

and BsPAD_I85A decarboxylation reactions. UV-VIS spectroscopy was used to acquire 

absorbance spectra and make calibration curves (Chapter 3.2.7.1.) for each substrate (p-CUA, 

CAA, FA and SA) and enzymatically obtained products (4-vinyl phenol, vinyl catechol, 4-vinyl 

guaiacol and vinyl syringol) in the 96-well plate format. Based on the individual molar absorption 

coefficients (Chapter 3.2.8.2.), the spectrophotometric assay was then used to measure Michalis 

Menten kinetics (Chapter 3.2.8.3.).   
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4.1. EXPRESSION AND PURIFICATION OF RECOMBINANT PHENOLIC ACID 

DECARBOXYLASE FROM Bacillus subtilis (BsPAD_wt and BsPAD_I85A) 

 

4.1.1. Protein expression of BsPAD wild type (BsPAD_wt) and BsPAD mutant (BsPAD_I85A) 

 

E. coli BL21 (DE3) cells transformed with expression vectors carrying genes coding for 

wild-type BsPAD or the I85A variant (Chapter 3.2.1) were used for heterologous expression of the 

BsPAD_wt and BsPAD_I85A. Expression of both target proteins could be observed by the 

separation of intense bands at 25 kDa in a SDS-PAGE gel (figure 6), which is in agreement with 

the molecular weight of a BsPAD monomer (Morley et al., 2013, Cavin et al., 1998) which is 20.02 

kDa based on full amino acid sequence (Anonymous 2, 2007). Both proteins were obtained at high 

yield and high purity after a single-step chromatographic purification by the affinity 

chromatography.  

The total yield of BsPAD_wt and BsPAD_I85A, as determined with the BCA protein assay, 

was 41.3 and 36.5 mg per liter of cultivation medium, respectively. Following purification, both 

proteins showed only minor impurities in SDS-PAGE (see Chapter 3.2.4., figure 6).  

 

 

Figure 6. SDS-PAGE of purified BsPAD_wt and BsPAD_I85A. Lane 1: prestained protein ladder 

PageRulerTM (Thermo Fischer Scientific, USA); lane 2: cell free extract (CFE) of BsPAD_wt; lane 

3: flow through (FT) of BsPAD_wt; lane 4: purified BsPAD_wt; lane 5: purified BsPAD_I85A 
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4.2. DETERMINATION OF BsPAD_wt AND BsPAD_I85A ACTIVITY BY THIN LAYER 

CHROMATOGRAPHY AND 1H NMR  

 

To overcome the low solubility of p-hydroxycinnamic acids in aqueous solutions, substrate 

stocks with a 200 mM concentration were prepared in the organic solvent dimethyl sulfoxide 

(DMSO). Low DMSO concentrations below 5% are tolerated by BsPAD enzymes (Schweiger et 

al., 2019). However, the highest substrate concentration achievable under these conditions was 10 

mM. 

 

4.2.1. TLC confirmation of substrates conversion 

 

TLC was used as a qualitative method to confirm that the purified BsPAD enzymes 

(BsPAD_wt and BsPAD_I85A) possess decarboxylation activity and that complete conversion of 

the substrates (p-CUA, CAA, FA by BsPAD_wt, and SA by BsPAD_I85A) was achieved in 

biotransformation reactions. The time-dependent conversion followed by TLC analysis showed 

that FA was converted by BsPAD_wt within one hour, while all other substrates (p-CUA and CAA 

by BsPAD_wt, and SA by BsPAD_I85A) were converted within three hours. 

In the figure 7a it can be clearly seen that one hour after adding the enzymes (BsPAD_wt 

when converting p-CUA, CAA and FA, and BsPAD_I85A in case of SA decarboxylation) to the 

reaction mixtures, in most cases, is short period of time for the full decarboxylation of phenolic 

acids. Although product formation can be easily observed, residual substrates that have not yet 

been decarboxylated are still visible near the baseline on the TLC plate. Three hours after starting 

the reaction, a complete substrates conversion to the desired products was observed (figure 7b, 7c, 

7d and 7e).  
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                                                           a) 

 

 

   

 

 

 

b)                                  c)                                     d)                                    e)  

 

Figure 7. a) TLC of reaction mixtures (Rm) one hour after starting the decarboxylation reactions 

of p-CUA, CAA and FA (2.5 mM each) catalyzed by BsPAD_wt (0.005 µg/mL) and SA (2.5 mM) 

catalyzed by BsPAD_I85A (0.01 µg/mL). TLC of Rm three hours after starting decarboxylation 

reaction of: (b) p-CUA, (c) CAA and (d) FA by BsPAD_wt. TLC of Rm three hours after starting 

decarboxylation reaction of SA by BsPAD_I85A. Spots highlighted with red circles represent 

decarboxylated products 4-VP, 4-VC, 4-VG and 4-VS. Black circles represent 10 mM substrate 

standards (p-CUA, CAA, FA and SA), and blue circles represent BsPAD_wt or BsPAD_I85A 

enzyme dilution, also serving as standards  

                                              

 

FA   CUA  CAA  SA 



35 
 

4.2.2. 1H NMR confirmation of substrate conversion 

 

 Decarboxylation products obtained after full conversion of substrates (4-VP, 4-VG and 4-

VS) were analysed by 1H NMR spectroscopy and compared to commercially available p-

hydroxystyrenes. After extraction of the reaction products with methyl tert-butyl ether (MTBE), 

samples were dissolved in a precisely determined volume of deuterated chloroform (CDCl3; 

Chapter 3.2.5.2.).  

An NMR spectrum of 4-VP obtained from p-CUA is shown in figure 8. Three olefinic 

protons (open-chain unsaturated hydrocarbons with at least one double bond) δ 5.1 (d, 1 H), δ 5.6 

(d, 1 H), δ 6.6 (m, 1 H) and four aromatic protons (protons directly attached to a benzene ring) δ 

6.7 (dd, 2 H), δ 7.3 (dd, 2 H) were observed, while one hydroxyl group could not be observed. The 

alcohol peak may not appear in the 1H NMR because alcohols readily exchange hydroxyl protons. 

Exchange occurs between molecules with similar or different structures, and it is possible that the 

proton from the hydroxyl group exchanged with a deuterium atom from the chloroform (Xu et al., 

2017). Additional peaks indicative of DMSO and water were also observed. The 1H NMR 

spectrum of the enzymatically obtained 4-VP is in excellent agreement with the spectrum of the 

commercially available 4-VP standard (figure 9.). The spectrum of the used 4-VP standard 

contains an additional peak showing one hydroxyl group (R-O-H) δ 9.5 (s, 1 H) (figure 9.). 
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Figure 8. 1H NMR spectrum of 4-VP obtained via BsPAD_wt decarboxylation of p-CUA  
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Figure 9. 1H NMR analysis of the 4-VP standard  

 

The 1H NMR spectrum of 4-VG obtained from the enzymatic conversion of FA is shown 

in figure 10. It shows one methoxy group (R-O-CH3) δ 3.9 (s, 3 H), one hydroxyl group (R-O-H) 

δ 5.75 (s, 1 H), three aromatic protons δ 6.85-6.95 (m, 3 H) and olefinic protons δ 5.1 (d, 1 H), δ 

5.6 (d, 1 H), δ 6.6 (dd, 1 H). Again, additional peaks from the extraction of the resulting product 

were observed. Peaks indicative of H2O δ 1.2, DMSO δ 3.2, MTBE δ 1.78 and δ 2.2 and the solvent 

CDCl3 δ 7.26 were visible. However, the 1H NMR spectrum of enzymatically obtained 4-VG is in 

agreement with the NMR spectrum of commercially available analytical grade chemical 

(Karmakar et al., 2000).  
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Figure 10. 1H NMR spectrum of 4-VG obtained via BsPAD_wt decarboxylation of FA  

 

The 1H NMR spectrum of enzymatically obtained 4-VS from SA is shown in figure 11. It 

showed two methoxy groups (R-O-CH3) δ 3.90 (s, 6 H), three olefinic protons δ 5.1 (d, 1 H), δ 5.6 

(dd, 2 H), two aromatic protons δ 6.60 (dd, 2 H), while one hydroxyl group was not observed. 

Results were comparable with chemically synthesized 2-methoxy-4-vinylphenol (4-VS) from the 

syringaldehyde (3,5-dimethoxy-4-hydroxybenzaldehyde) precursor (Zago et al., 2016). In 

alignment with the previous spectra, additional peaks indicative of water, DMSO, MTBE and 

CDCl3 were observed.  
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Figure 11. 1H NMR spectrum of 4-VS obtained via BsPAD_I85A decarboxylation of SA  

 

BsPAD_wt and BsPAD_I85A both generated NMR-pure p-hydroxystyrenes from the 

tested hydroxycinnamic acids (p-CUA, FA and SA). No traces of unconverted substrates could be 

identified. As a result, the protein-free products were used as calibration standards for HPLC-UV 

analysis and UV-VIS spectrophotometric assay. 
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4.3. DEVELOPMENT OF AN UV-VIS SPECTROPHOTOMETRIC ASSAY FOR THE 

ACTIVITY AND KINTEIC MEASUREMENTS OF PHENOLIC ACID 

DECARBOXYLASE FROM Bacillus subtilis 

 

4.3.1. UV-VIS absorbance spectra of substrates (p-CUA, CAA, FA and SA) and decarboxylated 

products (4-VP, 4-VC, 4-VG and 4-VS) 

 

The herein described assay procedure builds on the well-known spectral features of 

substrates - p-hydroxycinnamic acids, which show absorption in the far- and near-UV range. 

Regarding the products, a simplified spectrophotometric method for detecting 4-VP initially 

reported by Cavin et al. (1993), which observed a hypsochromic shifts from 285-300 nm to 260 

nm upon conversion of p-hydroxycinnamic acids to the respective decarboxylation products.  

The first part of developing a fast, robust and sensitive spectrophotometric assay consisted 

of the accurate determination of molar absorption coefficients based on the absorbance spectra of 

each substrate (p-CUA, CAA, FA and SA) and the enzymatically converted products (see Chapter 

3.2.7.1) at different wavelengths from 250 to 500 nm. UV-VIS spectra are created by recording 

the light intensity a sample absorbs, transmits or reflects depending on the wavelength. The main 

goal was to select wavelengths for each of the substrates and their respective decarboxylated 

products that do not overlap. Initially, electronic UV-VIS spectra of all p-hydroxycinnamic acids 

(p-CUA, CAA, FA and SA) and their corresponding p-hydroxystyrene products (4-VP, 4-VC, 4-

VG and 4-VS) were recorded, and the corresponding molar absorption coefficients were 

determined (figure 12). All p-hydroxycinnamic acids showed similar spectral fingerprints with 

maxima at 290 to 320 nm.   
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a)                                                                              b) 

  

 

 

 

 

 

 

 

 

 

c)                                                                                d)  

 

 

 

 

 

 

 

 

 

 

Figure 12. Molar absorption of 0.3 mM substrates p-CUA (a), CAA (b), FA (c) and SA (d) (blue 

line) and their corresponding decarboxylated 0.3 mM products 4-VP (a), 4-VC (b), 4-VG (c) and 

4-VS (d) (red line) that were obtained after full enzymatic conversion of substrates. The shaded 

area below the blue line indicates the region where no overlap between the absorbance of the 

substrates and their decarboxylated products was observed. Blue arrows point to the maximum 

molar absorbance of each substrate, while red arrows point to the maximum molar absorbance of 

the products 
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The method described in this thesis finally enabled the determination of the time-dependent 

residual substrate concentration (substrate conversion) in a real-time assay. In the following, the 

assay procedure was optimized to accommodate high substrate concentrations (> KM), while 

maintaining accurate measurement conditions. 

The procedure was optimized for the 96-well plate format. Initially, absorbance spectra 

were recorded from 250-500 nm using commercially available substrate solutions (p-CUA, CAA, 

FA and SA) and enzymatically decarboxylated products (4-VP, 4-VC, 4-VG and 4-VS). Different 

concentrations of mentioned phenolic compounds were measured in a UV-VIS plate reader (see 

Chapter 3.2.8.1.). Figure 12. shows comparisons of the absorption spectra of commercially 

available substrate solutions and their converted products. Each absorption spectrum shows a 

different region of wavelengths (red shading) at which substrate and product absorption did not 

overlap. Thus, for each substrate, there is a different part of the spectrum in which the substrate’s 

consumption can be measured without the influence of the product formation. During the substrate 

conversion, carboxyl group is removed, which changes the structure and conjugation of the 

obtained product, ultimately leading to a hypsochromic shift. In the example of p-CUA (figure 

12.a) it can be seen that the maximal absorbance of the substrate is at 290 nm. In comparison, the 

maximum absorbance of the converted product, 4-VG, is at 260 nm. These findings agree with 

previously reported values for p-hydroxycinnamic acids (Miyagusuku-Cruzado et al., 2020). In 

the region between 310-330 nm, the substrate absorbs light, but the product does not, and based 

on that, a particular wavelength was chosen at which enzyme activity and kinetic measurements 

were carried out. In addition to the enzymatic decarboxylation of p-CUA, the mentioned 

hypsochomic shift appeared during CAA and FA (BsPAD_wt) and SA (BsPAD_I85A) conversion. 

For each substrate, a specific wavelength was selected for further analysis (table 7). These 

measurements were carried out in 96-well plates using a plater reader. 
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Table 7. Wavelengths selected for monitoring decarboxylation reactions of p-CUA, CAA and FA 

by BsPAD_wt and conversion of SA by BsPAD_I85  

Enzyme BsPAD_wt BsPAD_I85A 

Substrate p-CUA CAA FA SA 

Wavelength (nm) 324 337 335 339 

Molar absorption  

coefficient (M-1 cm-1) 
3.57 3.63 3.78 3.63 

 

Based on selected wavelengths, different substrate and product concentrations (0.1-3.0 

mM) were prepared, and their absorbances were measured (see Chapter 3.2.7.1.). The measured 

UV-VIS absorption values showed a linear correlation with the concentration of the individual 

compounds. Based on this, calibration curves were created (figure 13) and used to calculate the 

molar absorption coefficients (table 7). 
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a)                                                                             b) 

 

c)                                                                             d) 

 

 

 

Figure 13. Calibration curves for p-CUA (a), CA (b), FA (c) and SA (d) at different wavelengths, 

used for further UV-VIS spectrophotometric phenolic acid decarboxylase (BsPAD_wt and 

BsPAD_I85A) activity measurements  

 

Due to the high absorbance of the substrates (figure 13), substrate concentrations higher 

than ~1 mM saturated the detector and were not measurable with the standard 96 well-plate 

protocols. In order to expand the concentration range of the assay, different volumes of reaction 

mixture (50-100 µL) in wells were tested. Considering pipetting errors and evaporation effects in 
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longer measurements, the most accurate results were obtained when using a total reaction volume 

of 100 µL in each well, while lower volumes did not yield reproducible results. In addition, the 

linearity of the molar absorption was tested at higher wavelengths from 324 nm (p-CUA), 337 nm 

(CAA), 335 nm (FA) and 339 nm (SA) up to 344 nm. With this, the substrate concentration in the 

reaction mixture could be increased to 7.0 mM. From there, 2.5 mM was the chosen concentration 

for further activity measurements. 
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4.3.2. Comparison of specific activity of BsPAD_wt and BsPAD_I85A followed by the HPLC 

and UV-VIS spectroscopy 

 

The specific activity generated by UV-VIS spectroscopic assay for the wild-type and the 

I85A mutant were compared with the values obtained by HPLC, which is the most commonly used 

method to follow PAD activity (see Chapter 4.3.). The first part of establishing the HPLC-UV 

assay was to create calibration curves of each substrate and their decarboxylated product. Samples 

of various substrate concentrations (1.0-10.0 mM) were prepared, and their absorbance was 

measured with HPLC-UV (see Chapter 3.2.6.1.). All calibration samples were prepared in 

quadruplicates. Collected absorbance results were proportional to substrate concentration of each 

sample and based on that, resulting standard calibration curves were created (figure 14) and used 

for HPLC-UV BsPAD_wt and BsPAD_I85A activity measurements. 
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a)                                                                                  b)     

 

c)                                                                                   d) 

 

Figure 14. Calibration curves for p-CUA (a), CAA (b), FA (c) and SA (d) created by using the 

HPLC-UV method 

 

An UV-VIS spectrophotometric assay development started by attempting to obtain 

maximally similar reaction conditions to compare the spectrophotometric assay with the HPLC-

UV measurements. The specific activity of BsPAD_wt and BsPAD_I85A was determined using 

an established HPLC-UV method (see Chapter 3.2.6.3) using gradient HPLC System equipped 
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with a DAD detector (Agilent Technologies, Austria) and the obtained values were later compared 

with the results obtained using the UV-VIS spectrophotometric method. One of the goals was to 

quench the reaction at the same time points as when measured by HPLC-UV assay and then 

measure absorbance of the samples spectrophotometrically. One attempt of reaction quenching 

was using acetonitrile (ACN), which is commonly used to stop enzyme reactions (e.g. for HPLC-

UV analysis). Other attempts to quench the reaction were by using hydrochloric acid (HCl) and 

freezing sample aliquots with liquid nitrogen. However, ACN led to a change in the absorption 

spectrum. When ACN was used, each HPLC-UV analysis was performed in triplicates or 

quadruplicates, and the results showed excessive errors in absorbance. Quenching the reactions 

using HCl also led to spectral changes, and repeats showed significant deviations in absorbance 

making this method unsuitable. Freezing the samples in liquid nitrogen caused only short-term 

inactivation of the enzyme. As a result of these quenching experiments, the reactions were 

followed in a photometer by starting reactions by adding BsPAD_wt or BsPAD_I85A, and 

absorbances were measured in a real-time for 60 min (see Chapter 3.2.8.2). The substrate 

concentrations in these experiments were set to 2.5 mM, which is within the measurement range 

of the UV-VIS photometric assay and HLPC-UV analysis.  

Figure 15 compares the residual substrate concentration during BsPAD-catalyzed reactions 

quantified in time-dependent manner by the UV-VIS spectrophotometric assay and discontinuous 

analysis by HPLC-UV.  
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a)                                                                               b)      

 

c)                                                                          d) 

 

 

 

Figure 15. Comparison of substrate consumption by BsPAD_wt (p-CUA, CAA and FA) and 

BsPAD_I85A (SA) as determined by HPLC-UV analysis (red dots) and the UV-VIS photometric 

detection (blue curve) 

 

Firstly, it can be noticed that measured absorbances by both methods show a strong overlap 

at the same time points. This fact supports the accuracy of the collected results by novel 

spectrophotometric assay. Also, important to mention is that the spectrophotometric assay 

generated significantly more data points when compared with the HPLC-UV analysis since the 
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previous one acquires the absorbance every 30 s. This way, substrate conversion is monitored in 

real-time from the beginning of the reaction. Because the BsPAD enzyme is stable and fast, the 

photometric measurements in the 96-well plate format allowed to simultaneously measure a large 

number of samples, with the results being obtained within 20 min. When the novel 

spectrophotometric assay is compared to the HPLC-UV method, the latter one requires several 

hours for similar number of samples. 

Table 8 compares the specific activities of the wild-type and I85A BsPAD mutant obtained 

by the two analysis methods – HPLC-UV and the novel photometric assay. Both methods showed 

similar progress curves, as can be easily seen in the figure 15, the very accuracy of the 

spectrophotometric method is confirmed by the highly similar values of specific activities of the 

enzymes towards different substrates. 

 

Table 8. Comparison of specific activities of BsPADs determined by the HPLC-UV assay and by 

the spectrophotometric method in plate reader 

Enzyme BsPAD_wt BsPAD_I85A 

Substrate p-CUA CAA FA SA 

 Specific 

activity 

(U/mg) 

Std. error 

Specific 

activity 

(U/mg) 

Std. error 

Specific 

activity 

(U/mg) 

Std. error 

Specific 

activity 

(U/mg) 

Std. error 

HPLC 243.50 86.93 144.0 88.07 297.90 52.81 14.60 0.85 

Plate 

reader 
243.90 59.41 143.0 18.54 315.40 8.33 14.40 1.68 

 

Regarding all decarboxylation reactions, conventional natural p-hydroxycinnamic acids, 

such as p-CUA, CAA and FA, are readily accepted by wild-type BsPAD that in first few minutes 

after starting the reaction in the reaction mixture, shows very high specific activity. BsPAD_wt 

showed the highest specific activity towards converting FA, and the lowest towards CAA (table 

8).  
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4.3.3. Determination of the kinetic constants (KM and Vmax values) of BsPAD_wt for p-CUA, 

CAA and FA 

 

In the following, the spectrophotometric assay was used to estimate kinetic constants - KM 

and Vmax values for the decarboxylation of p-hydroxycinammic acids (p-CUA, CAA and FA) by 

BsPAD_wt in 96-well plates. To this end, different substrate concentrations were used in reaction 

mixtures in range 0.25 - 6.0 mM and changes in absorbance of the reaction mixture were followed 

at different wavelengths for each substrate (table 9). Initial slopes of the reactions were used to 

calculate enzyme activities, which were fitted to the Michaelis-Menten equation for two substrates 

– p-CUA and FA, or to the Michaelis-Menten equation with substrate inhibition for CAA. 

Resulting Michaelis-Menten graphs are shown in figure 16 and estimated kinetic konstants in table 

10. 

 

Table 9. Wavelengths used in the novel spectrophotometric assay for kinetic characterization of 

BsPAD_wt 

Enzyme BsPAD_wt 

Substrate p-CUA CAA FA 

Wavelength (nm) 329 344 344 
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a)                                                                                   b) 

 

 

 

 

 

 

    c)  

 

 

 

 

 

 

 

Figure 16. Michaelis-Menten curves generated for estimation of KM and Vmax for BsPAD_wt 

catalyzed decarboxylation of p-CUA (a), CAA (b) and FA (c)  

 

Table 10. Determined kinetic constants of BsPAD_wt catalyzed reactions 

Substrate KM (mM) Vmax (U/mg) Std. error (Vmax) (U/mg) 

p-CUA 1.83 395.35  104.71  

CAA 0.28 209.91 10.98 

FA 1.34  403.59 12.21 
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For all three tested substrates, high Vmax values were obtained. Also  their KM values were 

diferent. The highest affinity was found for CAA (0.28 mM), while for p-CUA and FA had 

considerably higher KM values were obtained - 1.83 and 1.34 mM, respectively. The obtained 

kinetic constants are in agreement with the values known from the literature (Cavin et al., 1998).  

All assays were performed in UV-transparent 96-well plates using low volumes and low 

enzyme concentrations. The use of liquid handling equipment allowed simultaneous measurement 

of multiple samples, thus increasing the throughpout. However, the reproducibility of the assays 

was high, indicated by low standard deviations (typically < 7%).  
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4.3.4. PAD activity assay protocol 

 

 Based on the obtained results, we propose the following assay protocol to measure PADs 

decarboxylation activity (figure 17): 

 

 

Figure 17. Proposed protocol for the novel spectrophotometric assay 

 

Step 1: Prepare a 50 mM potassium-phosphate buffer (KPi; or another suitable buffer), pH 6.0. 

Prepare 10 mM substrate (p-CUA, CAA, FA or SA) stock solution in 50 mM KPi buffer, pH 6.0. 

Also prepare appropriate enzyme dilutions (BsPAD_wt in case of p-CUA, CAA, FA conversion 

or BsPAD_I85A in case of SA decarboxylation) in the 50 mM KPi buffer, pH 6.0. 

Step 2: Reactions are carried out in 1.5 mL reaction tubes to the final reaction volume of 1.0 mL. 

Dilute substrate stock solution in reaction tubes with the 50 mM KPi buffer, pH 6.0, to final 

concentration of substrate of 2.5 mM and adjust temeprature at 30 ˚C, 450 rpm for 10 min. 
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Reactions are started by the addition of enzyme solution (final BsPAD_wt concentration of 0.0005 

µg/µL or BsPAD_I85A concentration of 0.01 µg/µL) to the reaction tubes using a multichannel 

pipette. Pipette should be previously set to mix the reaction mixture after addition of enzyme 3 x.  

Step 3: Immediately after mixing, with the same multichanell pipette, transfer 100 µL of each 

sample to the UV-tansparent 96 well plates. 

Step 4: Insert the well plate in the plate reader and start the absorbance measurements at 320-340 

nm (depending on the measured substrate conversion) for 60 minutes.   

 

 

  



56 
 

5. CONCLUSIONS 
 

Based on the results obtained within this Graduate Thesis, the following conclusions can be drawn: 

 

1. Bacillus subtilis phenolic acid decarboxylase (BsPAD_wt) and its variant BsPAD_I85A were 

successfully expressed in E. coli BL21 (DE3) and purified by the affinity chromatography. 

Molecular weight of both monomers (BsPAD_wt and BsPAD_I85A) expressed with high yield 

(41.3 mg/L and 36.5 mg/L, respectively) was estimated by using SDS-PAGE to approximately 25 

kDa. 

2. Activity of the two variants (BsPAD_wt and BsPAD_I85A) towards p-hydroxycinnamic acids 

(p-coumaric acid, p-CUA; caffeic acid, CAA; and ferulic acid; FA for BsPAD_wt; and sinapic 

acid, SA for BsPAD_I85A) was qualitatively confirmed by using TLC and 1H NMR. 

3. Since current methods to kinetically characterise industrially relevant decarboxylation reactions 

of phenolic acids rely on HPLC, MS, GC or NMR methods, which require extensive sample work-

up while measuring only endpoint concentrations, development of a fast, robust and sensitive 

spectrophotometric assay allowing following decarboxylation reactions in real-time while 

avoiding product extraction was in high demand. Therefore, absorbance spectra for each substrate 

(p-CUA, CAA, FA, and SA) and corresponding products (4-vinyl phenol, 4-VP; vinyl catechol, 

4-VC; 4-vinyl guaiacol, 4-VG; and vinyl syringol, 4-VS) were acquired and range of wavelengths 

with no substrate/product overlap were defined. Further, calibration curves for the substrates (p-

CUA, 324 nm; CAA, 337 nm; FA, 335 nm; and SA, 339 nm) were created and molar absorption 

coefficients for each substrate estimated. 

4. Protocol for spectrophotometric assay was established and used for determination of BsPAD_wt 

and BsPAD_I85A activity. Obtained results expressed as specific activity are completely in 

agreement with data collected by the HPLC-UV method in common practice. 

5. The established spectrophotometric assay was then used to estimate kinetic parameters (KM and 

Vmax) for three substrates (p-CUA, CAA, and FA) decarboxylated by BsPAD_wt. The enzyme 

showed higher affinity towards CAA (KM of 0.28 mM) than for p-CUA and FA (KM of 1.34 and 

1.38 mM, respectively). 
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6. Using BsPAD as a model PAD, the spectrophotometric assay procedure was optimized for use 

in microtiter plates, allowing fast and real-time measurement of enzyme activities. This procedure 

requires considerably lower enzyme amounts (0.5-10 µg), while no sample workup is needed. The 

availablilty of a fast and robust assay that is high-throughput ready allows, for example, to screen 

mutagenesis libraries for improved variants, or can help identifying new decarboxylases. Thus, the 

herein described enzyme procedure has the potential to ease and enhance the engineering of 

phenolic acid decarboxylases.  
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