
 

 

 

 

Chapter 6 

C4H expression in Pichia pastoris 
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6.1 Abstract 

Cytochrome P450s are one of the largest superfamilies of enzymes found in almost all living 

organisms. Cinnamic acid 4-hydroxylase (C4H) is a cytochrome P450-dependent mono-

oxygenase widely present in higher plants. According to the known phenylpropanoid 

biosynthetic pathway, this is the second enzyme in the pathway which catalyzes 

hydroxylation of transcinnamic acid, the product of phenylalanine ammonia-lyase (PAL) 

action. The full length cDNA of C4H was isolated from Helichrysum aureonitens and for the 

first time integrated in a secreted expression vector, pPICZαC, and then transformed into 

Pichia pastoris. After 48 hrs of methanol-induction protein was collected, precipitated by 

ammonium sulphate and purified using column chromatography. SDS-PAGE electrophoresis 

and Western blot showed the expression of a His-tagged protein with a size of 50-60 kDa. The 

calculated mass of recombinant C4H, including the polyhistidine tag is about 60.5 kDa. The 

secreted protein was found to be a suitable system for the expression of recombinant C4H 

protein.  
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6.2 Introduction 

Cytochrome P450s are one of the largest superfamilies of heme-containing enzymes 

(Chapple, 1998) found in almost all living organisms. Up to now P450s have been found in 

bacteria, insects, fish, mammals, plants, and fungi (Chapple, 1998). Cinnamic acid 4-

hydroxylase (C4H) is a cytochrome P450-dependent mono-oxygenase and the second enzyme 

in the common branch of the phenylpropanoid pathway (Hotze, et al., 1995). Biochemical and 

genetic data have demonstrated that C4H belongs to the CYP73A subfamily of cytochrome 

P450-dependent mono-oxygenase family of enzymes (Schalk et al., 1998), which are 

widespread represented in higher plants (Yamamura et al., 2001). According to the 4’-OH 

phenylpropanoid biosynthetic pathway, this enzyme catalyzes the hydroxylation of 

transcinnamic acid, which is derived from phenylalanine by the action of phenylalanine 

ammonia-lyase. The product of the C4H reaction, 4-coumaric acid, is then activated to its 

CoA thioester by 4-coumarate: CoA ligase, and the 4-coumaroyl CoA is then funneled into 

branched pathways leading to a wide array of phenolic metabolites, including lignin, 

flavonoids and coumarins (Yamamura et al., 2001).  

All known plant cytochrome P450 mono-oxygenase reactions depend on the associated 

activity of an NADPH: cytochrome P450 oxidoreductase (CPR) (Koopmann and Hahlbrock, 

1997). Most of the cytochrome P450 mono-oxygenase enzymes do not use NADPH directly 

but interact with a P450 oxidoreductase, a flavoprotein, (Chapple, 1998) that transfers 

electrons from NADPH via FAD and FMN to the prosthetic heme group of the P450 protein 

(Koopmann and Hahlbrock, 1997). Although detailed characteristics, including structural 

properties of CPRs have been reported for animal systems (Kim et al., 1996), only a few of 

these enzymes have been purified (Meijer et al, 1993) and cloned from plant sources (Urban 

et al., 1997). 
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Several expression systems have been developed for heterologous gene expression such as 

yeast 

(Saccharomyces cerevisiae and Pichia pastoris), mammalian cells, amphibian oocytes 

(Xenopus laevis), insect cells and bacteria (Escherichia coli). Plant cells are useful as hosts if 

mutants are available (Holton et al., 1993), but in many cases the distinction from resident 

activities may present a problem. Expression of the prokaryotic heterologous genes in E. coli 

is the most popular and has been widely used for the last three decades (Daly and Hearn, 

2005). However, the expression of the active, soluble P450 hydroxylases in E. coli has proven 

to be challenging in the past due to the difficulty of prokaryotic organisms to harbor these 

membrane-associated mono-oxygenases (Hotze et al. 1995), protein insolubility (Oeda et al., 

1985), lack of P450-reductase function (Porter et al., 1987), or due to limitations in heme 

biosynthesis (Gallagher et al., 1992; Sinha and Ferguson, 1998). Indeed, the selection of an 

expression system is affected by different factors including the type of protein being 

expressed (eg. prokaryotic vs. eukaryotic, soluble vs. membrane bound) and the experimental 

purpose (eg. kinetics interaction studies or antibody production) (Stutzer `, 2008). 

Expression of eukaryotic heterologous genes in prokaryotic cells can be very difficult when a 

functional protein is required, due to the fact that they lack the molecular machinery required 

for post-translational modifications (glycosylation, proline cis / trans isomerisation, disulphide 

isomerisation, lipidation, phosphorylation, etc.). E. coli is therefore not suitable for the 

expression of eukaryotic derived-proteins with a high demand for disulphide bonding and 

other types of post-translational modifications (Daly and Hearn, 2005). 

Protein expression in yeast not only has all the advantages of eukaryotic protein processing 

such as folding and post-translational modifications of eukaryotes, but also has similar 

molecular manipulation and growth characteristics of prokaryotes (Cregg et al., 1993). The 

first yeast species that had been developed as an expression system was the baker’s yeast 

 
 
 



126 
 

Saccharomyces cerevisiae, but it is not always a successful expression host (Cregg et al., 

1993). The yeast, Pichia pastoris, was selected and developed as an alternative yeast 

expression host, since it displays a lower degree of glycosylation of the recombinant protein 

than that associated with expression in S. cerevisiae (Invitrogen Corporation, 2001). It also 

contain  methanol-regulated promoters which easily regulated during fermenting conditions. 

As a eukaryote, P. pastoris has many of the advantages of the higher eukaryotic expression 

systems such as protein processing, protein folding, and post-translational modification, as 

well as being as easy to manipulate as E. coli or S. cerevisiae. It is faster, easier, and less 

expensive to use than other cell-culture based eukaryotic expression systems and generally 

offer higher expression levels (10- to 100-fold higher heterologous protein expression levels 

than Saccharomyces). These features make Pichia very attractive as a heterologous protein 

expression system.  

P. pastoris is methylotrophic yeast, capable of metabolizing methanol as its sole carbon 

source. This is achieved by the oxidation of methanol to formaldehyde using molecular 

oxygen by the enzyme alcohol oxidase (AOX). The promoter regulating the production of 

alcohol oxidase is the one used to drive the MeOH-induced protein expression in Pichia 

(Invitrogen Corporation, 2001). Two genes, AOX1 and AOX2 encode the AOX enzyme. The 

AOX1 gene is responsible for the production of the majority about 85% the alcohol oxidase 

activity (Daly and Hearn, 2005). This gene is tightly regulated by the AOX1 promoter that has 

been isolated and introduced into the plasmid-borne versions to drive the heterologous protein 

expression. The AOX2 gene, though highly homologous to AOX1 (97%), gives a much 

slower growth on methanol in comparison to AOX1. Therefore, the loss or mutation of the 

AOX1 gene results in a strain that must rely on the AOX2 gene for expression. These results 

in a phenotype where methanol utilisation slow or MutS, while the wild-type phenotype is 

designated as Mut+ (Invitrogen Corporation, 2001).  
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Expression of homologous proteins in P. pastoris is performed by the integration of DNA by 

a single crossover at a specific locus (eg. AOX1 gene) of the genome (Fig. 6.1). Multiple gene 

insertion into the pPICZ plasmid expression at a single locus in a cell is also possible. Due to 

the low frequency of multiple gene insertion events, the rate of transformation is between 1 

and 10%, and is detected in Zeocin resistant transformants (Invitrogen Corporation, 2001). 

Multi-copy events can occur as gene insertions either at the AOX1 or the aox1: ARG4  loci 

(Fig. 6.2). 
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Fig. 6. 1. Insertion of the homologous genes into the AOX1 locus of Pichia pastoris (adapted 

from Invitrogen Corporation, 2001). The red cross indicates a single crossover between the 

promoter region of an expression vector containing the gene of interest and the promoter 

region in the yeast genome. This leads to the integration of the homologous gene to the intact 

genome of Pichia pastoris. This integration yields a stable transformant that encodes the 

target gene and a selected marker (antibiotic resistance), regulated by the AOX1 promoter.  
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Fig. 6. 2. Insertion of the multiple heterologous genes into the expression pPICZ plasmids. 

Multi-copy events can occur as gene insertions either at the AOX1 or the aox1::ARG4 loci 

(Invitrogen Corporation, 2001).  

 

Both intracellular and extracellular secreted expression of proteins can be performed in P. 

pastoris. The secreted expression requires a secretary signal sequence allowing secretion of 

the expressed protein. The secretion signal sequence from the α-factor peptide of S. cerevisiae 

has been found to give the highest success rate (Cregg et al., 1993). The low levels of 

exogenous native proteins produced by P. pastoris are the main advantage of this secreted 

expression. This means that the secreted expressed protein comprises the majority of the total 

protein in the induction medium.  

Prior to integration of the gene of interest into a P. pastoris expression plasmid, a suitable 

expression vector should be chosen, based on type and the purpose of expression of the 

protein of choice. Two plasmids are supplied; intracellular- (pPICZ vectors) and secreted 

expression (pPICZα vectors) (Fig. 6.2). Both these vectors contain the origins of replication 

for the amplification of plasmids in a prokaryotic host, like E. coli (strains TOP10F’, JM109, 
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DH5αF), before transformation into yeast. Each vector also contains unique restriction sites 

(Sac I, Pme I and BstX I) that can be used for the linearisation of the plasmids for an effective 

homologous recombination into the P. pastoris genome. The pPICZα vectors encode the α-

factor mating signal sequencing from S. cerevisiae that allows expression via the secretory 

pathway (Brake et al., 1984). During secretion, the signal sequence is processed in two steps 

by cleavage with P. pastoris specific signal peptidases, KEX2 and STE13. 
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Fig.  3. 3. Structures of pPICZ vectors used for the expression of the heterologous gene in an 

EasySelectTM Pichia expression system (Invitrogen Corporation, 2001). A: pPICZ, 

intracellular expression system. B: pPICZα, secreted expression system.  

 

 
 
 



130 
 

This part of the study was carried out to investigate the second step of the hypothesis which is 

the expression of C4H. This step is important to determine that the isolated C4H from H. 

aureonites is a putative gene? For that purpose a secreted expression systems in P. pastoris 

was chosen. The objective of this experiment was planned as follows:For expression, yeast 

(P. pastoris) was investigated as a model system for the heterologous expression of H. 

aureonites transcripts, using the open reading frame identified for C4H. This would allow 

insight into yeast-mediated post transcription modification such as early termination and 

possible overglycosylation. Finally, confirmation of the amino acid sequence of recombinant 

C4H will be performed to determine full-length expression. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 



131 
 

6.3 Materials and methods 

6.3.1 Plant materials 

Greenhouse grown plants of H. aureonitens were used for the total RNA isolation and 

subsequent cDNA synthsis. 

 

6.3.2 Total RNA isolation and cDNA synthesis 

Fully expanded leaves harvested from the greenhouse grown plants were used for total RNA 

isolation, using a TriPure total RNA isolation kit. Genomic DNA contamination was 

eliminated by digestion with a RNase free DNase (Fermentas, Europe). Total RNA was 

quantified and qualified using NanoDrop® spectrophotometer and by analyzing it on 1 % 

agarose gel containing ethidium bromide.  Approximately 1 µg total RNA was used to 

synthesize cDNA. The standard reverse transcription protocol was used to synthesize the first 

strand of cDNA according to the manufacturer’s recommendations (Promega, USA). 

 

6.3.3 C4H full gene amplification and digestion 

The open reading frame (ORF) of the mature gene of interest should be cloned in a frame and 

downstream of the α-factor signal sequence and in the frame with the C-terminal tag 

(Invtrogen Corporation, 2001). For this purpose a set of gene specific oligonucleotides were 

designed to amplify the ORF of the C4H and incorporation of two restriction site at the ends 

for directional cloning, including Xho I at 5’ side and Sac II at 3’ side. The reverse primer 

contains a Sac II restriction enzyme site and a silenced stop codon to ensure incorporation of 

the C-terminal myc and His-tags. 
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Table 6. 1. Primers for the amplification and directional cloning of the C4H into the 

pPICZαC plasmid. Restriction enzyme sites are underlined. The α-factor signal sequence 

cleavage sites for KEX2 and STE13 and part of the insert are indicated by arrows and italics 

respectively. The bold three- nucleotide at the 5’ side of the primers are extra nucleotides for 

increasing the efficiency of digestion. 

 

 

A TOPO-TA plasmid (Invitrogen, USA) containing the full-length C4H was used as a 

template for the PCR amplification of the C4H ORF. Amplification was performed in a 

reaction containing 1 µl of a 100x dilution of the plasmid DNA template (240 ng / µl), 1 µl of 

20 µM of both CHexp forward and reverse primers (Table 6.2), 2 µl of 10x bio line buffer, 2 

µl of 50 mM MgCl2, 2 µl dNTPs (2.5 mM of each) and 0.2 µl Taq polymerase (5 U / µl, Bio 

line). The master mix was made up to a final volume of 25 µl by adding double distilled 

deionised water. A hot-start PCR amplification was performed for 30 cycles with denaturation 

at 94 ˚C for 30 seconds and annealing and extension at 72 ˚C for 2 minutes. It was followed 

by a final extension for 30 minutes at 72 ˚C, as described in chapter 5. 

 

6.3.4 Preparation of the pPICZαC expression plasmids 

A frozen stock of E. coli strain JM109 containing pPICZαC, was kindly supplied by Dr 

Christine Maritz-Oliver (Department of Biochemistry, University of Pretoria). One microliter 

of the frozen stock was inoculated into 4 µl liquid low salt LB medium (1% tryptone, 0.5% 

Primer name Primer sequence 5’-3 Tm ˚C 

CHexp-FW CCGCTCGAGAAGAGA  GAGGCT  GAAGCAGATCTACTCCTTTTG 
                   Xho I                                 kex2                 Ste13                                Insert 

74.47 

CHexp-RV TCCCCGCGGCAAGAGATCTTGGTTTGGC 
                                                                Insert 

71.94 
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NaCl, 0.5% yeast extract, pH 7.5) and incubated overnight at 30 ˚C with shaking at 200 rpm. 

Selection screening was accomplished by adding ZeocinTM at a final concentration of 12 µg / 

ml.  Since ZeocinTM is sensitive to high salt concentrations, all culturing was done using low 

salt LB. The pPICZαC plasmid was subsequently isolated according to manufacturer’s 

instructions from the over-night culture using a plasmid purification kit from Fermentas 

(Europe). 

 

6.3.5 Directional cloning of C4H ORF into pPICZαC 

Both the pPICZαC plasmids and the open reading frame for C4H were digested with Sac II 

and Xho I in two separate reactions. Firstly, Sac II digestion was performed in a reaction 

mixture containing 2 µg of plasmid or insert, 1 µl of Sac II restriction enzyme (10 U / µl, 

Fermentas, Europe), 2 µl of 10x restriction enzyme buffer B (10 mM Tris-HCl, pH 7.5, 10 

mM MgCl2, 0.1 mg / ml BSA) and sterile distilled water was then added to a final volume of 

20 µl. Reactions were incubated at 37 ˚C for 4 hours and the enzyme inactivated by 

incubation at 70 ˚C for 10 minutes. The digested DNA was precipitated with the addition of 1 

/ 10 volume sodium-acetate (3 M, pH 4.6) and 3 volume ethanol, followed by incubation at -

20 ˚C for 30 minutes and then spinning at 16 000 rpm for 30 minutes at 4 ˚C. After 

precipitation, the DNA was washed with 70 % ethanol and dried using vacuum drier. The 

pellet was resuspended in 19 µl of sterile distilled water, and the quantification and 

qualification of the isolated plasmids was carried out using 1 µl for running on 1% agarose gel 

and 1 µl for Nanodrop.  

Digestion with Xho I was performed in the second step, by preparing a similar reaction 

mixture containing the total purified Sac II digested DNA (17 µl ) for plasmid and insert as 

template, 1 µl of Xho I restriction enzyme (10 U  /  µl, Fermentas, Europe), 2 µl of 10x 

restriction enzyme buffer R (10 mM Tris-HCl, pH 8.5, 10 mM MgCl2, 100 mM KCl, 0.1 mg  
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/  ml BSA)  and the volume of mixture was adjusted  to a final volume of 20 µl by adding 

sterile distilled water. This process was followed by incubation at 37 ˚C for 4 hours and then 

the enzyme again inactivated by incubation at 70 ˚C for 15 minutes. Digested products were 

purified, resuspended and quantified as described previously. To avoid self-ligation of the 

plasmid, the digested pPICZαC plasmid was dephosphorylated with the addition of 2 µl 

alkaline phosphatase (3 U / µl) and incubated at 37 ˚C for 1 hour. The inactivation of the 

enzyme was performed by incubation at 65 ºC for 15 minutes.  

 

6.3.6 pPICZαC plasmid and C4H insert ligation 

The double / directional digested pPICZαC and C4H were ligated at a ratio of 1: 3 in a 

ligation mixture containing 50 ng of dephosphorylated pPICZαC plasmid, 150 ng C4H insert, 

2 µl of a 10x ligation buffer (300 mM Tris-HCl, 100 mM MgCl2, 100 mM DTT, 10 mM ATP, 

10% PEG, pH 7.8) and 2 µl T4 DNA ligase (3 units / µl) in a final volume of 20 µl. The 

ligation reaction was incubated overnight at 4 ˚C. T4 DNA ligase was subsequently 

inactivated by incubation at 65 ˚C for 15 minutes. 

 Ligation products were precipitated by adding 1 / 10 volume of tRNA (10 mg / ml), 1 / 5 

volume of sodium acetate (3 M, pH 5) and 3 volumes absolute EtOH, followed by 45 minutes 

centrifugation 16 000 rpm at 4 ˚C.  After discarding the supernatant, it was washed with 70 % 

EtOH and dried in a vacuum dryer, and dissolved in 20 µl sterile H2O.  

 

6.3.7 Preparation of competent TOP 10F’ Escherichia coli 

Heat-shock competent TOP 10F’ E. coli (Invitrogen , USA) was prepared from an overnight 

culture grown at 30 °C on a shaker (250 rpm) in 1 ml SOB (2% tryptone, 0.5% yeast extract, 

0.05% NaCl, 0.0187% KCl, 0.0095% anhydrous MgCl2). This culture was then inoculated 

into a 500 ml flask containing 50 ml SOB and grown at 30 °C with constant agitation (250 
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rpm) until it reached an OD600nm of 0.3. Fifty milliliters aliquots of the cultures were placed 

in the pre-chilled centrifuge tubes and incubated on ice for 10 minutes. The chilled cells were 

then centrifuged at 1000 g for 15 minutes at 4 °C and the cell pellets were resuspended in 16.7 

ml ice cold CCMB media (1.18% CaCl2, 0.4% MnCl2.4H2O, 10 ml of 1 M KAc, 0.2% 

MgCl2.6H2O, 100ml 100% glycerol, in 1 litre with pH at 6.4). Cells were incubated on ice for 

20 minutes and collected by centrifugation (1 000 x g, 15 minutes, 4 °C) followed by 

resuspending the cell pellets in 4.2 ml cold CCMB media. The competent cells suspension 

was divided into 200 µl aliquots and stored at –70 °C. 

 

6.3.8 Transformation of E. coli (competent TOP 10F’) with ligated pPICZαC 

Ten microliters of the ligated plasmid DNA, prepared by the ligation step (6.3.6), was added 

to CCMB competent TOP 10F’ E. coli. The entire mixture was incubated on ice for 30 

minutes. Following heat-shock transformation at 42 ˚C for 90 seconds, the cells were 

incubated on ice for two minutes. Nine hundred microliters of SOB media (2% tryptone, 0.5% 

yeast extract, 0.05% NaCl, 0.0187% KCl, 0.0095% anhydrous MgCl2, in a 100 ml) containing 

50 mM D-glucose was added to the transformed cells and incubated at 30 ˚C for 1 hour on a 

shaker. One hundred micoliters of the incubated culture were plated on low salt LB-agar 

medium containing 12.5 µg / ml ZeocinTM. 

 

6.3.9 Selection of transformed TOP 10F’ E. coli clones 

Transformed E. coli cells were diluted with LB broth supplemented with D-glucose and 12.5 

µg / ml ZeocinTM (Invitrogen, USA) at a ratio of 1 / 5 and 1 / 10. The cells (100 µl) were 

plated on low salt LB-agar medium containing 12.5 µg / ml ZeocinTM and incubated 

overnight at 37 ˚C. Sixteen colonies were selected for colony PCR screening using a master 

mix containing 1ul of 5’ AOX1 and 3’ AOX1 primers (15 µM each) (Table 6.2), 2.0 µl 10x 

 
 
 



136 
 

Bio Line buffer (100 mM Tris-HCl, 500 mM KCl, pH 8.3), 1.0 µl MgCl2 (50 mM) and 2 µl 

dNTPs (2.5 mM of each), 1 µl of liquid culture and 12 µl sterile H2O to a final total volume of 

20 µl. The DNA Taq polymerase solution consisted of 0.25 µl  Taq polymerase (Takara 

TaqTM, Japan), 0.5 µl 10x Bio Line Taq DNA buffer and by adding 4.25 µl  sterile H2O was 

made up a total volume of 5 µl. To confirm the presence of the C4H insert, PCR amplification 

was performed. An initial denaturation step was performed at 94 ˚C for 7 minutes, the 

reaction was paused and the Taq polymerase solution added to the tubes.  The PCR was 

completed at 80 ˚C for 30 seconds and 30 cycles for denaturation at 94 ˚C for 30 seconds, 

annealing at 55 ˚C for 30 seconds and extension at 72 ˚C for 2 minutes, followed by a final 

extension at 72 ˚C for 10 minutes. 

Positive clones showing the correct insert size during electrophoresis were grown overnight at 

30 ˚C on a shaker in 50 ml tubes containing 5 ml low salt LB-Broth with 12.5 µg / ml 

ZeocinTM. Glycerol stocks were prepared by adding 400 µl 50% glycerol to 600 µl culture 

for storage at -70 ˚C.  The rest of the cultures were used for plasmid isolation using GeneJET 

plasmid miniprep kit (Fermentas, Europe). Insert sequences were confirmed by sequencing 

the transformed plasmids using 5’-AOX1, 3’-AOX1. 

 

 

Table 6. 2. Primers used in colony PCR to detect positive clones harboring the C4H insert. 

 

Primer Name Primer Sequence (5’ to 3’) Tm (˚C) Degeneracy 
5’ AOX1 GAC TGG TTC CAA TTG ACA AGC 57.87 0 
3’AOX1 GCA AAT GGC ATT CTG ACA TCC 57.87 0 
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6.3.10 Linearisation of the expression vector for transformation into Pichia pastoris 

According to EasySelectTM Pichia expression kit manual (Invitrogen Corporation, 2001) if a 

successful transformation of the plasmid harboring the insert into the yeast is required, the 

vector should be digested with a restriction enzyme that does not cut within the insert. These 

enzymes can be either Pme I, SacI or BstX I. For C4H the only enzyme that does not have the 

cleavage site is Pme I.  

pPICZαC linearization with Pme I was performed in a reaction mixture containing 10 µg 

expression plasmid carrying the C4H insert, 20 µl 10x restriction enzyme buffer 4 (20 mM 

Tris-acetate, 50 mM potassium acetate, 1 mM DTT, pH 7.9), 1 µl of Pme I (10U / µl), in a 

final volume of 200 µl. Incubation was performed at 37 ˚C for 16 hours using gel 

electrophoresis screening several different times to monitor digestion efficiency 

(linearization). Pme I was heat-inactivated by incubation at 65 ˚C for 20 minutes to terminate 

the reaction.  

Digestion efficiency was determined by DNA gel electrophoresis prior to precipitation of the 

DNA. Precipitation of DNA was performed by adding 200 µl phenol, chloroform, 

isoamylalcohol at the ratio of a 25:24:1. After centrifugation for 1 minute at 13 000 rpm, the 

aqueous phase was transferred to a new 1.5 ml tube, then 1 / 4 volume of sodium-acetate (3M, 

pH 5.2) and 3 volume 100 % of ethanol was added. After centrifugation at 4 ˚C at 13 000 rpm 

for 60 minutes, the upper phase was discarded and the pellet washed with 70 % EtOH. 

Afterwards the pellet was dried using a vacuum dryer at room temperature for 5 minutes and 

the DNA dissolved in 20 µl TE buffer (10 mM Tris-HCl, pH 8.0, 1 mM EDTA, pH 8.0).  

 

6.3.11 Transformation of Pichia pastoris with linearized plasmids 

Electrocompetent yeast cells preparation were carried out according to the EasySelectTM 

Pichia expression kit manuals instruction (Invitrogen Corporation, 2001). An overnight 
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culture of 0.5 ml was inoculated in 500 ml YPD and grown overnight again to an OD 600 nm 

1.3- 1.5. Cells were collected by centrifugation at 1 500 x g (5 minutes, 4 ˚C) and resuspended 

in 500 ml ice-cold sterile distilled water. Cells were washed again in 250 ml ice-cold water 

then resuspended in 20 ml ice-cold 1 M sorbitol. Following centrifugation at 1 500 x g (5 

minutes, 4 ˚C), the pellet was resuspended in 1 ml 1 M sorbitol. Eighty microliter of 

electrocompetent GS115 cells and 20 µl linearized plasmids of the C4H clone and the native 

plasmids were loaded into a pre-chilled MicfroPulser® electroporation cuvette (0.2 cm gap, 

BIO-RAD) and incubated on ice for 5 minutes. The electrocopetent cells were performed at 

1500 volts for 4.8 ms. The electroported cells were immediately transferred into 1 ml 1 M ice-

cold sorbitol in a 15 ml tube and incubated at 30 ˚C for 1-2 hours without shaking. Cells were 

plated out on YPDS (1% yeast extract, 2% peptone, 2% dextrose, 1M sorbitol) containing 100 

µg / ml zeocinTM, and incubated at 30 ˚C for 4 days or until the colonies become visible. 

 

6.3.12 PCR screening of recombinant GS115 clones 

Integration of the C4H gene into the genome of P. pastoris GS115 cells was determined by 

PCR amplification after isolation the genomic DNA from overnight cultures of all 23 colonies 

resistant to ZeocinTM (ZeoR) selected from the YPDS plates.  

 

6.3.12.1 Genome DNA isolation 

Ggenomic DNA was isolated using a modified protocol adapted from Harju et al. (2004) in 

which 1 ml of culture was centrifuged at high speed at room temperature for 5 minutes.  To 

the transformed supernatant, 200 µl lyses buffer (2 % Triton X-100, 1 % SDS, 100 mM NaCl, 

10 mM Tris-HCl, pH 8.0, 1 mM EDTA, pH 8.0) was added. Tubes were placed at -80 ˚C until 

it was completely frozen then immersed in a 95 ˚C water bath for 1 minute to thaw quickly. 

This process was repeated twice. After thawing the tubes were placed in a vortex for 30 
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seconds.  Two hundred microliters of chloroform were added to the tubes and centrifuged for 

5 minutes at high speed. The aqueous layer was transferred to 400 µl ice-cold pure ethanol. 

Samples were allowed to precipitate at room temperature for 5 minutes and then centrifuged 

at high speed at room temperature for 5 minutes. The supernatant was discarded and the pellet 

washed with 0.5 ml of 70 % ethanol followed by drying using vacuum dryer at room 

temperature for 5 minutes. DNA was dissolved in 50 ml sterile distilled water followed by 

DNA gel electrophoresis for determining the quality.  

 

6.3.12.2 PCR screening of recombinant GS115 cells from the isolated genomic DNA 

PCR amplification was performed with 100 to 150 ng of the genomic DNA isolated from the 

colonies using a hot-start PCR protocol. Cell lysis was done with an initial denaturation at 95 

˚C for 5 minutes then 80 ˚C for 30 seconds during which taq added followed by 30 cycles of 

denaturation at 94 ˚C (30 seconds), annealing at 54 ˚C (30 seconds) and extension at 72 ˚C (2 

minutes) ending in a final extension at 72 ˚C (10 minutes). PCR products were analysed by 

DNA gel electrophoresis as described previously. The glycerol stock solution was prepared 

for 5 positive cells by adding 300 µl 50% glycerol to 700 µl cells. Stocks were stored at -70 

˚C. Two of them plus one native plasmid (pPICZαC as negative control) and GS115 Muts 

almumin (a secretion control which express secreted albumin) were inoculated into 50 ml of 

buffered glycerol-complex medium BMGY (1% yeast extract, 2% peptone, 100 mM 

potassium phosphate pH 6, 1.34% YNB, 4 x 10-5 biotin, 1% Glycerol) and incubated 

overnight with vigorous shaking (300- 400 rpm) at 30 ˚C until the cultures reached an OD600 

of at least 2. Glycerol stocks of selected positive colonies were prepared by adding 300 µl 

50% glycerol to 700 µl and the stocks were stored at -70 ˚C. 
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6.3.13 Optimization of the conditions for the expression of C4H in the GS115 cells 

Expression of C4H was performed by inoculating 50 ml of BMGY culture into a 1000 ml 

flask containing 100 ml BMMY medium (1% yeast extract, 2% peptone, 100 mM  potassium 

phosphate pH 6, 1.34% YNB, 4 x 10-5 biotin, 0.5% methanol). Cultures were incubated at 30 

˚C on the shaker at 300-400 rpm for 3 days. Induction was maintained continuously by adding 

100 % methanol to the cultures to a final concentration of 0.5 % every 24 h. To find out the 

optimum time of expression, 1 ml sample was drawn every 24 h followed by centrifugation at 

1300 rpm for 5 minutes and the supernatant stored at -70 ˚C for subsequent SDS-PAGE- and 

Western blot analysis. To avoid any protein degradation a mixture of protease inhibitors, 

including phenylmethylsulphonyl fluoride (PMSF) and EDTA at a final concentration of 10 

µg / ml and 1 mM respectively was added to each sample prior to storage. 

 

6.3.14 Sodium dodecyl sulphate-polyacrylamide (SDS-PAGE) analysis 

The secreted expression of C4H in the medium was analysed by running samples on a sodium 

dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) according to Laemmli 

(1970). SDS-PAGE gel containing a 4% stacking gel (125 mM Tris-HCl, pH 6.8, 0.1% SDS) 

and a 12% separating gel (375 mM Tris-HCl, pH 8.8, 0.1% SDS) was prepared from an 

acrylamide stock solution (30% Acrylamide, 0.8 % N’N’- Bis-methylene-acrylamide). The 

gel solutions were degassed prior to polymerisation by the addition of 50 µl freshly prepared 

10% ammonium persulphate and 5 µl TEMED (N,N,N’,N’-tetramethyl-ethylenediamine). 

The collected supernatants were diluted 1:1 in SDS sample buffer (60 mM Tris-HCl, 2% SDS 

(w / v), 0.1% glycerol (v / v), 0.05% b-mercaptoethanol (v / v) and 0.025% bromophenol 

blue, pH 6.8) and boiled at 95 °C (5 minutes). Electrophoresis was performed in a running 

buffer (0.02 M Tris-HCl, 0.1 M glycine, 0.06% SDS, pH 8.3) using a Hoeferâ mini VE 

vertical gel electrophoresis system (Amersham Pharmacia biotech, USA). All gels were run 
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with a prestained protein ladder PageRulerTM (#0441) (Fermentas, Europe). The initial voltage 

was 40 V for 45-60 minutes and then with an increased voltage of 100 V for 2 hours.  

 

6.3.15 Silver staining 

Protein profiles from the gels were visualized using a modified silver staining method as 

described by Blum et al. (1987) and Schevchenko et al. (1996).  

The silver staining method utilised for the protein visualisation was adapted from Blum et al. 

(1987) and Schevchenko et al. (1996). Gels were incubated for 30 minutes at room 

temperature in a fixing solution (50% methanol, 10% acetic acid) on a rocking platform, 

followed by incubating in a sensitisation solution (0.02% Na2S2O3.5H2O (w / v) in a 100 ml) 

for 30 minutes. The gels were then washed three times (for 10 minutes each) in double 

distilled deionised water before incubating in a silver nitrate solution (AgNO3, 0.2% w / v) for 

another 30 minutes. To remove the excess of the silver nitrate, the gels were washed shortly 

with distilled water and gels placed in a developing solution (6% Na2CO3 (w / v) in 100ml 

water) containing 50 µl 37% formaldehyde and 2 ml sensitisation solution until protein bands 

appeared. The developing reaction was terminated by adding 0.05 M EDTA. For storage, the 

gels were placed in distilled water.   

 

6.3.16 Western blot analysis of the expressed C4H in Pichia pastoris 

Western blotting or immunoblotting allows determining, with a specific primary antibody, the 

relative amounts of the protein present in various samples. For Western blotting the samples 

are firstly prepared from tissues or cells that are homogenized in a buffer that protects the 

protein of interest from degradation. Secondly, the sample is separated using SDS-PAGE and 

transferred to a membrane for detection. The membrane is then incubated with a generic 

protein (such as a milk protein) to allow blocking of non-specific places on the membrane. A 
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primary antibody which is able to bind to a specific protein is then added to the solution. 

Finally, a secondary antibody-enzyme conjugate, which recognizes the primary antibody, is 

added localized bound to the primary antibody.   

In this experiment, the SDS-PAGE gel was equilibrated for 10 minutes in transfer buffer 

(25mM Tris/192 mM glycine in 15 % methanol, pH 8.2) followed by electroblotting. A 

Immun-BlotTM-P polyvinylidene flouride (PVDF) transfer membrane (BIO-RAD 

Laboratories, Inc., USA) was pre-wetted in 100% methanol for 5 minutes and then 

equilibrated in transfer buffer for 10 minutes. Transfer of proteins from the gel onto the PVDF 

membrane was carried out in a BioRad Mini protein II transfer apparatus filled with transfer 

buffer, at 4 ºC and 200 mA (around 40V) for 2 hrs. After transfer, the membrane was blocked 

by incubating at 4 ºC overnight with gentle agitation in TBS-blocking buffer (20 mM Tris-

HCl, 150 mM NaCl, pH 7.4-7.6) containing 2.5 % skim milk powder, 0.1 % Tween 20  in 

combination with a 1: 1000 dilution of primary rabbit polyclonal IgG antibody (His-prob, H-

15) (Santa Cruz Biotechnology, USA) (Mans et al., 2004). To remove all unbound antibodies, 

the membranes were washed three times (each time for 15 minutes.) at room temperature in 

TBS blocking buffer containing 1 % skim milk powder and 0.1 % Tween 20. Subsequently a 

1: 2 500 dilution of secondary conjugated goat anti-rabbit lgG-AP (alkaline phosphatise 

conjugate) (Santa Cruz Biotechnology, USA) was added and incubated for 50 minutes at 

room temperature. To remove the unbound antibodies, the membrane was washed again three 

times (each time for 15 minutes) with TBS buffer containing 0.1 % Tween 20 and then 

visualized.  

 Detection was done as outlined by the supplier using the Alkaline phosphatase-cojugate 

substrate kit (BIO-RAD Laboratories, Inc., USA).  

The colour development buffer was prepared by 25x dilution of AP colour development 

buffer by sterile distilled water. It was also supplemented with AP colour reagent A (nitroblue 
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tetrazolium in aqueous dimethylformamide [DMF], containing magnesium chloride) and 

immediately before use with the AP colour reagent B (5-bromo-4-chloro-3-indoyl phosphate 

in DMF) at a total concentration of 1 % was added. The membrane was immersed in the 

colour development solution and incubated at room temperature with gentle agitation until the 

colour development was completed. The reaction was terminated by washing the membrane 

with double distilled water for 10 minutes with gentle agitation. Afterwards the membrane 

was air dried. 

 

6.3.17 Ammonium sulphate precipitation 

Protein precipitation is a useful method of concentrating proteins from a large volume and is 

therefore ideal as an initial step in purification. Salting out of proteins, particularly by use of 

ammonium sulphate, is one of the best known and most used methods for purifying and 

concentrating enzymes. It is also convenient and effective because of its high solubility, 

cheapness, lack of toxicity to most enzymes and its stabilizing effect on some enzymes. In this 

part of the study, to precipitate the secreted expressed C4H from the medium, different 

fractions containing 10, 20, 30, 40 and 50% (w / v) of ammonium sulphate respectively were 

prepared and the fractions incubating  overnight at 4 °C with gently shaking. The proteins 

were collected by centrifugation at 13 000 rpm at 4 °C for 15 minutes. Pellets were then 

resuspended in TBS buffer after decanting the supernatant.  As the dissolved precipitates 

contained a lot of ammonium sulphate an overnight dialyzing with stirring was performed 

with TBS buffer (5 mM Tris and 20 mM NaCl, pH 7.2) using a dialysing tubing-visking 

membrane ( MW company, USA). 
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6.3.18 Purification of the polyhistidineine-tagged protein  

To purify the expressed C4H-tagged protein from dialysed samples, a Protino® Ni prepacked 

column kit (Macherey-Nagel, Germany) was used according to the manufacturer’s 

instructions. The freeze-dried or precipitated proteins were resuspended in 1x LEW buffer (50 

mM NaH2PO4 and 300 mM NaCl, pH 8.0) and applied to a pre-equilibrated Protino® 1000 Ni 

prepacked column by using  ml  1x LEW and which was then allowed to drain by gravity.  

Washing the column twice with 1x LEW (2 x 2 ml) was carried out before a three times (1.5 

ml) elutions of the polyhistidineine-tagged C4H protein by 1x elution buffer (50 mM 

NaH2PO4 and 300 mM NaCl, 250 mM imidazole pH 8.0). The eluted protein was freeze-dried 

to concentrate it. Finally it was dissolved in TBS buffer and stored at -20. 

 

6.3.19 Protein determination 

The protein concentration was determined using the Bradford method in association with the 

Quick StartTM Bradford Dye Reagent (Bio-Rad Laboratories Inc., CA, USA). Bovine Serum 

Albumin (BSA) was used as a standard reference protein. Fifty microliters of BSA with serial 

dilutions starting from 100 µg / ml of the BSA, or isolated protein sample were pipetted into a 

microtitre plate well and 50 µl dye reagent was added. The plate was incubated for 15 minutes 

at room temperature before determining the absorbance at 595 nm with a Spectra max (384 

plus) multiplate scanner (Molecular Devices, USA). Reactions were performed in triplicate. 

The protein concentration was determined based on the prepared standard curve for serial 

dilutions of BSA. 
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6.4 Results 

6.4.1 Total RNA isolation and cDNA synthesis 

The total RNA isolated from leaf of H. aureonitens (Fig. 6.4-A) was used for single strand 

cDNA synthesis followed by double strand cDNA synthesis. As shown in Figure 6.4.-B, PCR 

amplification of the C4H from cDNA represents the expression of C4H in the leaves of H. 

aureonitens at a size of 1518 bp which is similar to the C4H sizes in other plants.  
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Fig.  6. 4. Total RNA and synthesized cDNA from plants of Helichrysum aureonitens.  A: 

Total RNA isolation from leaves of greenhouse grown plants of H. aureonitens. B: PCR 

product of C4H from cDNA with C4H-FW and C4H-RV primers 
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6.4.2 Cloning of C4H with restriction sites (XhoI and Sac II) in a pGEM cloning vector 

To clone the PCR amplified fragment, DNA was recovered from the gel and ligated into a 

pGEM cloning vector (Promega, USR) followed by transformation into the E. coli strain JM 

109 by heat shock. As shown in Figure 6.5, the cut lane demonstrates that around 1.5 kb DNA 

insert was successfully ligated into the pGEM plasmid, and removed by digestion with XhoI 

and SacII restriction enzymes. The result of the sequencing of the pGEM plasmid carrying the 

C4H insert also confirmed that the insert was in frame (data not shown). Finally the insert was 

ligated into the pPICZαC expression vector at a ratio of 3:1 and 5:1 after recovering it from 

the gel (Fig. 6.5). 

 

 

1               2           Ladder

Insert
recovered 
from the gel 

1500 bp
1200 bp
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Fig. 6. 5.  Double digestion of the pGEM cloning vector with and without the insert (C4H) 

with XhoI and SacII. Digested plasmid (lane 1); Native plasmid (lane 2). 
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6.4.3 Transformation of the pPICZαC containing the C4H ORF into E. coli TOP 10F’ 

Following directional ligation, transformation of competent TOP10F’ E. coli cells by 

electroporation was performed. PCR screening of clones was done using a hot-start PCR 

protocol. A number of positive clones (~2 kp band) with low amplification at the lower bands 

(600bp) were identified for both vector to insert ratios (Fig. 6.7). The lower bands are related 

to the amplification of the multiple cloning site of the pPICZαC plasmid. As there is a 

unspecific amplification in positive clones, the isolated plasmid was verified with double 

digestion (XhoI and SacII l, Fig. 6.8), automated DNA and sequencing. According to the 

DNA sequencing of the pPICZαC plasmid, the amino acid sequence of the gene AOX1, 

includes the α-factor signal, C4H and polyhistidine tag. 

 

 

 

 

Fig. 6. 7. Colony screening of the E. coli strain TOP 10 after transformation by electroporation 

with AOX1 primers. 
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Fig.  6. 8. Double digestion with XhoI and SacII of the selected plasmids containing C4H. A: 

Ratio of 3:1 (Lane 1-5); B: Ratio of 5:1 (Lane 7-10). 
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Since transformation of the yeast cells with linearized plasmids requires smaller amounts of 

plasmid, the pPICZαC was digested with PmeI restriction enzyme which has no restriction 

site within the insert. Figure 6.10 indicates that most of the plasmids were digested with the 

PmeI restriction enzyme when compared with the native plasmids. After linearalization, 5-10 

µg digested DNA was added to 80 µl of GS115 competent cells and electroporated at 1500 v 

for 4-5 milliseconds.  

After 3 days of growth all the colonies were tested for the presence of C4H in the genome of 

the yeast cells by the isolation of the genomic DNA. Figure 6.11 shows the isolated genomic 

DNA from P. pastoris. To confirm the existence of the C4H insert in the genome of P. 

pastoris, a PCR amplification was performed with AOX1 primers which amplifies the 

fragment that is approximately 2.1 kp, and includes the C4H and α-factor fragments with sizes 

of 1.5 and 0.6 kb respectively. Figure 6.12 confirms the presence of C4H and α-factor in the 

genome of P. pastoris, based on the expected fragment size. 

 

Ladder    1       2

 

 

Fig. 6. 10.  Linearalization of pPICZα C with PmeI. A: Digested plasmid containing C4H 

(lane 1); B: Undigested plasmid (lane 2). 
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Fig. 6. 11.  Genomic DNA isolated from selected colonies of Pichia pastoris after 

transformation with pPICZαC which contains the C4H inserted by electroporation. 
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Fig. 6. 12. PCR amplification of the α-factor plus C4H from the genomic DNA of GS115. 

Arrow shows the size about 2.1 Kb of the PCR amplified fragment of the isolated gDNA of 

Pichia pastoris GS115 cells. 
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6.4.4 C4H expression in the GS115  

To investigate the soluble extracellular expression, a control expression system with the 

secretion expression of albumin (GS115 / His+ Muts albumin) was included in this study. The 

albumin expression was achieved with the GS115 secretion control, producing a band at the 

expected molecular mass of about 67 kDa (Fig. 6.13 -A). Expression of C4H in a secretion 

pPICZαC plasmids showed a band of a size of approximately 60.5 kDa (Fig. 6.13 -B) which 

included C4H (58 kDa) and a further 2.5 KDa contributed by the C-terminal histidine and myc 

epitope tags. The result of the Western blot also confirmed the existence of the C4H 

polyhistidine tagged protein at the expected size on the PVDF membrane (Fig. 6.13 -C). 

 

6.4.5 Precipitation of C4H expressed in the GS115 

Figure 6.14-A shows the precipitation of the total protein content of the BMMY medium after 

48 hrs of incubation at different concentrations of ammonium sulphate. As shows that C4H 

protein precipitates over a wide range of ammonium sulphate concentrations (20 – 50 %). 

Western blot analysis also confirmed that the tagged-protein detected on SDS-PAGE 

electrophoresis gel was the correct protein (Fig. 6.14-B). Another way to confirm that the 

expressed protein is the protein of interest is by doing protein sequencing (peptide 

fingerprinting), but this was not done in this study.  
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Fig. 6. 13. Expression of albumine and of C4H integrated in a secretion pPICZαC plasmids in 

Pichia pastoris GS115. The cells were harvested in a time course of 12 to 120 hrs. Red arrows 

show the observed size of the protein of interest. A: Silver stained SDS-PAGE 

electrophoresis of the albumine expression. B: Silver stained SDS-PAGE analysis of the C4H 

expression with a size of about 58 K Da. C: Western blot of the polyhistidine tagged C4H 

expressed in a pPICZαC plasmids in Pichia pastoris GS115 cells. 
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Fig. 6. 14. Ammonium phosphate precipitation of the expressed C4H in Pichia pastoris 

GS115 cells. Boxed bands show the size of the expressed C4H protein. A: Silver stained 

SDS-PAGE electrophoresis analysis of the total precipitated proteins separation from the 

BMMY medium at different concentrations of ammonium sulphate. B: Western blot of the 

polyhistidine tagged C4H expressed in the pPICZαC plasmids of Pichia pastoris GS115 cells 

which derived derived from two different cell lines. 
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6.4.6 Histidine-tagged C4H purification and quantification 

Histidine tagged C4H was purified from the dialyzed precipitants using the Protino® Ni 

prepacked columns kit (Figure 6.15). This result also confirmed the previous results of the 

expression, precipitation of C4H with regards to size. It also showed that C4H can precipitate 

in different concentrations of ammonium sulphate and that concentrations of 30 to 40 % are 

the best concentrations to collect the C4H.  

To have more protein for quantification, purified tagged-C4H of both fractions from the 

column purification were mixed together, freeze dried and suspended in 1 ml sodium 

phosphate buffer.   
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Fig. 6. 15. Silver stained SDS-PAGE analysis of the purified tagged-C4H through the 

column. The dialyzed precipitants of C4H from the different concentrations of ammonium 

sulphate were combined together and were purified the column. Lane 3: 10, 20 and 50% 

together; Lane 5: 30 – 40 % ammonium sulphate.  
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6.5 Discussion 

According to the construct made for the secretory expression (pPICZαC) of C4H in P. 

pastoris, the expressed protein should contain 622 amino acids. The protein should also 

include the α-factor (signal sequence), C4H and the polyhistidine tag (Fig. 6.3) with a 

calculated mass of 70.221 kDa. In a secretion expression system the expressed protein would 

be cleaved in two steps at the signal sequence by the KEX2 and STE13 gene products 

respectively. This indicates that after cleavage only the C4H and polyhistidine tag, which 

consists of 533 amino acids with a calculated mass of 60.900 kDa should remain. This protein 

would be secreted into the growth medium. The calculated mass for the C4H protein 

excluding the polyhistine tag is approximately 57.590 kDa. As the expected size of most 

eukaryotic P450 proteins is 50 to 60 kDa (Sakaguchi et al., 1984), this confirms the results of 

this study. Another method to show that the C4H protein was expressed properly is the 

Western blot.  In the Western blot a primary antibody which is able to bind to its specific 

protein on the membrane, is added to the solution. This is followed by adding a secondary 

antibody-enzyme conjugate, which recognizes the primary antibody by finding the locations 

where the primary antibody is bound and allows for the detection of the fusion protein.  In this 

experiment only the C4H was expressed as polyhistidine tagged protein. The result of 

Western blot confirms the presence of the expressed C4H tagged-protein. 

According to the size of the expressed protein, which was secreted into the medium and 

developed on a SDS-PAGE gel as well as the detection on the Western blot membrane, it can 

be concluded that C4H had been successfully expressed in the P. pastoris cells.  
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6.6 Conclusions 

In this study P. pastoris was used for the first time for the transformation and expression of 

the C4H enzyme. It was also the first time that a secretion expression system has been used 

for this enzyme. According to the results of this part of the study, the secretion system was 

found to be a suitable system for the expression of soluble recombinant His-tagged C4H. 

Other advantages identified with respect to the system include: 

1. Soluble expression of C4H in the media. This is essential since it produces large 

quantities of enzyme for downstream functional assays. 

2. Expression of Histidine-tagged C4H resulted in fast and convenient purification of the 

recombinant C4H protein. 

3. Since C4H protein is secreted into the medium during expression, it was isolated from 

a less complex media and therefore less contaminated with other proteins. 
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7. 1 Introduction 

During the twentieth century, the emphasis gradually shifted from isolating plant natural 

compounds to synthesized compounds or their chemical analogues. However, the natural 

products were widely considered as templates for structure optimization programs designed 

to make perfect new drugs (Raskin et al., 2002). Although the synthetic chemical drugs have 

a significant market share, the contribution of plants to disease treatment and prevention is 

still enormous. This is due to the fact that herbal medicine is natural and they are therefore 

generally considered to be safe for humans. In the twenty-first century attention shifted back 

to botanical pharmaceuticals as sources of human health products. The relationship between 

plants and human health is not limited only to medicine. Medicinal plant-derived products 

now have a considerable share in the market. This includes phytopharmaceuticals, herbal 

remedies, dietary supplements, homeopathic remedies, medicinal and herbal teas, spirits, 

aromas and essences, perfumes, cosmetics, colouring agents, varnishes, and detergents. As a 

consequence, there is an enormous demand for plant products resulting in a huge trade on the 

local, regional, national and international level for domestic use and commercial trade. This 

raises the question of where the plant material is obtained from. Unfortunately most of the 

raw materials are collected from the wild. In China 60 % of the quantities in trade are wild-

collected (He and Sheng, 1997). Uncontrolled harvesting from the wild has resulted in near 

extinction of some medicinal plant species. 

There are some methods to meet the increasing demand for natural product without 

threatening the medicinal plant species. These methods are cultivation in controlled growth 

systems or application of biotechnology techniques. Biotechnology in different ways can help 

to increase the production of the desired natural products or in some cases, induction of new 

compounds. This will also help to preserve the population of wild medicinal plants. The 

different techniques are micropropagation through tissue and cell suspension culture and 
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somaclonal variation, or molecular biology through molecular markers, genetic engineering 

or hairy root induction.   

 

7.2 Cell suspension cultures of Helichrysum aureonitens  

In this study cell suspension cultures were initially used to attempt to increase the amount of 

galangin in Helichrysum aureonitens. Although galangin was not detected in the cells of H. 

aureonitens, another compound was detected in considerable amounts. This compound was 

isolated and purified and was identified as a novel chlorophenol compound, 4-chloro-2-

(hepta-1,3,5-triyne-1-yl)-phenol, which had not been isolated from any species before. The 

chemical analysis of H. aureonitens cell culture samples also indicated that the selected 

intermediates based on the 4’-OH flavonoid biosynthetic pathway are not present in the H. 

aureonitens cell samples. These results indicated that the flavonoid biosynthetic pathway is 

not functional in the cells of the H. aureonitens suspension cultures. However the acetylene 

biosynthetic pathway is active and produces a triyne in the cells of H. aureonitens suspension 

cultures. Hence it can be declared that the results of this part of the study support our first 

hypothesis of the induction of a new compound by growing the cells of H. aureonitens 

suspension culture in dark conditions as has been hypothesised. The crude extract and pure 

triyne were tested for bioactivity against Mycobacterium tuberculosis (TB) H37Rv as well as 

evaluation for their cytotoxicity against monkey kidney Vero (Vero cells) and human prostate 

epithelial carcinoma (DU145) cell lines in vitro. H. aureonitens cell suspension culture crude 

extracts showed that the MIC and MBC against M. tuberculosis to bet 1.0 mg/ml and 2.0 

mg/ml respectively. The triyne was not active at the highest concentration. 
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7.3 Characterization of flavonoid biosynthesis in Helichrysum aureonitens  

Based on the results obtained from the chemical analysis of the cells of H. aureonitens 

suspension cultures, the same chemical analysis was carried out on the leaves to analyse the 

selected intermediates based on the 4’-OH flavonoid biosynthetic pathway, including 

cinnamic acid, p-coumaric acid, naringenin, galangin and kaempferol. The results showed 

that p-coumaric acid and naringenin are not present in the H. aureonitens leaf samples. Some 

other compounds were detected which were similar to the intermediates in the 4’-OH 

flavonoid pathway, except that they were not hydroxylated at the C-4’ position on the B ring. 

These intermediates might belong to the non 4’-OH flavonoid pathway which originates from 

cinnamic acid. All the enzymes in these two pathways are similar and have the same function 

except cinnamate 4-hydroxilase (C4H), which is the only enzyme that specifically catalysis 

the hydroxylation at the C-4’ position. In the non 4’-OH flavonoid pathway C4H is not 

involved. Based on these results it was concluded that galangin may be produced through the 

non 4’-OH pathway for flavonoids in H. aureonitens. Although most parts of this alternative 

pathway has been proven in E. coli by construction of a cluster gene, there is still no clear 

evidence to show that this pathway is also active for the production of galangin in plants. It 

has been proven that hydroxycinnamoyl:CoA ligase (4CL), chalcone synthase (CHS) and 

chalcone isomerase (CHI) can accept the intermediates without OH- groups at the C-4’ 

position on the B ring.  It is, however, not known whether the last two enzymes involved in 

galangin production, flavonone 3β-hydroxylase (F3’H) and flavonol synthase (FLS), can 

accept pinocembrin and pinobanksin respectively as a substrate to synthesize galangin. 

Kaempferol, the C-4’ hydroxylated derivative of galangin was present in the H. aureonitens 

leaf samples. Although these obtained results support our second hypothesis in which the 

production of kaempferol has been assumed not to be from the 4’-OH pathway, our evidence 

is not suffecient to state that kaempferol is directly synthesized from galangin by activation of 
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C4H. To confirm this it is therefore necessary to set up an in vitro reaction consisting of 

galangin as a substrate,  purified C4H protein and the necessary biochemical factors to see 

whether C4H is able to convert galangin  to kaempferol or not?  

The results of this study also supported previous findings that lignin can be induced even if 

there is no p-coumaric acid present. Although the results clearly showed the presence of an 

alternative pathway, still more research is needed.  

 

7.4 Characterization of cinnamate 4-hydroxylase in Helichrysum aureonitens  

Cinnamate 4-hydroxylase is the second enzyme in the phenylpropanoid biosynthetic 

pathway. Since this pathway is involved in lignin production, it is very important for plants. 

According to results in this study, C4H was isolated from H. aureonitens plant samples and 

its characterization at the level of nucleic acids and amino acids was performed. The results 

demonstrated that the isolated C4H gene in H. aureonitens plants contains 1518-base pairs 

(including start and stop codon, ATG and TAA respectively) and an open reading frame 

encoding a 506-amino-acid polypeptide. It also showed the highest homologies to the species 

from the Asteraceae.  

To make sure that the isolated C4H from H. aureonitens plants is a putative gene and can 

produce a protein, it was expressed in a secretion expression system in Pichia pastoris cells. 

The results of SDS-PAGE electrophoresis and Western blot showed that the expressed 

protein in P. pastoris cells has the same size as mentioned in literature. It was also found that 

the secretary expression in P. pastoris cells is an easy purification system for expression of 

soluble recombinant C4H.  
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7.5 Future work 

Based on the results of this study, the following experiments can be considered in future 

work: 

 

1. As the triyne (polyacetylene) was found to be a novel compound, there is a little 

information about its medicinal properties apart from that reported in this study. More 

bioactivity assays for this compound are recommended as a wide range of medicinal 

activity has been reported for polyacetylene compounds including antitumor, 

antibacterial, antimicrobial, antifouling, antifungal, pesticidal, phototoxic, HIV-

inhibitory and immunosuppressive properties.. 

 

2. Since most medicinal plants are collected from the wild and there is some genetic 

variation between the collected plants, it is advisable to investigate the biosynthetic 

pathway of flavonoids in different species of Helichrysum and the results should be 

compared with that obtained in H. aureonitens.  

 
3. It should be determined if H. aureonitens’s C4H enzyme can hydroxylate galangin to 

form kaempferol. It is also recommended to consider the other intermediates from the 

non 4’-OH pathway as substrates for C4H. Because it is also possible that the non 4’-

OH biosynthetic pathway is not active in H. aureonitens and instead some non 4’-OH 

intermediates can be converted to the their hydroxylated forms in the 4’-OH pathway 

such as pinobanksin or pinocembrin by C4H to produce kaempferol. 

 
4. C4H does not use NADPH directly but instead interact with a flavoprotein known as a 

P450 reductase (CPR) that transfers electrons to the P450 from the nicotinamide 

cofactor. To do a functional assay, it is recommended to express CPR in yeast and 
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then the H. aureonitens’s purified C4H from this study in association with substrates 

(galangin) that can be added to the culture.  

 
5. Investigation on the lignin pathway in H. aureonitens, and the presence of an 

alternative pathway for lignin production.. According to the literature the main 

substrate for lignin synthesis is p-coumaric acid while in H. aureonitens p-coumaric 

acid was not detectable. H. aureonitens therefore provides a good opportunity to 

address the possibility of lignin synthesis without using p-coumaric acid. 
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