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ABSTRACT: Artemisinin combination therapies (ACTs) have become the mainstay of treatment for malaria worldwide. 
This has led to a high demand for artemisinin precursors as starting materials for artemisinin production and their semi-
synthetic derivatives. In this study, heterologous expression of enzymes involved in artemisinin biosynthesis was 
performed in Escherichia coli to produce artemisinin precursors, i.e., amorphadiene, artemisinic acid, and 
dihydroartemisinic acid. These enzymes are farnesyl pyrophosphate synthase (FPS), amorpha-4,11-diene synthase 
(ADS), cytochrome P450 monooxygenase (CYP71AV1/CYP), artemisinic aldehyde delta-11(13) reductase (DBR2), and 
aldehyde dehydrogenase 1 (ALDH1). Overexpression of the heterologous 1-deoxy-D-xylulose 5-phosphate (DXP) 
synthase gene (dxs) from Bacillus subtilis and the native isopentenyl diphosphate delta isomerase (IDI) gene (idi) from E. 
coli was also performed to enhance isopentenyl diphosphate (IPP) and dimethylallyl pyrophosphate (DMAPP) via the 
methylerithritol phosphate (MEP) pathway in E. coli. All genes were cloned into three plasmids. Gene expression was 
performed under isopropyl-β-D-1-thiogalactopyranoside (IPTG) induction and characterized by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and Western blot. The number of IPTG, incubation temperature, length 
of incubation time, and culture medium were optimized to find the best conditions for protein expression. It is found 
that all proteins could be expressed under 0.5 mM IPTG induction at an incubation temperature of 20 °C for 24 hours in 
Luria-Bertani medium. The cloning of seven key enzymes involved in artemisinin biosynthesis in E. coli has never been 
described in other studies. By further optimizing the fermentation process, this research offers a promising future for the 
production of artemisinin precursors in E. coli.    

KEYWORDS: heterologous expression; MEP pathway; artemisinin; Escherichia coli. 

 1.  INTRODUCTION 

Malaria is still considered as a global health problem, particularly in tropical areas like Africa and 
Southeast Asia. Based on World Health Organization (WHO) data in 2020, a year after Covid-19 pandemic, 
global malaria cases have increased up to 241 million compared to the number of cases in 2019 which 
amounted to 227 million cases. Countries in Africa are still the highest contributor to malaria cases in the 
world, accounting for 95% of the total case. About 228 million cases of malaria occurred in Africa in 2020 and 
602 thousand of them caused death. Southeast Asia contributed about 2% of malarial cases worldwide from 
nine malaria-endemic countries. India is the main contributor with around 83% from 5.0 million of total 
cases in 2020. As many as 9000 cases of all cases in Southeast Asia cause death [1]. 

Treatment with artemisinin-based combination therapy (ACTs) to combat malaria is still the first-line 
therapy recommended by WHO. Artemisinin, a sesquiterpene lactone derived from Artemisia annua, is an 
outstanding antimalarial agent. It is discovered by Youyou Tu in 1972, that brought her to the 2015 Nobel 
Prize co-receipt in Physiology or Medicine [2]. Artemisinin content from various species of Artemisia 
reported presence at varied level from 0.07% to 0.45%. A. vachanica was found to be a novel plant source of 
artemisinin (0.34%) [3]. Other studies showed that the highest content of artemisinin was found in A. annua 
(up to 1.4%) [4], still a relatively small amount to meet artemisinin needs.  
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Artemisinin synthesized in A. annua’s trichomes is derived from isopentenyl pyrophosphate (IPP) via 
mevalonic pathway (MVA) and dimethylallyl pyrophosphate (DMAPP) via non-mevalonic pathway (MEP) 
[5,6]. Biotechnological approaches such as genetic engineering and metabolic pathway modification of 
microbes is a promising alternative for producing artemisinin semi-synthetically. E. coli is the most common 
microorganism used for biotechnological manufacture of natural medicinal compounds because of its 
commercial advantages [7]. Genetic modification of E. coli for overexpression of both MVA and MEP 
pathway increased isoprene yield about 3-fold and 20-fold compared to overexpression of MVA and MEP 
alone [8]. Previous study reported that introducing heterologous dxs from B. subtilis doubled isoprenoids 
production in E. coli [9]. When dxs was co-expressed with idi and ADS in B. subtilis, 2 mg/L amorphadiene 
was generated [8]. By combining genes involved in the MVA pathway from Saccharomyces cerevisiae to 
recombinant E. coli carrying ADS from A. annua, amorphadiene production was enhanced to 24 µg/ml [10]. 
Modification of bioreactor and fermentation condition by restricting glucose level and ammonia has been 
shown to increase amorphadiene level up to 0.5 g/L and 25 g/L [11-13].  

In this study, the DNA sequence encoding DXS from B. subtilis and IDI from E. coli were co-expressed 
to improve IPP/DMAPP production through MEP pathway in E. coli. Additionally, native ADS from A. 
annua and optimized FPS, CYP, DBR2 and ALDH1 genes were co-expressed to promote the synthesis of 
artemisinin precursor farnesyl pyrophosphate, amorphadiene, artemisinic acid, dihydroartemisinic aldehyde 
and dihydroartemisininc acid. Up to the best of our knowledge, increasing MEP pathway in E. coli combined 
with overexpression of genes encoding enzymes related to artemisinin biosynthesis from A. annua to 
stimulate the formation of late artemisinin precursors, artemisinic acid and/or dihydroartemisinic acid in E. 
coli has never been reported before. 

2. RESULTS  

2.1. Plasmids Construction and Characterization 

All of the seven genes involved in this study were constructed in three plasmids resulting pETDfac 
plasmid that carries FPS, ADS and CYP, pRSFDda plasmid that carries DBR2 and ALDH1, and pCDFDdi 
plasmid that carries dxs and idi. All of the plasmids carry lac inducible promoter to control genes expression. 
Polyhistidine coding sequence was added either at 5’-end or 3’-end of the genes harboring fusion expression 
with the protein. 

The ADS and FPS were constructed at multiple cloning site (MCS)-1 of pETDUET-1 vector using 
BamHI/NotI restriction sites to insert ADS and NotI/NotI to insert FPS. Both genes were regulated under the 
same promoter but carries each ribosome binding site and translation start/termination sites resulting 
polycistronic operon structure. Meanwhile, CYP was constructed at MCS-2 of pETDUET-1 using NdeI/XhoI 
restriction sites as monocistronic operon (Figure 1A). The DBR2 and ALDH1 were constructed as 
monocistronic operon at MCS-1 and MCS-2 of pRSFDUET-1 respectively (Figure 1B) as well as dxs and idi in 
pCDFDUET-1 (Figure 1C). The DBR2 and dxs were inserted between BamHI/EcoRI restriction sites, while 
ALDH1 and idi were inserted between NdeI/XhoI restriction sites in each plasmid.  

 
Figure 1. Plasmids map. A. pETDfac (9499 bp): pETDUET-1 vector carrying FPS, ADS, CYP, B. pRSFDda (6458 bp): 
pRSFDuet-1 vector carrying DBR2 and ALDH1, C. pCDFDdi (6197 bp): pCDFDuet-1 vector carrying dxs and idi 
(Ilustrated by SnapGene). 
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Recombinant plasmids characterization resulted that all genes were successfully cloned into plasmids. 
Migration analysis showed that pETDfac (9499 bp) migrated slower compared to pRSFDda (6458 bp) and 
pCDFDdi (6197 bp) due to its bigger size. Meanwhile, the smallest plasmid, pCDFDdi migrated faster than 
the others but only slightly different with pRSFDdi (Figure 2A). Based on single digestion analysis using 
NdeI restriction enzyme, all three recombinant plasmids were seen with DNA bands of the appropriate size 
(Figure 2B). Consistent with migration analysis, pRSFDda and pCDFDdi were found hard to be 
differentiated. They both showed bands of similar size that make them difficult to be distinguished on 
analysis from cells carrying three recombinant plasmids (Figure 2B. Lane 2 and 5). Double digestion analysis 
showed DNA band of the inserted genes on each plasmid. Digestion of pETDfac using BamHI/NotI 
restriction enzymes cleaved ADS (1641 bp) and FPS (1072 bp), while digestion using NdeI/XhoI cleaved CYP 
(1467) from pETDfac (Figure 2C Lane 1 and 2). Digestion of pRSFDda using BamHI/EcoRI and NdeI/XhoI 
restriction enzymes realeased DBR2 (1164 bp) and ALDH1 (1500 bp) from the vectors, respectively (Figure 
2C Lane 3 and 4). Characterization of pCDFDdi was carried out using the same restriction enzyme as in 
pRSFDda. Digestion using BamHI/EcoRI resulting dxs (1902 bp) and digestion with Nde/XhoI resulting idi 
(549 bp) (Figure 2C Lane 5 and 6). 

 

 

Figure 2. Recombinant plasmid characterizations. A. Migration analysis of plasmid: 1. pETDfac (9499 bp); 2. pRSFDda 
(6458 bp); 3. pETDfac and pRSFDda; 4. pETDfac, pRSFDda and pCDFDdi; 5. pCDFDdi (6197 bp), B. Single digestion 
(NdeI) of plasmid: 1. pETDfac (9499 bp); 2. pRSFDda (6458 bp); 3. pETDfac and pRSFDda; 4. pETDfac, pRSFDda and 
pCDFDdi; 5. pCDFDdi (6197 bp),  C. Double digestion of plasmid: 1. pETDfac (BamHI/NotI) resulting ADS (1641 bp) 

andFPS (1076 bp); 2. pETDfac (NdeI/XhoI) resulting CYP (1467 bp); 3. pRSFDda (BamHI/EcoRI) resulting DBR2 (1164 

bp); 4. pRSFDda (NdeI/XhoI) resulting ALDH1 (1500 bp); 5. pCDFDdi (BamHI/EcoRI) resulting dxs (1902 bp); 6. 
pCDFDdi (NdeI/XhoI) resulting idi (549 bp), D. PCR analysis of plasmid: 1. FPS (1076 bp); 2. ADS (1641 bp); 3. idi (549 

bp); 4. CYP (1467 bp); 5. ALDH1 (1500 bp); 6. DBR2 (1164 bp); 7. dxs (1902 bp); M. DNA ladder 1 kb. 

In polymerase chain reaction (PCR) analysis, all the inserted DNA can be amplified. PCR analysis of 
FPS and ADS resulted in products that matched the theoretical size of ADS and FPS because the used 
primers specifically recognized each terminal of the genes (Figure 2 Lane 1 and 2). In contrast to FPS and 
ADS, PCR analysis on CYP, DBR2, ALDH1, dxs and idi were conducted using universal primers that anneals 
to each end of MCS of plasmid resulted addition about 200 bp higher than the actual DNA size (Figure 2 
Lane 4, 6 and 7). Unspecific binding occurred in the PCR analysis of ALDH1 (Figure 2 Lane 5), and this still 
appeared even after optimization of the annealing temperature (data not shown). In general, sequencing 
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analysis of recombinant plasmids (data not shown) showed that all the genes encoding enzymes involved in 
artemisinin biosynthesis through MEP pathway have successfully cloned and transformed into E. coli. 

2.2. Genes Expression and Proteins Characterization 

Protein expression analysis was first carried out on E. coli Bl21(DE3) carrying three recombinant 
plasmids induced by 1 mM of IPTG compared to E. coli carrying each recombinant plasmid induced by 0.5 
mM of IPTG. The results of SDS-PAGE showed that all recombinant proteins (FPS, ADS, CYP, DBR2, 
ALDH1, DXS and IDI) were expressed. The protein bands obtained corresponding to their theoretical size 
DXS (71.18 kDa), ADS (65.59 kDa), ALDH1 (54.63 kDa), CYP (54.70 kDa), DBR2 (44.06 kDa), FPS (40.34 kDa) 
and IDI (21.33 kDa) (Figure 3A. Lane 5, indicated by arrow). The amount of IPTG, time of incubation, 
temperature and medium culture were further optimized against E. coli carrying three recombinant 
plasmids. Those proteins can be induced by 0.5 mM IPTG with an incubation time of 4 h at 37 °C. Protein 
expression continued to increase at 6 h and remained expressed until 24 h. However, at the 48 and 72 h of 
observation, protein expression was seen to decrease. Optimization of temperature of incubation 
optimization gave better result for soluble protein production at 20 °C compared to 37 °C. While medium 
optimization gave no significant increment of soluble protein in the use of M9 media compared to Luria-
Bertani (LB). All the optimization datas were provided as supplementary material. 

 
Figure 3. Protein characterizations. A. Protein overproduction: 1. E. coli BL21(DE3) wild type; 2. E. coli 
BL21(DE3)+pETDfac; 3. E. coli BL21(DE3)+pRSFDda; 4. E. coli BL21(DE3)+pCDFDdi; 5. E. coli BL21(DE3)+3plasmids; B. 
SDS-PAGE analysis of protein from E. coli BL21(DE3)+3plasmids; 1. Whole cellular protein from E. coli BL21(DE3) wild 
type; 2. Whole cellular protein from E. coli BL21(DE3)+3plasmids; 3. Inclussion bodies of protein from E. coli 
BL21(DE3)+3plasmids, 4. Soluble protein form E. coli BL21(DE3)+3plasmids (Arrow with correspond color indicates 
target protein).  

Western blot (WB) analysis was conducted against whole cellular protein in cell lysate, inclusion body 
protein in debris cell and soluble protein in supernatant. The result reveals that all target protein from pellet 
cell could be detected in whole cellular protein (Figure 3C Lane 2). IDI was mostly found as soluble protein, 
followed by CYP and DBR2, which were seen as a small amount of soluble protein (Figure 3C Lane 4). FPS 
and some of CYP and IDI were observed as inclusion body proteins (Figure 3C Lane 3). Meanwhile, DXS, 
ADS and ALDH1 could not be identified by WB neither in inclusion body protein nor in soluble protein.  

3. DISCUSSION  

To date, engineering the MVA pathway from S. cerevisiae to E. coli successfully produced ADS up to 25 
g/L [10,11]. Addition of dxs from Streptomyces avermitilis and idi from B. subtilis for the modification of the 
MEP pathway in E. coli succeeded in producing amorphadiene with a yield of 6.1 g/L [14]. E. coli has been 
shown to produce terpenoids through the MEP pathway with higher yields than the MVA pathway [15,16]. 
In this study an attempt was made to produce further artemisinin precursors, artemisinic acid and 
dihydroartemisinic acid, which had never been performed in previous studies. The approach was carried 
out through engineering the MEP pathway in E. coli by adding synthetic dxs and idi to increase the number 
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of IPP and DMAPP. This study also added FPS, ADS, CYP, DBR2 and ALDH1 which play a role in the 
biosynthesis of artemisinin. 

Genes construction was conducted in three different vectors selected from different incompatibility 
groups. This is important to maintain plasmid persistence so the cells can continue to express the expected 
protein. Since the vectors have two MCS, all genes were designed as monocistronic operons, except FPS and 
ADS. Both genes, FPS and ADS, encode enzymes that function sequentially to produce amorphadiene [6].  

The dxs used in this research was derived from B. subtilis, that was reported more efficient to enhance 
isoprene production in E. coli than the native one, while the idi gene was originated from E. coli. The dxs and 
idi genes were reported to regulate the presence of farnesyl diphosphate in E. coli via the MEP pathway [17]. 
DXS has been documented to exert strong flux and concentration control over MEP pathway intermediates 
[18]. The expression of dxs together with idi is expected to supply abundant isoprenoids by MEP pathway, 
and additional enzymes from A. annua supposed to promote the next steps conversion to produce other 
artemisinin intermediate compounds, i.e., farnesyl pyrophosphate, amorphadiene, artemisinic acid and/or 
dihydroartemisinic acid in E. coli.  

In this research, FPS, CYP, DBR2, and ALDH1 nucleotide sequence from A. annua were optimized for 
expression in E. coli. This conducted to reduce codon bias problem that might result in either an unexpressed 
or a truncated recombinant protein. Rare codon in heterologous condition was suggested to force the host to 
express a protein using random tRNA. The codon optimization was carried out in such a way to avoid errors 
that can cause translational stalling, premature translation termination, translation frame shift and amino 
acid mis-incorporation [19-21]. By expressing optimized genes, it is expected to shift the limitation and 
increase the production of functional enzymes. Beside the FPS, CYP, DBR2 and ALDH1, the ADS gene used 
in this research was native sequence derived from A. annua. Previous work showed that native ADS 
expression in E. coli produced amorphadiene synthase wich was active in cyclase test using farnesyl 
diphosphate (FDP) as substrate [22].  

Combination of FPS, ADS, CYP, DBR2 and ALDH1 was aimed to produce artemisininc acid and/or 
dihydroartemisininc acid, a late-stage precursor for artemisinin biosynthesis that was never reported before 
in E. coli. Sanofi created a commercial approach that used modified yeast through MEV pathway modulation 
developed by Jay D. Keasling to produce artemisinic acid [23,24], which was subsequently converted to 
dihydroartemisinic acid by diastereoselective reduction using diimide [25]. The production of 
dihydroartemisinc acid can shorten the semisynthetic route for artemisinin manufacturing. 
Dihydroartemisinic acid was the starting point for numerous artemisinin synthesis processes [26]. It was 
able to be converted to artemisinin through photooxidation followed by Hock cleavage reaction and triplet 
oxygen oxidation subsequently [27]. 

Protein overproduction was conducted under various IPTG induction. Our finding showed that all 
proteins could be expressed with no significant differences at the induction of 0.5, 1 and 2 mM IPTG with an 
incubation time of 4 h (Figure S2.A). In the research process, it was found that DXS from B. subtilis was well-
expressed in E. coli at 0.1 mM of IPTG induction (data not shown) but the level was decreased after co-
expression with IDI, although the inducer amount was upgraded ten times (Figure S1). After co-
transformation of three plasmids, the number of DXS and IDI increased again to higher level (Figure 3A. 
Lane 4 and 5). The presence of the recombinant synthase was thought to be able to encourage the production 
of both enzymes, thus the production of IPP and DMAPP in the cell could also be stimulated. 

Time optimization at 0.5 mM IPTG showed that the highest protein production was observed at 6 h 
and decreased after 24 h. Based on protein band intensity measurement using ImageJ software [28], ALDH1 
was accounted for 8%, 10%, 7% at 4, 6 and 24 h, respectively, and reduced significantly to 3% and 2% at 48 
and 72 h. Likewise for IDI, the amount produced at 4, 6 and 24 h was 4%, 5% and 4%, then decreased to 1% 
at 48 h and remain stable until 72 h (Figure S2.B).The depletion of protein number could be due to the 
reduced amount of IPTG and proteins have been used for compounds biosynthesis. However, the decrease 
of protein level was not directly proportional to cell viability. The cell density was observed to increase at 
measurement from 4 to 72 h. 

To increase the amount of soluble protein, temperature of incubation was optimized at 20 °C. Based 
on protein bands intensity on SDS-PAGE analysis, decreasing temperature of incubation to 20 °C could 
increase the amount of soluble protein compared to 37 °C (Figure S2.C). Low temperature was reported to 
decrease translation rate and to give sufficient time for protein to fold correctly to avoid the formation of 
inclusion bodies [29,30]. Further optimization was carried out for medium culture using LB and M9. 
However, based on analysis using SDS-PAGE and Western Blot, at the same amount of IPTG induction and 
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incubation time, the soluble protein obtained from LB media was still higher than in M9 media (Figure 
S2.D).  

The only protein that majorly found as soluble protein in WB analysis was IDI. Considering that idi is 
the original gene from E. coli, it is suggested that easier for E. coli to carry out cloned idi translation process 
and to fold the protein properly, in contrast to other six proteins that were expressed heterologously. FPS 
was found in WB mostly as inclusion body which was likely to cause it inactive in E. coli [31]. Meanwhile, 
DXS, ADS and ALDH1 could not be detected neither as soluble protein nor inclusion bodies. This could be 
due to the amount of the proteins (DXS, ADS and ALDH1) in the sample were not sufficient enough to be 
detected by the WB method used in this study. Finding an appropriate expression condition for such a 
designed expression system is a big challenge, as well as a proper protein folding. Since optimizing the 
codons, inducer concentrations, time of induction, culture medium and cultivation temperature were not 
sufficient enough to make all target protein became soluble protein. Further studies to determine the 
production of metabolites in the presence of soluble recombinant proteins in E. coli (IDI, CYP, DBR2), 
especially the formation of precursors for artemisinin biosynthesis, is still in progress. 

4. CONCLUSION 

Two genes related to isoprenoid production through the MEP pathway (dxs and idi) and five genes 
related to artemisinin biosynthesis from A. annua (FPS, ADS, CYP, DBR2 and ALDH1) have been successfully 
cloned and expressed in E. coli. The best condition to produce soluble and biologically active protein was 
under induction of 0.5 mM of IPTG for 24 h of incubation at 20 °C.  

5. MATERIALS AND METHODS 
5.1 Materials 

LB medium (1% NaCl, 1% tripton, 0.5% yeast extract, 1.5% bacto agar), TSS (LB medium containing 
10% PEG 6000, 5% DMSO and 50 mM MgCl2),  TAE 1x {diluted from TAE 50x (2 M Tris, 1 M glacial/acetic 
acid, 50 mM EDTA pH 8.0), DNA 1 kb ladder (FermentasTM), agarose (Top vision MDBio), Paq5000 DNA 
polymerase 2x master mix (Agilent Technologies), primers purchased from IDTDNA (Tabel), plasmid 
isolation kit (Qiagen), IPTG, reagents for SDS-PAGE {stacking buffer (0.5 M Tris-HCl pH 6.8), separating 
buffer (1.5 M Tris-HCl pH 8.8), 10% SDS, 40% acrylamide, 10% APS, TEMED}, SDS-PAGE running buffer (25 
mM Tris, 192 mM glycine, 0.1% SDS), polyvinylidene fluoride (PVDF) membrane, blocking buffer (5% skim 
milk in TBS-T 1x), Western Blot transfer buffer (25 mM Tris, 192 mM glycine, 10% methanol), Tris-Buffered 
Saline-Tween (TBS-T) 1X {diluted from TBS 10x (200 mM Tris and 1500 mM NaCl) with 0.1% Tween 20}, 
reagents for protein visualization consisting of primary antibody 6x-His Tag rabbit polyclonal antibody 
(Invitrogen), secondary antibody alkaline phosphatase conjugated goat antirabbit IgG (Sigma), NBT (Bio 
Basic)/BCIP (Sigma) solution as substrate for alkaline phosphatase. 

5.2 Methods 
5.2.1 Plasmids construction  

The gene fragments cloned in this research were FPS, ADS, CYP, DBR2, ALDH1, dxs and idi. The 
native sequence of the DNA can be accessed on NCBI using Acc. Nr.  KJ609177.1, DQ241826.1, HQ315834.1, 
EU704257.1, FJ809784.1, NC_000964 and NC_000913, respectively. The DNA sequence of ADS, dxs and idi 
were native as in the original organisms. Changes were only made to some sequences to avoid the restriction 
sites used when inserting the DNA into plasmids. FPS, CYP, DBR2 and ALDH1 were optimized to the 
preferred codon usage of E. coli (http://www.kazusa.or.jp/codon/). The optimized FPS and CYP were 
synthetically made in pJexpress401 plasmid by DNA 2.0. NdeI and XhoI restriction sites were added at 5’ and 
3’ ends of the sequence during DNA synthesis. The optimized DBR2 and ALDH1 were also synthetically 
produced and cloned into pRSFDUET-1 by Genscript resulting pRSFDda. Similarly, dxs and idi were 
synthetically produced and constructed into pCDFDUET-1 commercially by Genscript resulting pCDFDdi 
recombinant plasmid. BamHI and EcoRI restriction sites were added at 5’ and 3’ ends of DBR2 and dxs, while 
NdeI and XhoI were added at 5’ and 3’ ends of ALDH1 and idi. 

To produce pETDfac, the first gene cloned into pETDUET-1 was CYP. The CYP gene fragment was 
transferred from pJexpress_cyp to pETDUET-1 by restriction and ligation resulting pETDc recombinant 
plasmid. The next gene inserted was ADS that was isolated from pET15b-ads (kindly given by Prof. Wim J 
Quax from Groningen University) by PCR method. The BamHI and NotI restriction sites were added to the 
sequence during the PCR process. The PCR product was firstly cloned into pGEMT-easy and then was 
transferred to pETDc by the same strategy as on pETDc, resulting pETDac recombinant plasmid. Finally, 
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FPS gene was isolated from pJexpress_fps by PCR to produce FPS gene carrying NotI restriction site at both 
5’ and 3’ ends. PCR product and pETDac were digested using NotI and then ligated to produce pETDfac. 
5.2.2 Plasmid transformation 

Plasmids pETDfac and pRSFDda were transformed into E. coli TOP10, while pCDFDdi was 
transformed into E. coli DH5α for maintaining the plasmids. All the plasmids were further transformed into 
E. coli BL21(DE3) for protein overproduction. Plasmid transformation was conducted using heat shock 
method [32]. As much as 100 ng DNA were added to 200 µL competent cells treated with transformation and 
stock solution (TSS) containing MgCl2. The mixture was then incubated at 42 °C for 90 s and quickly moved 
to the ice for 2 min. After the incubation, 800 µL LB medium was added into the mixture and then the 
mixture was incubated further using a shaker incubator at 37 °C, 150 rpm for 1 h. Before plating, cell culture 
was centrifuged (3000 g, 5 min). The obtained pellet cells were then re-suspended using 100 µL LB medium 
and then plated onto LB agar containing ampicillin 100 µg/ml for pETDfac, kanamycin 30 µg/ml for 
pRSFDda and streptomycin 50 µg/ml. Plasmid pETDfac, pRSFDda and pCDFDdi were also co-transformed 
into E. coli BL21(DE3) competent cells using the same method and plated on LB medium containing the three 
antibiotics for selection. Recombinant plasmids obtained from transformant cells were then analyzed. 
5.2.3 Plasmids characterization 

Plasmids isolated from transformant cells were characterized by migration, restriction and PCR 
analysis. Migration analysis performed in 8% agarose gel electrophoresis by running the plasmids compared 
to another plasmid. Confirmation of plasmids size was carried out by a single digestion using XhoI 
incubated at 37 °C. To investigate the genes inserted, double digestion using appropriate restriction enzymes 
and PCR analysis was conducted. PCR process was carried out using specific primers for each gene or 
universal primer for DUET plasmid provided by Novagen as shown in the Table.  

 
Table. Primers used for PCR analysis 

Genes Primers Pairs Primers Sequences (5’ 3’) 

FPS For_fps_NotI1Duet TTTGTTGCGGCCGCTCTAGAA 

 Rev_fps_AflIIDuet CTGCGGCTTAAGTTAGTGGTGATGGTG 

ADS ADS_Duet_F_BamHI GAGGACGGATCCGATGTCACTTACAG 

 ADS_Duet_R_EcoRI CCGGACGCCATGGTCATATACTCATAG 

CYP DUETUP2 TTGTACACGGCCGCATAATC 

 T7terminator GCTAGTTATTGCTCAGCGG 

DBR2 T7promoter TAATACGACTCACTATAGGG 
 DUETDOWN1 GATTATGCGGCCGTGTACA 

ALDH1 DUETUP2 TTGTACACGGCCGCATAATC 
 T7terminator GCTAGTTATTGCTCAGCGG 

dxs T7promoter TAATACGACTCACTATAGGG 
 DUETDOWN1 GATTATGCGGCCGTGTACA 

idi DUETUP2 TTGTACACGGCCGCATAATC 
 T7terminator GCTAGTTATTGCTCAGCGG 

5.2.4 Protein overproduction 
Single colonies of recombinant cells were grown in media containing the appropriate antibiotics and 

inoculated overnight at 37 °C in a shaking incubator at a speed of 150 rpm. As much as 5% of overnight 
cultures were then subcultured in fresh medium and incubated until OD600 reading reached 0.6-0.7. 
Furthermore, the cultures were induced with IPTG and incubated further at specified time and condition. 
Optimization of the overproduction process was carried out on IPTG concentrations (0.1, 0.5 and 1.0 mM), 
incubation time (4, 6, 24, 48 and 72 h), incubation temperature (37 and 20 °C) and culture media (LB and M9). 
The cells were harvested by centrifugation at 3750 rpm for 20 min at 4 °C.   

5.2.5 Protein characterization 
SDS-Polyacrylamide Gel Electrophoresis (SDS-PAGE) 

SDS-PAGE analysis was conducted using 12% of acrylamide gel. To determine whether the proteins 
were expressed under the condition used, pellet from cell culture to yield OD600 2.0 was re-suspended in 
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DTT:loading dye (1:9) and heated on boiled water for 10 min. The mixture was further centrifuged at 10.000 
rpm for 10 min. As much of 5 µL of supernatant was loaded and run for SDS-PAGE analysis.  

To determine whether the target proteins (FPS, ADS, CYP, DBR2, ALDH1, DXS, IDI) were expressed 
in soluble or inclusion bodies form, the cells harvested from 200 mL culture were resuspend in LEW buffer 
pH 8 (1:5) containing 1 mM phenylmethylsulfonyl fluoride (PMSF) and lysed by sonication at 70% 
amplitude for 20 min (15 s on, 15 s off) on ice. The lysate and cell debris were separated by centrifugation at 
10.000 rpm for 10 min at 4 °C. The lysate contained crude protein in soluble form while cell debris contained 
protein in inclusion bodies form. As much of 40 µl of crude protein was added with 10 µl of loading dye 
containing bromophenol blue. Meanwhile, the cell debris obtained from 1.5 mL lysis mixture was weighed 
and re-suspended in loading dye containing bromophenol blue resulting 50% mixture concentration.  Both 
crude protein and cell debris mixture were heated in boiled water for 10 min. The mixtures were centrifuged 
at 10.000 rpm for 10 min. Hereafter, 10 µl of each crude protein and cell debris supernatant were loaded and 
separated using SDS-PAGE. 
Western Blot 

The protein from polyacrylamide gel was transferred into methanol-activated PVDF membrane. The 
proteins were blocked by incubating the membrane in 5% skim milk in TBS-T 1x solution. To visualize the 
protein, the 6x-His Tag rabbit polyclonal antibody was used as the primary antibody (1:1000), and the 
secondary antibody was goat antirabbit IgG alkaline phosphatase conjugated (1:10000). The NBT/BCIP 
solution was used as substrate for alkaline phosphatase. 
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