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 Background: Malaria continues to be a major challenge for global health. Metabolic 

pathways such as Shikimate pathway which is unique to the pathogen, and absent in 

human host, are attractive targets for drug intervention. Chorismate synthase (Cs) 
catalyzes the last step of Shikimate pathway and generates Chorismate, an important 

metabolite essential for the biosynthesis of folates, aromatic amino acids, ubiquinone 
and other secondary metabolites. Objective: Here we report obtaining stable and 

soluble expression of recombinant Chorismate synthase from P. falciparum (rPfCs) 

with the C-terminal hexa-His tag in E. coli. Results: We carried out comparative 
analysis 61 different expression conditions for obtaining soluble rPfCs expression in E. 

coli. We found that low-temperature induction at 18°C for 22 h using 100 µM IPTG, 

along with supplementation with 2% MgCl2, enhances expression of soluble rPfCs 
which could be affinity-purified using Ni-NTA. Conclusion: We also report here 

conditions optimized for maximizing stability of rPfCs upon prolonged storage, thus 

minimizing loss of rPfCs due to protein aggregation.  

 

INTRODUCTION 

 

Resurgence of the drug-resistant malaria parasite and ever increasing drug resistance to new antimalarials is 

a matter of great concern. One strategy to overcome the problem of increasing drug resistance in Plasmodium is 

to identify and characterize new druggable antimalarial drug targets unique to the parasite, the majority of which 

are parasite proteins. A number of new drug targets have been identified and validated, especially using the 

bioinformatics approach. Bioinformatics approach can suggest possible functions but experimental validation of 

the putative target is must before embarking on a drug discovery project which ultimately is dependent on the 

availability of soluble proteins. After more than a decade of genome sequencing of Plasmodium falciparum, 

nearly 60% of hypothetical proteins have not yet been annotated and relatively much less of parsites’ biology is 

known compared to other organisms. Biochemical characterization and structure-activity analysis of these 

Plasmodium proteins remains a challenge because these procedures require abundant protein (Birkholtz et al., 

2008). Only in rare circumstances, the protein of interest can be isolated in sufficient quantities from the natural 

host cell for downstream studies. Heterologous expression of the protein is of paramount importance for getting 

the protein in high amount.  

http://www.ajbasweb.com/
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Obtaining stable and functional expression of recombinant Plasmodial proteins in heterologous systems is 

one of the major challenges in establishing a reliable enzyme assay for antimalarial drug discovery. Different 

systems, bacterial Escherichia coli (Yadava and Ockenhouse, 2004; Abdel-Latif et al., 2002), yeast (Pichia 

pastoris and Saccharomyces cerevisiae) (Kocken et al., 2002; Pan et al., 2004; Baruch et al., 2002; Miles et al., 

2002), insect cells/ baculovirus (Pizarro et al., 2003; Pang et al., 2002), recombinant tobacco mosaic virus 

(Turpen et al., 1995), transgenic mice (Stowers et al., 2002), and cell-free expression system are known 

(Mudeppa and Rathod, 2013). 

E. coli expression system remains one of the best choice for the expression because of its obvious 

advantages of quick production of biomass without sophisticated laboratory equipment and relatively less cost 

involved. However, the quality of many Plasmodial proteins expressed in E. coli has not been satisfactory. 

Expression of P. falciparum proteins in E. coli expression system on a single gene or on a genome scale (Pang 

et al., 2009; Mehlin et al., 2006), revealed the success rates of Plasmodial genes to be expressed (defined merely 

as the ability to make visible protein), is less than 5% (Mudeppa and Rathod, 2013), in contrast to the 

corresponding genes from humans (Agrawal et al., 2003), or from other parasites which are often readily 

overexpressed (Vedadi et al., 2007). Different explanations for the challenges encountered during expression of 

Plasmodial proteins include the high AT content of the malaria genome, autologous feedback loops, internal 

start and stop sites, toxicity of Plasmodial proteins (Vedadi et al., 2007), and nonspecific nucleic acid binding 

(Pang et al., 2009). There is no universal Plasmodial protein expression strategy but tRNA augmentation, codon 

optimization, and alteration of host expression may sometimes lead to success (Mehlin et al., 2006; Birkholtz et 

al., 2008). Most common problem faced in the expression of the malarial recombinant proteins is expression of 

proteins as truncated forms or formation of the inclusion bodies in the bacterial cells due to metabolic stress. 

Two strategies can be employed for getting soluble protein from inclusion bodies: Low-temperature induction 

and refolding. Refolding is cumbersome, labour intensive, has lengthy turn-around times, involves high 

expenditure (requires a large amount of the chaotrope: urea and guanidine hydrochloride, protein aggregation 

inhibitor: arginine, reducing and oxidizing reagents: GSH/GSSG, etc.) and has low chances of success. It is, 

therefore, worthwhile to explore various expression conditions like lowering of incubation temperature during 

induction along with the use of additives to promote expression and stability the recombinant proteins (Sahdev 

et al., 2008; Peti and Page, 2007). Lowering the induction temperature slows down the rate of recombinant 

protein expression, thereby providing relatively greater chance for proper protein folding leading to the 

production of active fully folded soluble protein. 

Chorismate synthase (Cs) catalyzes the seventh step of the Shikimate pathway leading to the production of 

chorismate which acts as feeding metabolite for several other metabolic pathways like aromatic amino acid 

biosynthesis, folate synthesis, ubiquinone synthesis. Absence of Shikimate pathway from human host makes 

enzymes of Plasmodial Shikimate pathway attractive drug targets. This study describes a simple method for 

optimization of the cultivation conditions to get a soluble expression of codon optimized Cs in E. coli. Induction 

at the low temperature along with MgCl2 as additive lead to the production of considerably larger amounts of 

soluble protein of a higher quality compared to standard conditions of induction.  The method is easily 

applicable in laboratories where a sophisticated cultivation facility is not available and can aid not only 

understanding structural and biochemical characteristics of the enzyme but also in the process of developing a 

bioassay for screening inhibitors for this important antimalarial drug target. 

  

MATERIALS AND METHODS 

 

Codon optimization and gene synthesis: 

The sequence of Cs was optimized for codon adaptation in E. coli. The gene was synthesized chemically 

(GeneArt, Germany). C-terminal His-tag was added to the sequence to aid in the purification of the expressed 

protein using Ni-NTA column. The synthesized Cs was cloned into expression vector pET-28 (a) under the 

control of IPTG inducer using restriction enzymes XbaI and BlpI. 

 

Expression of PfCs in E. coli BL21-DE3: 

E. coli BL21 competent cells were transformed with recombinant pET 28 (a) vector using chemical 

treatment CaCl2 as described in (Sambrook and Russell, 2001). The transformed bacteria were selected on 

Luria-Bertani (LB) agar plates containing kanamycin (50 μg/ml). A single colony of the transformed bacteria 

was inoculated in 5 ml LB medium containing kanamycin (50 μg/ml) for cultivation at 37°C overnight. This 

starter culture was used to inoculate secondary culture of one liter LB medium with kanamycin at dilution of 

1:1000. The cultivation was carried out with a shaking speed of 225 rpm. The optical density (OD) at A600 of the 

cultures was monitored systematically and at 0.6 OD 1 mM IPTG (isopropyl-b-D-thiogalactopyranoside) was 

added and the expression was carried out for three hours at 37°C followed by harvesting of bacteria by 

centrifugation at 4000 rpm for 15 min. 
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Optimization of expression conditions: 

Different conditions by varying the temperature, post induction time, inducer concentration and the addition 

of additives (Table 1) were tried. The bacterial cells were harvested and sonicated in PBS (phosphate buffer 

saline) and checked for soluble expression using sodium dodecyl sulfate polyacrylamide gel electrophoresis 

(SDS-PAGE) by loading the pellet and supernatant obtained after sonication.  
 

Table 1: Different induction conditions for obtaining soluble PfCs. 

S. No. IPTG 
Additive (%) 

Temperature (°C) 
Post-induction Period 
(h) 

Soluble rPfCs 
Expression G S I M Mg 

1 -      37 6  

2 1 mM      37 6  

3 0.5 mM      37 6  
4 0.1 mM      37 6  

5 50 µM      37 6  

6 25 µM      37 6  
7 10 µM      37 6  

8 10 µM +     37 6  

9 10 µM +  +   37 6  
10 10 µM +     37 6  

11 10 µM +  +   37 6  

12 10 µM    +  37 6  
13 0.02 µM     + 37 20  

14 1 mM      28 18  

15 0.5 mM      28 18  
16 0.1 mM      28 18  

17 0.1 mM 2    3 28 18  
18 50 µM      28 18  

19 50 µM +    2.5 28 18  

20 25 µM      28 18  
21 10 µM      28 18  

22 10 µM +     28 18  

23 10 µM +  +   28 18  
24 10 µM +     28 18  

25 10 µM +  +   28 18  

26 10 µM    +  28 18  
27 50 µM 1    2.5 28 18  

28 100 mM 2    3 28 18  

29 1m M      22 20  
30 0.5m M      22 20  

31 0.1 mM      22 20  

32 50 µM      22 20  
33 25 µM      22 20  

35 10 µM      22 20  

36 10 µM +     22 20  
37 10 µM +  +   22 20  

38 10 µM +     22 20  

39 10 µM +  +   22 20  
40 10 µM    +  22 20  

41 1 mM      16 22  

42 0.5 mM      16 22  
43 0.1 mM      16 22  

44 0.1 mM     + 16 22  

45 50 µM      16 22  
46 25 µM      16 22  

47 10 µM      16 22  

48 10 µM +     16 22  
49 10 µM +  +   16 22  

50 10 µM +     16 22  

51 10 µM +  +   16 22  
52 10 µM    +  16 22  

53 0.1 µM     0.5 14* 22  

54 0.1 mM +    5 14 22  
55 50 µM 2    2.5 14 22  

56 0.1 mM      18 22 + 

57 0.1 mM     + 18 22 ++ 
58 0.1 mM     2 18 22 +++ 

59 0.2 mM +     18 22  

60 20 µM      18 22  
61 10 µM      18 22  

G: Glucose, S: Sucrose, I: Imidazole, M: Mannitol, Mg: MgCl2, Additives were added at final concentration of 2% until otherwise 

stated, All conditions were tried with LB media except, *where SOC was used 
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Purification of soluble Cs: 

The supernatant obtained after sonication was loaded onto Ni-NTA column (Qiagen, Germany). The 

soluble His-tagged protein was purified by increasing the concentration of imidazole (in the range of 10-250 

mM). At high imidazole concentration, 6X His-tag dissociates and can no longer compete for the binding site on 

Ni-NTA resins. Washes with a lower concentration of imidazole were given to get rid of non-specific proteins. 

Each wash of imidazole was given 2X bed volume of the column. 

 

Optimization of PfCs storage: 

Purified protein was dialyzed into different buffers summarized in Table 2 and checked for visual 

precipitation/degradation products on SDS-PAGE.  

 
Table 2: Composition of different buffers for determination of stability of rPfCs. 

S. No. Composition  

1 Phosphate Buffer Saline 
2 50 mM Tris pH 8.5, 300 mM NaCl 

3 50 mM Tris pH 8.5 

4 50 mM Tris pH 8.5, 300 mM NaCl, 10% glycerol, 10 mM KCl, 1 mM EDTA 
5 50 mM Tris pH 8.5, 300 mM NaCl, 10% glycerol, 10 mM KCl, 1 mM EDTA, 0.4 M DTT 

6 100 mM Na2HPO4 pH 8 , 300 mM NaCl 

7 100 mM Na2HPO4 pH 8, 300 mM NaCl, 10% glycerol 
8 50 mM MOPS pH 7.5 

9 MOPS pH 7.5, 10% glycerol 

10 MOPS pH 7.5, 0.01% Triton X 
11 50 mM MES pH 6.0, 240 mM NaCl, 10 mM KCl, 1 mM EDTA 

12 100 mM HEPES pH 7.5, 500 mM NaCl 

13 0.1 M Ammonium bicarbonate pH 8 
14 50 mM Tris pH 8.5, 240 mM NaCl, 10 mM KCl, 0.05% polyethylene glycol 3,550 

15 50 mM Tris pH 8.5, 240 mM NaCl, 10 mM KCl, 1 mM EDTA, 0.05% polyethylene glycol 3,550 

16 50 mM Tris pH 8.5, 240 mM NaCl, 10 mM KCl, 1 mM EDTA, 0.05% polyethylene glycol 3,550, 10% glycerol 
17 Tris pH 7.5, 20 mM KCl, 0.5 mM DTT, 2 mM EDTA, 5% glycerol 

 

SDS-PAGE and Western Blotting: 

The protein samples were run an SDS-PAGE as per the Lamelli protocol (Laemmli, 1970). Western Blot 

was performed as per standard protocol (Doolan, 1995). Antibodies used for detection of Western Blots are as 

follows: primary Anti-His-tag mouse antibody (Cell Signalling Technology, USA) at a dilution of 1:2500 in 

TBST; secondary anti-mouse AP-linked IgG (Cell Signalling Technology, USA) at a dilution of 1: 3500. All 

antibody dilutions were made in TBST with 1.25% skimmed milk. Blots were developed using nitro-blue 

tetrazolium (NBT)/ 5-bromo-4-chloro-3'-indolyphosphate (BCPIP) (Biorad Laboratories, USA) for detecting AP 

activity. 

 

RESULTS AND DISCUSSION 

 

Expression of codon optimized Cs in E. coli: 

There are rare codons in PfCS, so to maximize the chance of getting good quality Cs expression in E.coli, 

C-terminal His-tagged codon optimized genes were synthesized and cloned in pET 28 (a) vector and expressed 

in E. coli BL 21 (DE3) (Figure 1A). Expression of the protein was checked using IPTG (Figure 1B). The 

confirmation of recombinant protein was done by Western Blotting using Anti-His antibody (Figure 1C). The 

observed molecular weight of the rPfCs protein (60 kDa) on SDS-PAGE is in good conformation with its 

predicted polypeptide mass. The recombinant protein obtained was insoluble and accumulated mainly in the 

form of inclusion bodies (Figure 1D). 

Heterologous proteins expression sometimes fail in E. coli due to the presence of “rare” codons in the target 

mRNA. This includes codons for arginine (AGA, AGG), isoleucine (AUA), leucine (CUA), and proline (CCC). 

Target genes containing rare codons experience translational stalling in E. coli, and therefore, often fail to 

express or are expressed at very low levels, or as truncated proteins (Kane, 1995; Cruz-Vera et al., 2004). Codon 

bias of E. coli is straightforward to overcome and websites to locate rare codons in a gene are available (e.g., the 

rare codon calculator, RaCC; http://nihserver.mbi.ucla.edu/RACC/).  Previous attempt of cloning Chorismate 

synthase in E.coli BL 21 strain resulted in no expression as the Cs gene from P. falciparum as the gene has rare 

codon usage for arginine and isoleucine residues (Fitzpatrick et al., 2001). Fitzpatrick overcame this problem by 

expressing GST±PfCS fusion protein in E. coli BL21 Codon Plus (DE3)-RIL cells, which carry the rare tRNAs 

required for efficient translation of this aroC gene. The protein prep was active only after GST cleavage which 

resulted in cleavage of the protein itself (Fitzpatrick et al., 2001). 
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Fig. 1: Cloning, expression and purification of PfCs: (A) Confirmation of presence of construct in transformant: 

Plasmid was isolated from the transformed E. coli cells and restriction digestion was carried using Xba 1 

and Blp1, presence of insert confirms the presence of construct, M: Molecular weight Marker (bp), Xba 

I: Vector digested with Xba I enzyme, Blp I: Vector digested with Blp I, X/B: Double digested vector 

with Xba I and Blp I, (B) SDS-PAGE analysis of expression in induced vs uninduced expression clones: 

Expression induced by standard induction (addition of IPTG in culture with OD 0.6, 3 h post induction 

at 37°C), followed by SDS-PAGE analysis, 1: Uninduced (no IPTG added), 2: Induced pellets, (C) 

Western blot of induced and uninduced pellets PfCs: Purified PfCs was run and blotted onto PVDF 

membrane and expression was confirmed using Anti-His antibody. Blot was developed using 

NBT/BCPIP, 1: Uninduced (no IPTG added), 2: Induced pellets, (D) Inclusion body formation of PfCs: 

SDS-PAGE analysis of rPfCs expression upon standard induction. 1: Inclusion Bodies, 2: Soluble 

cellular fraction 

 

Optimization of cultivation conditions for getting soluble protein: 

Different conditions were tried which included a combination of varying induction temperature, post-

induction period, the concentration of inducer and addition of additives like Glucose, MgCl2 (Table 1). Good 

amount of soluble protein was obtained in presence of 2% MgCl2 with 100 µM IPTG, 22 hrs post induction at 

18°C. MgCl2 has a positive effect on expression of rPfCs (Figure 2).  

 
Fig. 2: SDS-PAGE analysis of the representative soluble fractions obtained after sonication of different PfCs 

clones induced at different conditions, 1: Induced pellet, 2: Uninduced, 3: Induced supernatant at 37°C 

with 0.1 µM IPTG, 4: Induced supernatant at 16°C with 0.1 mM IPTG + 1% glucose, 5: Induced 

supernatant at 18°C with 1 mM IPTG + 2% glucose, 6 & 7: Induced supernatant at 18°C with 0.1mM 

IPTG + 1% MgCl2 , 8 & 9: Induced supernatant at 18°C with 0.1 mM IPTG, 10: Induced supernatant 1 

mM IPTG at 16°C, 11 & 12: Induced supernatant at 18°C with 0. 1 mM IPTG + 2% MgCl2 

 

Lowering the expression temperature has been shown to improve the solubility of recombinant proteins 

(Shirano and Shibata, 1990; Kataeva et al., 2005; Volonte et al., 2008; Piserchio et al., 2009), as at lower 

temperatures, cell processes slow down, leading to reduced rates of transcription, translation, and cell division 

while also leading to reduced protein aggregation. Lowering the concentration of the induction agent leads to a 

reduction in transcription rate which aid in the solubilization of recombinant protein while high inducer 

concentrations can lead to high nascent protein concentrations which may cause proteins to aggregate before 

folding. Reducing the rates of transcription and/or translation facilitates folding by allowing the newly 

synthesized protein to fold before it aggregates and forms inclusion bodies.  
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Fig. 3: SDS-PAGE analysis of Ni-NTA elution profile of soluble His-PfCS obtained at 18°C: 1 & 2: 10 mM 

imidazole fractions, 3 & 4: 20 mM imidazole fractions, 5 & 6: 50 mM imidazole, 7 & 8: 80 mM 

imidazole, 9: 100 mM imidazole fractions, 10, 11, 12, & 13: 250 mM imidazole fractions. 

 

Purification of soluble Cs and optimization of Buffer for storage: 

The soluble protein was purified using Ni-NTA and increasing concentration of imidazole (Figure 3). The 

protein was first eluted with 250 mM of imidazole in PBS but the protein had stability issues in PBS and 

precipitated over a period of time. For optimization of buffer conditions, purified recombinant protein was 

dialyzed against different buffers (Table 2) and checked for the appearance of precipitate on storage at different 

conditions, 4°C, -20°C, -80°C, liquid Nitrogen and/or appearance of degradation bands/smear on the SDS-

PAGE gel. Protein was more stable in Tris-based buffers. Buffer 2 with 50 mM Tris pH 8.5, 300 mM NaCl was 

effective and an addition of 10% glycerol improved stability upto a  concentration of 2 mg/ml which can be 

stored at -20°C for at least one year without much visible precipitation. 

 

 
Fig. 4: SDS-PAGE analysis of protein samples after lyophilization: Small aliquot (50 µl) was taken in an 

eppendorf and lyophilized; the lyophilized samples were reconstituted in MQ water and loaded on the 

SDS-PAGE, 1: Lyophilized PfCs after two months of storage at room temperature, 2: After six months 

of storage at 4°C 

 

Later, the entire process from sonication to purification was done in Buffer 2. The elution buffer had 250 

mM imidazole was dialyzed against Buffer 2 before storage at –20°C to get rid of imidazole. Effect of 

lyophilization was also checked and protein was found to be stable when stored at 4°C/ room temperature for at 

least six months (Figure 4), time periods beyond mentioned were not tested. 

 

Conclusion: 

We have optimized expression of recombinant PfCs His-tagged protein in E. coli and also optimized buffer 

conditions for optimal stability of purified recombinant PfCs. Addition of MgCl2 along with low-temperature 

induction was beneficial. The rPfCs protein can be used for molecular and structural studies for obtaining a 

better functional understanding of this important target for antimalarial drug discovery. 
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