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Abstract

:

Malaria is one of the most prevalent diseases worldwide with high incidence and mortality. Among the five species that can infect humans, Plasmodium ovale morphologically resembles Plasmodium vivax, resulting in misidentification and confusion in diagnosis, and is responsible for malarial disease relapse due to the formation of hypnozoites. P. ovale receives relatively less attention compared to other major parasites, such as P. falciparum and P. vivax, primarily due to its lower pathogenicity, mortality rates, and prevalence rates. To efficiently produce lactate dehydrogenase (LDH), a major target for diagnosing malaria, this study used three Escherichia coli strains, BL21(DE3), BL21(DE3)pLysS, and Rosetta(DE3), commonly used for recombinant protein production. These strains were characterized to select the optimal strain for P. ovale LDH (PoLDH) production. Gene cloning for recombinant PoLDH production and transformation of the three strains for protein expression were performed. The optimal PoLDH overexpression and washing buffer conditions in nickel-based affinity chromatography were established to ensure high-purity PoLDH. The yields of PoLDH expressed by the three strains were as follows: BL21(DE3), 7.6 mg/L; BL21(DE3)pLysS, 7.4 mg/L; and Rosetta(DE3), 9.5 mg/L. These findings are expected to be highly useful for PoLDH-specific diagnosis and development of antimalarial therapeutics.
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1. Introduction


Malaria is a febrile, infectious disease caused by Plasmodium spp. transmitted through the bite of female mosquitoes of the genus Anopheles that mediate parasite entry into the human body [1]. According to the World Malaria Report 2023, an estimated 250 million new cases of malaria occurred in 2022 alone, causing approximately 600,000 deaths [2]. Upon onset of malaria caused by Plasmodium infection, patients exhibit typical symptoms, including fever, headache, myalgia, nausea, and vomiting. When patients progress to severe malaria, they develop anemia, organ failure, including liver or renal tissue, and decreased consciousness [3,4,5]. Plasmodium parasite exhibits a complex lifecycle, undergoing multiple stages and affecting multiple tissues, requiring extensive asexual replication in the liver cells and erythrocytes of the vertebrate host and in the hemocoel of the insect vector, followed by a single round of sexual reproduction producing hundreds and thousands of daughter cells [6]. To date, more than 200 species of Plasmodium have been identified, of which only five species are responsible for causing malaria in humans: P. falciparum, P. vivax, P. ovale, P. malariae, and P. knowlesi [7].



P. ovale is the main species of this study and forms hypnozoites in its lifecycle, as in the case of P. vivax, remaining dormant for weeks or even months and then reactivating to cause malaria relapse [8]. In addition, the widespread misidentification of P. ovale as P. vivax by microscopy commonly occurs [9]. Due to the chloroquine resistance of P. falciparum, the dominant species [10], artemisinin-based therapies [11] or proguanil [12] are used for treatment. In the case of P. ovale, the approach to treatment differs due to the use of primaquine [13] or tafenoquine [14]. While P. falciparum and P. vivax are the most studied species since they account for the highest proportion of malaria cases worldwide, P. ovale is considerably understudied owing to its relatively low pathogenicity and prevalence [15,16]. Nevertheless, P. ovale infections are frequently reported in East Asia, Southeast Asia, and Southwest Africa, warranting investigation to gain an in-depth understanding of P. ovale [17,18].



The main proteins that play a role as biomarkers for malaria research include histidine-rich protein-2 (HRP-2) [19], merozoite surface protein (MSP) [20], lactate dehydrogenase (LDH) [21,22], glutamate dehydrogenase (GDH) [23], and aldolase [24], of which LDH is the most commonly used biomarker. LDH is a glycolytic enzyme that catalyzes the reversible conversion of lactate to pyruvate by removing hydrogen from lactic acid. It functions by forming a tetramer and each monomer (with a molecular weight of approximately ~34 kDa) is folded into two domains. The Plasmodium parasite is a scavenger that continuously aims to invade erythrocytes (red blood cells) in the human body. It increases the glycolytic rate by over 100-fold when it successfully invades red blood cells [25]. A rapid increase in the glycolytic rate indicates that the glycolytic pathway that breaks down glucose is active, representing a rapid increase in LDH, which is involved in the final step of glycolysis [26]. Plasmodium is abundant in erythrocytes at the early trophozoite stage, wherein asexual reproduction occurs, and Plasmodium displays its maximum metabolic activity. Therefore, Plasmodium spp. LDH has been widely studied as a useful biomarker and therapeutic target for diagnosing and treating malaria. However, although the P. falciparum and P. vivax LDH genes show high homology with P. ovale LDH (PoLDH) gene sequences, differences in amino acid sequences necessitate research explicitly focusing on PoLDH.



For the expression of eukaryotic proteins, recombinant protein production using the expression systems of mammalian or insect cells has the advantage of remaining close to the native form. However, using these expression systems has the disadvantages of being time-consuming, labor-intensive, and costly. In response to these limitations, bacterial expression systems have been widely used to express and purify recombinant proteins [27,28,29]. Currently, research on the expression of eukaryotic proteins is actively conducted using Escherichia coli (E. coli) strains, including DH5α [30,31], BL21(DE3) [32], BL21(DE3)pLysS [33], and Rosetta(DE3) [34]. E. coli was selected as a suitable bacterial expression system owing to its faster growth rate relative to that of animal cells while requiring much less labor and cost inputs. Therefore, we aimed to establish methods and conditions to enable the mass production of PoLDH by identifying the optimal expression conditions and E. coli strains for producing PoLDH.




2. Materials and Methods


2.1. Cloning P. ovale LDH Gene


A PoLDH gene was designed based on the nucleotide sequence obtained from the National Center for Biotechnology Information (accession No. KM226655.1) with a BamHI site at the 5′-end and an XhoI site at the 3′-end and synthesized into a pUC-IDT (Integrated DNA Technologies (IDT), Coralville, IA, USA) containing the ampicillin-resistance gene. The synthesized pUC-IDT-PoLDH plasmid was PCR-amplified to produce a large amount of PoLDH. The forward and reverse primers used for PCR amplification were 5′-GGA TCC ATT GTG CTC GTC GG-3′ and 5′-CTC GAG AAT GAG CGC CTT CAT-3′, respectively. The detailed PCR cycle conditions were as follows: initial denaturation at 95 °C for 10 min for one cycle, followed by 35 cycles of denaturation at 95 °C for 30 s, annealing at 60 °C for 45 s, and extension at 72 °C for 1 min, and then one final extension cycle at 72 °C for 5 min. Subsequently, PoLDH was purified, quantified, and prepared as insert DNA to construct recombinant plasmids. The purified PCR product and expression vector pET-21a(+) were digested using BamHI (20 units) and XhoI (20 units) (New England Biolabs (NEB), Ipswich, MA, USA). The digested DNA fragments were separated on agarose gel and extracted using ExpinTM Combo GP (GeneAll Biotechnology, Seoul, Republic of Korea). The PoLDH and pET-21a(+) fragments extracted from the agarose gel were ligated using T4 DNA ligase (1 unit; NEB) by reacting at room temperature for 16 h. The recombinant pET-21a(+)-PoLDH was introduced into the DH5α strain for stable mass production. DH5α competent cells (Enzynomics, Daejeon, Republic of Korea) and the ligation product were mixed and stabilized by incubation on ice. Subsequently, the heat was applied at 42 °C for 1 min, and the recombinant plasmid was introduced into the competent cells and underwent stabilization on ice. Next, super optimal broth with catabolite repression was added, and the mixture was cultured at 200 rpm for 1 h at 37 °C. The cultured cells were spread on Luria-Bertani (LB) agar plate containing ampicillin at a concentration of 100 μg/mL and incubated overnight at 37 °C. A transformed DH5α cell line was constructed from the single colony formed. To confirm the successful insertion of the recombinant plasmid into the strain, plasmids extracted from the transformed strain were subjected to PCR analysis and digestion with restriction enzymes. Finally, the successful production of recombinant pET-21a(+)-PoLDH was verified by agarose gel electrophoresis. In addition, the cDNA sequence was analyzed using specific primers to T7 promoter and T7 terminator on a 3730xl DNA analyzer (Applied Biosystems, Waltham, MA, USA).




2.2. Selecting the Optimal Strain for PoLDH Expression


2.2.1. Transformation of E. coli Strains


To determine the optimal strain for PoLDH protein expression, three E. coli strains were used: BL21(DE3), BL21(DE3)pLysS, and Rosetta(DE3). E. coli BL21(DE3) and Rosetta(DE3) competent cells were purchased from Enzynomics. E. coli BL21(DE3)pLysS competent cells were prepared using the calcium chloride (CaCl2) method. BL21(DE3)pLysS were added to fresh (no antibiotics) LB broth and shake incubated at 37 °C and 200 rpm until the optical density at 600 nm (OD600), measured using a UV-Vis spectrophotometer (OPTIZEN, Daejeon, Republic of Korea), reached 0.5. The culture was then incubated on ice and centrifuged at 4 °C and 4500 rpm for 10 min. After discarding the supernatant, the pellet was resuspended by adding 0.1 M CaCl2 in the same volume as the culture. After centrifugation, the supernatant was discarded again, and competent cells were produced by mixing 50% glycerol and 0.1 M CaCl2 solution in a 1:1 ratio and combining the pellets. The prepared competent cells were divided into aliquots and stored in a deep freezer. In the same procedure as that for transforming the DH5α strain, each strain was transformed by treatment with 0.1 ng pET-21a(+)-PoLDH plasmid to prepare strains for recombinant PoLDH expression.




2.2.2. Comparison of PoLDH Expression Patterns in the E. coli Strains


The PoLDH overexpression saturation time points for each strain cultured were determined with different concentrations of isopropyl β-D-1-thiogalactopyranoside (IPTG): 0, 0.001, 0.005, 0.01, 0.05, 0.1, 0.5, and 1 mM. The three transformed strains were incubated in LB broth containing ampicillin until the OD600 reached 0.7. Thereafter, IPTG was added to the cell culture at the concentrations indicated above, and the mixture was incubated at 18 °C and 200 rpm for 16 h. The culture was centrifuged at 13,000 rpm, after which the supernatant was discarded, and the remaining pellet was resuspended in phosphate-buffered saline (PBS) and mixed with 4× sample buffer (250 mM Tris-HCl (pH 6.8), 8% SDS, 40% glycerol, 8% β-mercaptoethanol, and 0.02% bromophenol blue) to perform sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis. Subsequently, the prepared samples were separated into a 12% polyacrylamide gel. After electrophoresis, the gel was stained with Coomassie Brilliant Blue R-250 (CBB) to compare the PoLDH saturation point by IPTG concentration for each strain. Second, the PoLDH expression patterns were compared for each strain according to the incubation time of the strains with 0.1 mM IPTG. The three transformed strains were incubated in LB broth containing ampicillin until the OD600 reached 0.7. Subsequently, IPTG was added to a final concentration of 0.1 mM, and samples were obtained every hour while incubating at 18 °C and 200 rpm for a maximum of 16 h. The obtained culture was centrifuged at 13,000 rpm. After discarding the supernatant, the remaining pellet was resuspended in PBS and mixed with 4× sample buffer to prepare for analysis through SDS-PAGE. The prepared samples were similarly separated and electrophoresed into a 12% polyacrylamide gel, after which the gel was stained with CBB to compare the PoLDH expression saturation time points for each strain according to IPTG induction time.





2.3. Establishing Optimized Operating Conditions for PoLDH Purification


2.3.1. Conditions for Purifying PoLDH Protein


To establish operating conditions for purification to obtain high-purity and high-yield PoLDH, PoLDH overexpression was performed using the Rosetta(DE3) strain. The transformed Rosetta(DE3) strain was incubated in LB broth containing ampicillin until the OD600 reached 0.7. The bacterial culture was incubated with 0.1 mM IPTG at 18 °C and 200 rpm for 16 h and then centrifuged at 7500 rpm for 45 min at 4 °C. Thereafter, equilibrium buffer (pH 8.0; 500 mM NaCl, 50 mM KH2PO4, 5 mM imidazole), 100× Xpert Protease Inhibitor (GenDEPOT, Barker, TX, USA), and lysozyme (Sigma-Aldrich, St. Louis, MO, USA) were added to the resulting pellet and thoroughly mixed. The mixture was lysed using a sonicator (Sonics & Materials, Newtown, CT, USA) for 30 min (10 s of sonication followed by 20 s rest) at 30% amplitude. Subsequently, the lysate was centrifuged at 9000 rpm for 30 min at 4 °C, after which the supernatant was prepared as a sample for affinity chromatography by passing through a 0.22 μm syringe filter (GVS, Bologna, Italy). His·Bind® nickel-nitrilotriacetic acid (Ni-NTA) resin (Merck Millipore, Burlington, MA, USA) was packed into an empty column up to a bed volume of 2 mL. The resin was equilibrated with an equilibrium buffer. Next, all prepared protein samples were loaded onto the column pre-packed with the resin. A washing buffer was prepared using 500 mM NaCl and 50 mM KH2PO4 with four different imidazole concentrations (pH 8.0; 10, 20, 30, and 40 mM). Thereafter, washing buffers with four different imidazole concentrations were consecutively loaded onto each resin to obtain washing fractions that passed through the resin. As the last step, 20 mL of elution buffer (pH 8.0; 500 mM NaCl, 50 mM KH2PO4, and 500 mM imidazole) was loaded onto the resin to obtain a 6× His-tagged PoLDH elution fraction. Fractions obtained during purification for each imidazole concentration of the washing buffer were compared through SDS-PAGE analysis. Furthermore, the purity of the purified PoLDH was compared by calculating the area fraction of the second elution fraction on each gel using ImageJ software (ver. 1.54f, National Institutes of Health, Bethesda, MD, USA).




2.3.2. Comparison of PoLDH Purification Yield for Each Strain


The three E. coli strains—BL21(DE3), BL21(DE3)pLysS, and Rosetta(DE3)—were incubated in LB broth containing ampicillin until the OD600 reached 0.7. Bacterial cultures were incubated with 0.1 mM IPTG for 16 h at 18 °C and 200 rpm. The three strains were lysed through sonication under the same conditions. Afterward, the supernatant obtained by centrifuging the lysate was pooled and subjected to filtration. Three protein samples from the three strains were purified using Ni-NTA resin. For PoLDH purification, equilibrium buffer, washing buffer (pH 8.0; 500 mM NaCl, 50 mM KH2PO4, and 40 mM imidazole), and elution buffer (pH 8.0; 500 mM NaCl, 50 mM KH2PO4, and 500 mM imidazole) were used. A series of dialysis steps were conducted to replace the elution buffer; all dialysis steps were performed at 4 °C to prevent protein denaturation. The first round of dialysis was performed overnight in PBS (pH 7.4) containing 50 mM imidazole, and the second round was performed with PBS without imidazole. Finally, PBS was replaced once more, and a third round of dialysis was performed. To remove remaining impurities, filtration was performed through a 0.22 μm syringe filter to finally obtain PoLDH for use in subsequent experiments. PoLDH expressed and purified from each of the three strains was quantified by measuring absorbance at 562 nm following a bicinchoninic acid (BCA) protein assay (Thermo Fisher Scientific, Waltham, MA, USA). The total amount of each PoLDH was calculated proportionately to the culture volume, and then the yield for each strain was compared.





2.4. Analysis of Tetramer Formation and Enzyme Activity in the Purified PoLDH


To determine the presence of monomer formation, 2 µg of PoLDH was mixed with 4× sample buffer, boiled at 100 °C, and separated into a 12% polyacrylamide gel. The molecular weight and purity of the purified PoLDH were assessed through CBB staining by comparison with a protein size marker. To confirm the tetramer formation, the active form of PoLDH, 2 µg of PoLDH was mixed with 4× sample buffer without SDS and separated into a 10% separating gel without SDS. The molecular weight of PoLDH with tetramer formation was assessed through CBB staining by comparison with a protein size marker. A colorimetric LDH assay kit (Abcam, Cambridge, UK) was used to analyze the enzyme activity of the purified PoLDH. To each 96-well plate, 50 µL of NADH diluted to 0, 2.5, 5.0, 7.5, 10.0, and 12.5 nmole was loaded. At this time, 48 μL of LDH assay buffer and 2 μL of substrate mix were mixed, and the absorbance was measured at 450 nm to obtain a standard curve according to NADH concentration. Next, the purified PoLDH was diluted with the LDH assay buffer to final concentrations of 0, 0.02, 0.03, 0.06, 0.13, 0.25, and 0.50 nM, and 50 µL of PoLDH was loaded into a 96-well plate. Subsequently, 48 μL of LDH assay buffer and 2 μL of substrate mix were mixed and reacted at 37 °C in the absence of light. Absorbance was measured at 450 nm using a microplate reader (BioTek, Winooski, VT, USA) at 10 min and 30 min time points after the reaction.





3. Results and Discussion


3.1. PoLDH Recombinant Plasmid Construction and Transformation of E. coli Strains for Protein Expression


For expression of the PoLDH, we successfully constructed the pET-21a(+)-PoLDH recombinant plasmid (Figure 1a). The T7 promoter in pET-21a(+) plasmid facilitates the overexpression of proteins from various organisms and has the advantage of allowing protein expression in hosts other than E. coli [35]. To confirm that the pET-21a(+)-PoLDH recombinant plasmid was correctly constructed, they were subjected to digestion with BamHI and XhoI restriction enzymes. When the 5′- and 3′-ends were cleaved with BamHI and XhoI restriction enzymes, bands for the pET-21a(+) vector and PoLDH gene formed at ~5 and ~1 kbp, respectively (Figure 1b). Thus, the formation of these bands confirmed that the pET-21a(+)-PoLDH recombinant plasmid was correctly constructed. Next, the constructed recombinant plasmids were introduced into the three E. coli strains, BL21(DE3), BL21(DE3)pLysS, and Rosetta(DE3), which were used to overexpress PoLDH recombinant proteins, and these strains were transformed.




3.2. Comparison of PoLDH Expression Pattern and Overexpression Optimization for Different E. coli Strains


To overexpress the PoLDH recombinant protein, differences in protein expression between BL21(DE3), BL21(DE3)pLysS, and Rosetta(DE3) were examined. pET-21a(+)-PoLDH plasmids were introduced into all strains. First, each culture was treated at different IPTG concentrations, followed by induction at 18 °C for 16 h to optimize the concentration of IPTG used for protein overexpression. Induction was performed at low temperatures since it has a positive effect on increasing protein yields and correct folding. A previous study also showed that successful production of recombinant PvLDH was achieved at 18 °C [36]. Successful overexpression of a protein presumed to be PoLDH was achieved at ~35 kDa in all three strains and that saturation started from an IPTG concentration of 0.1 mM (Figure 2). Subsequently, IPTG was added to the culture at a concentration of 0.1 mM containing the three transformed strains and incubated at 18 °C for 16 h. The strains were harvested every hour and separated by SDS-PAGE to confirm PoLDH overexpression in the strains after incubation. Protein saturation started from 12 h (Figure 3). In addition, elevated Rosetta(DE3) expression levels were confirmed by SDS-PAGE loaded with the same number of bacteria. Decreasing the IPTG concentration used for overexpression of recombinant PoLDH leads to increased cost-effectiveness of the experimental procedure. Furthermore, lowering the overexpression temperature enhances protein solubility, providing additional advantages. Therefore, incubation at 18 °C for 16 h and 0.1 mM IPTG were considered optimal conditions for PoLDH overexpression.




3.3. Optimization of Buffer Conditions for Isolating and Purifying PoLDH


To establish the optimal conditions for isolating and purifying PoLDH, Rosetta(DE3) was used since it showed the highest PoLDH expression levels per number of bacteria. Non-specific proteins other than the target protein to which the 6× His-tag is attached contain histidine residues and have some binding force. Therefore, the imidazole concentration of the washing buffer used to remove non-specific, unbound proteins is important to the purification process. If the optimal imidazole concentration is not used, non-specific proteins may be detected together with the target protein, or the target protein may be washed out. Therefore, we used four washing buffers containing 10, 20, 30, and 40 mM imidazole to find the optimal concentration of imidazole in the washing buffer since non-specific protein binding occurs. There was a decrease in non-specific protein bands with increasing imidazole concentration in the washing buffer. To examine whether the washing buffer properly removed non-specific proteins, the ratio of PoLDH to the total area of the elution 2 lane was calculated using ImageJ software. The results for the calculated area fraction were 74.0% for an imidazole concentration of 10 mM, 81.0% for 20 mM, 98.3% for 30 mM, and 99.9% for 40 mM (Figure 4). Therefore, the optimal imidazole concentration in the washing buffer for PoLDH purification is 40 mM.




3.4. Comparison of PoLDH Purification and Yields between Different E. coli Strains


After establishing the optimal PoLDH overexpression and washing buffer for purification conditions, the yield among the three E. coli strains was compared through the purification of the expressed PoLDH. While more PoLDH was observed in the pellets compared to the supernatants after the sonication of each strain, purification was carried out using the supernatant due to the significant presence of PoLDH. This choice was made to avoid the need for extensive chaotropic reagents, and the time required for solubilizing the pellets. When the flow-through fraction passing through the Ni-NTA resin during purification was analyzed using SDS-PAGE, the results confirmed that binding to resin was properly achieved, considering only a small number of PoLDH bands. Moreover, non-specific proteins, excluding PoLDH, were removed through repeated washing from the pre-washing state to washing fraction 30 (W30, described in Figure 5). In addition, 6× His-tagged PoLDH was eluted when the elution buffer (containing 500 mM imidazole) flowed through the resin (Figure 5). After purification, proteins were quantified using the BCA protein assay method to determine the yield of each strain. The yields of PoLDH obtained using BL21(DE3), BL21(DE3)pLysS, and Rosetta(DE3) were 7.6, 7.4, and 9.5 mg/L, respectively.



Among the three strains used in this study, BL21(DE3) displayed high protein expression only when using the T7 promoter as in the case of the pET vector; however, the strain has leaky expression under the condition of no IPTG, indicating that basal protein expression that is not completely controlled by lacI [29]. BL21(DE3)pLysS expressed proteins only after adding IPTG because of its own lysozyme suppressing T7 RNA polymerase (no leaky expression), although it had reduced protein expression owing to suppression by lysozyme compared with BL21(DE3) [29]. Finally, Rosetta(DE3), a strain derived from BL21(DE3) increases the expression of eukaryotic proteins by including codons (AGA, AGG, AUA, CCC, CUA, and GGA) rarely used in E. coli [34]. Among the three strains used in the present study, BL21(DE3) and BL21(DE3)pLysS showed similar levels of yield, but Rosetta(DE3) showed a 25.0–28.4% greater yield compared with that from these other strains. Therefore, Rosetta(DE3) was determined to be the optimal strain for PoLDH expression. However, the yield of PoLDH was only 30.6% (9.5 mg/L) of that of PvLDH (31.0 mg/L) reported in a previous study [36], despite applying optimal buffer conditions. The yield of PoLDH may be directly related to solubility. Firstly, the amino acid sequence itself can affect solubility due to conformational similarity. We input the amino acid sequences of PoLDH and PvLDH into ‘Protein-Sol’, a sequence-based protein solubility prediction tool [37]. Although PoLDH and PvLDH show over 98% similarity, the solubility of PoLDH was calculated as 0.537, while PvLDH was calculated as 0.539. There was a slight difference, but the solubility of PoLDH was lower than that of PvLDH. Secondly, we utilized ‘CamSol Intrinsic pH-dependent’, a tool capable of calculating protein solubility by considering factors, such as the buffer pH, and amino acid sequence [38]. The solubility of PoLDH at the pH 8.0 of the buffer used in our purification process was determined to be −0.073793, while PvLDH was 0.284086. Additionally, within the widely utilized pH range of 7.0 to 8.0 in protein work, the solubility of PoLDH was consistently lower than that of PvLDH. This also demonstrates consistency with our experimental results.




3.5. Confirmation of Tetramer Formation in the Purified PoLDH


It is well documented that LDH forms tetramers and has enzyme activity, as does PoLDH. Therefore, to determine whether the purified PoLDH is properly folded to form tetramers in Rosetta(DE3), SDS-PAGE was performed on PoLDH under reducing and non-reducing conditions. A single PoLDH monomer band was observed at ~35 kDa when PoLDH was separated under reducing conditions (Figure 6a). A single PoLDH tetramer band was identified between ~135 and ~180 kDa when PoLDH was separated under non-reducing conditions through native PAGE (Figure 6b). Therefore, PoLDH expressed from the Rosetta(DE3) strain could be easily purified in a soluble form and folded into a three-dimensional structure.




3.6. Analysis of Enzyme Activity of the Purified PoLDH


A colorimetric LDH activity assay was conducted to determine whether the purified PoLDH exhibited enzyme activity. Lactic acid is converted to pyruvic acid by LDH and NAD+ is reduced to NADH at the same time. The enzyme activity of purified PoLDH was determined considering the production of NADH, which appears as a yellow complex compound with a maximum absorbance at a wavelength of 450 nm. First, a standard curve with the equation y = 0.06855x + 0.00493 was derived from the prepared amounts of NADH (Figure 7a). The amount of NADH produced by PoLDH for 20 min was calculated using different PoLDH concentrations and substrate mixtures, with enzyme activity of 446.07 U/mg (Figure 7b). Thus, PoLDH expressed by Rosetta(DE3) was physically and biochemically highly similar to the actual protein and showed excellent enzyme activity. It is considered that the activity of our recombinant PoLDH may vary depending on the expressed host and strain. Compared to the reported study so far, the activity of our recombinant PoLDH was higher than that of P. falciparum LDH (PfLDH) and P. vivax LDH (PvLDH) expressed from BL21(DE3) at 266.0 U/mg and 236.6 U/mg, respectively [39]. However, it was slightly lower than the activity of recombinant P. knowlesi LDH (PkLDH) expressed from the same strain, which was 475.6 U/mg [40].



We expect that the recombinant PoLDH from this study could serve as a valuable tool for the specific diagnosis or treatment of malaria caused by P. ovale. We conducted an analysis of amino acid sequence homology between PoLDH and PfLDH as well as PvLDH using the UniProt database (Figure 8a). The results showed that PoLDH exhibited 90.32% sequence homology with PfLDH (UniProt ID: Q27743) and 98.06% sequence homology with PvLDH (UniProt ID: G5D073) (Figure 8b). While it is commonly thought that there is high homology among LDHs from species that produce dormant forms, this provides sufficient information to distinguish between them.





4. Conclusions


Our study results confirmed that the optimal conditions for PoLDH overexpression in E. coli included an IPTG concentration of 0.1 mM, a temperature of 18 °C, and an induction time of 16 h. Furthermore, we optimized the purification conditions of PoLDH recombinant proteins by varying the imidazole concentration using the optimal strain for expression, Rosetta(DE3). PoLDH and non-specific proteins in the elution fraction showed a purity of 99.9% when the washing buffer contained 40 mM imidazole. Rosetta(DE3) achieved the highest yield at 9.5 mg/L compared with that of the other two E. coli strains. Tetramer formation and excellent enzyme activity were confirmed using the purified PoLDH protein. Therefore, cloning, expression, and purification of PoLDH (a eukaryotic protein) were successfully achieved using an E. coli expression system, reproducing the original structure and function of the protein. To the best of our knowledge, this study is the first investigation to optimize the isolation and purification of PoLDH. We produced a large amount of soluble PoLDH, which is expected to contribute to research on malaria caused by P. ovale. In particular, the findings will be instrumental in the field of malaria diagnosis and the discovery of new therapeutics for the disease. Our findings can be used to develop diagnostic technologies for P. ovale-specific malaria targeting PoLDH. Furthermore, the study findings will be useful in discovering drug candidates that selectively inhibit PoLDH.
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Figure 1. Plasmid construction for recombinant PoLDH production. (a) Schematic diagram of plasmid construction with PoLDH cDNA. The PoLDH gene obtained through PCR from pUC-IDT-PoLDH was introduced through the multiple cloning site of the expression vector pET-21a(+). Through digestion with restriction enzymes (BamHI and XhoI) and ligation with T4 ligase, recombinant pET-21a(+)-PoLDH was constructed to produce recombinant PoLDH. (b) Identification of purified recombinant pET-21a(+)-PoLDH extracted from the DH5α strain. An agarose gel image of the purified plasmid extracted from the DH5α strain after digestion with both restriction enzymes (BamHI and XhoI). Gel electrophoresis was performed on a 0.7% agarose gel. 
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Figure 2. Optimization of IPTG concentration for PoLDH expression. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) images of PoLDH expressed from (a) BL21(DE3), (b) BL21(DE3)pLysS, and (c) Rosetta(DE3) according to IPTG concentration. All three experiments were conducted at IPTG concentrations of 0, 0.001, 0.005, 0.01, 0.05, 0.1, 0.5, and 1 mM and incubation conditions at 18 °C and 200 rpm for 16 h. Arrows on the right side of the gel indicate overexpressed PoLDH. PL, protein ladder. 
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Figure 3. Expression patterns of PoLDH according to IPTG induction time for the three E. coli strains. SDS-PAGE images of PoLDH expressed from (a) BL21(DE3), (b) BL21(DE3)pLysS, and (c) Rosetta(DE3) according to IPTG induction time. All three experiments were conducted with an IPTG concentration of 0.1 mM and incubation conditions of 18 °C and 200 rpm for 16 h. Arrows on the right side of the gel indicate overexpressed PoLDH. PL, protein ladder. 
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Figure 4. Elution patterns of PoLDH according to the concentration of imidazole in the washing buffer. SDS-PAGE images of the elution fractions with (a) 10 mM, (b) 20 mM, (c) 30 mM, and (d) 40 mM imidazole in washing buffer. Otherwise, all experiments were performed under the same conditions. The eluted PoLDH was expressed from the Rosetta(DE3) strain. SDS-PAGE was performed on a 12% polyacrylamide gel. Arrows on the right side of the gel indicate PoLDH present in the elution fractions. PL, protein ladder. 
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Figure 5. Analysis of fractions obtained from the purification process of PoLDH expressed from the three E. coli strains. SDS-PAGE images of fractions from the purification of PoLDH expressed from (a) BL21(DE3), (b) BL21(DE3)pLysS, and (c) Rosetta(DE3). All experiments were performed under the same conditions. SDS-PAGE was performed on a 12% polyacrylamide gel. PL, protein ladder; Pre-Ind, pre-induction; Post-Ind, post-induction; Sup, supernatant; FT, flow-through. 
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Figure 6. PAGE analysis to confirm the purity and tetramer formation of purified PoLDH. (a) SDS-PAGE image confirming the monomer formation and purity of PoLDH. SDS-PAGE was performed on a 12% polyacrylamide gel. (b) Native PAGE image confirming the tetramer formation of PoLDH. The purified PoLDH was mixed with an SDS-free sample buffer and loaded onto an SDS-free 10% polyacrylamide gel. PL, protein ladder. 
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Figure 7. Analysis of the purified PoLDH enzyme activity. (a) Standard curve of different amounts of NADH (0, 2.5, 5.0, 7.5, 10.0, and 12.5 nmole). The upper left inset image shows color change with the amount of NADH. (b) Absorbance measurement for each time unit (10 and 30 min) at different final concentrations of PoLDH (0, 0.02, 0.03, 0.06, 0.13, 0.25, and 0.50 nM). Absorbance was measured at a wavelength of 450 nm, 10 min and 30 min after the reaction at 37 °C. 
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Figure 8. Amino acid sequence homology analysis of PoLDH, PfLDH, and PvLDH. (a) The amino acid sequences of PoLDH, PfLDH, and PvLDH. PoLDH consists of 310 amino acids, while PfLDH and PvLDH consist of 316 amino acids each. When the same amino acid exists at the same position, it is highlighted in purple, and the homology was analyzed using the UniProt homology analysis tool. (b) The homology matrix for PoLDH, PfLDH, and PvLDH. PoLDH showed 90.32% homology with PfLDH and 98.06% homology with PvLDH. 
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