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A Novel Thioredoxin-Dependent Peroxiredoxin (TPx-Q) Plays an Important Role in Defense Against Oxidative Stress and Is a Possible Drug Target in Babesia microti
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Thioredoxin peroxidases (TPxs) are ubiquitous cysteine-based peroxidases that reduce peroxides as part of antioxidant defenses and redox signaling and are essential for Babesia microti protection against adverse environment agents like reactive oxygen species (ROS) and reactive nitrogen species (RNS). To better systematically understand TPxs, we identified a novel 2-Cys peroxiredoxin-Q (BmTPx-Q) of B. microti. The full-length BmTPx-Q gene is 653 bp that consists of an intact open reading frame of 594 bp that encodes a 197-amino acid protein. The predicted protein has a molecular weight of 22.3 kDa and an isoelectric point of 9.18. Moreover, BmTPx-Q showed low identity at the amino acid level to other peroxiredoxins (Prxs) among the currently known subfamilies. The recombinant BmTPx-Q protein (rBmTPx-Q) was expressed in Escherichia coli and purified with beads. The native protein BmTPx-Q was detected using mouse anti-BmTPx-Q polyclonal serum with western blotting and indirect immunofluorescence assay (IFA). In addition, enzyme activity was observed using nicotinamide adenine dinucleotide phosphate (NADPH) as substrate and triggered the NADPH-dependent reduction of the Trx/TrxR system. It was also discovered that BmTPx-Q mainly exists as a monomer whether under its native or functional states. In addition, when incubated with Chloroquine diphosphate salt for 24 h in vitro, the expression of BmTPx-Q showed a marked downward trend with the increase of drug concentration. These results suggest that B. microti uses BmTPx-Q to reduce and detoxify hydrogen peroxides to survive and proliferate inside the host. Furthermore, BmTPx-Q showed the lowest identity with host enzymes and could be a potential drug target for the development of novel strategies to control B. microti infection.
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INTRODUCTION

Babesiosis is a serious disease caused by infection with protozoan parasite Babesia microti that is transmitted to humans via the bite of an infected tick or a contaminated blood transfusion. There have been many reports of cases from Europe and the USA in recent years (1–3). Babesiosis has a huge impact on elderly, splenectomized or immunocompromised patients, leading to anemia, fatigue, and fever hematuria (4). Although babesiosis can be controlled by treatment with antiparasitic drugs, many drugs have safety issues (5). Therefore, identification of new drug targets is needed to develop novel therapeutic strategies and overcome setbacks, such as drug resistance.

It is well-known that Babesia has a complex life cycle, including both arthropod vectors and mammalian hosts, and that it replicates in the host's red blood cells. Since it is surrounded by oxygen-rich environments, the parasite is likely to counteract the toxic effects of reactive oxygen species (ROS) and reactive nitrogen species (RNS) that could induce oxidative DNA damage and lipid peroxidation (6, 7). The ROS and RNS are highly active compounds during normal cell metabolism. Therefore, to avoid the deleterious effects of ROS, various defense mechanisms have been adapted, such as non-enzymatic elements, which include glutathione (GSH) and vitamin C, and antioxidant enzymatic elements [i.e., catalase (CAT), superoxide dismutase (SOD), as well as peroxidase] (8). The parasite has developed a wide range of antioxidant systems, including peroxiredoxins (Prxs) (9), to keep their redox balance while living inside host erythrocytes (10, 11). Prxs have been a research topic of interest as a family of thiol-specific non-heme antioxidant peroxidases detoxifying hydrogen peroxide (H2O2), alkyl peroxides, and peroxynitrite (12). Moreover, Prxs are expressed at high levels in cells of almost all organisms, which protects cells against toxicity from ROS by reducing and detoxifying hydroperoxides, highlighting the importance of this protein family.

The Prx proteins have been divided into those that contain a single catalytic cysteine (Cys) residue and those that have an additional conserved residue (13). However, a new classification system has been suggested by Nelson and colleagues (14). Under this classification, Prxs are divided into six subfamilies based on the abundant sequence homology and structural similarity analyses, namely: Tpx, PrxQ-BCP, Prx1/AhpC, Prx5, Prx6, and AhpE (15–17). Alternatively, on the basis of the presence or relative locations of the resolving cysteine (Cr) residue, Prxs are classified into three types based on the distinct catalytic mechanisms: 1-Cys Prxs (Prx6 and AhpE), the typical 2-Cys Prx (Prx1/AhpC), and atypical 2-Cys (Tpx, TPx-Q, and Prx5) (18).

Prxs are collectively called thioredoxin peroxidases (TPxs) and constitute a large family of thiol-dependent peroxidases (18). Prxs are also potential drug targets. The studies demonstrated that these poorly cope with oxidative stress in Prx knockout strains of Plasmodium falciparum (19, 20). Recently, several TPxs of malaria parasites were identified, and the functional properties of the enzymes were considered key factors for the development of new drugs (21–24). Prx has also been reported to play key roles in innate immunity and inflammation (25) besides cellular redox signaling (26). Among these Prxs, the TPx-Q subfamily members have been proposed to be the most ancestral, most complex and the least systematically characterized (27). The TPx-Q proteins are thiol-based peroxidases, and are important for maintaining redox homeostasis in several organisms. TPx-Q is an atypical Prx that has already been identified in bacteria, parasites, and some lower eukaryotes but is not found in mammals (28–31).

TPx-Q, which is a cysteine-based peroxidase, has been detected in various protozoan parasites. TPx-Q-mediated resistance to major stresses largely relies on ROS degradation. TPx-Qs usually occurs at the monomeric state, with an intramolecular disulfide bond that are reduced by thioredoxins (Trx) (32). It has been shown that over-expression of TPx-Qs can cope with oxidative stresses in cyanobacteria. TPx-Q B from Mycobacterium tuberculosis is monomeric under reduced and oxidized states, and it is a thioredoxin-dependent and highly efficient fatty acid hydroperoxide reductase (33). Regardless of the mode of classification of these proteins, the catalytic mechanism of the enzyme remains central and relies on the redox-active cys, which is highly conserved in its amino acid sequence (34).

Although Prxs have been extensively studied, especially Tpx and Prx1 in Plasmodium, little is known about the Trx peroxidases-Q (TPx-Q) of B. microti. Sequencing of the full genome for B. microti has been completed (35), but the currently existing results are unilateral and unsystematic. In our previous study, we have done some basic research about the 2-Cys Trx peroxidases-1 and peroxidases-2 of B. microti (BmTPx-1 and BmTPx-2) (36, 37) and found evidence suggesting that the B. microti possesses at least two Prx subfamilies (Tpx and PrxQ). In this study, we identified and characterized a novel thioredoxin peroxidase (BmTPx-Q) from a strain of B. microti, analyzed the activity and assessed the BmTPx-Q expression after treatment with antiparasitic agents. All results suggest that B. microti can use BmTPx-Q to reduce and detoxify H2O2 for survival. Additionally, our new investigations on BmTPx-Q, a member of Prxs, provide new insights into the structure and function of Prx. We demonstrated that BmTPx-Q might act as an oxidative stress defensive molecule as well as drug target in B. microti.



MATERIALS AND METHODS


Parasite Culture in vivo

The ATCC® PRA-99TM strain of B. microti was obtained from the American Type Culture Collection (ATCC, USA) and maintained by serial passage in BALB/C mice (SLAC Laboratory Animal Co., Ltd., China) using a method described previously (36). The parasites were isolated until the erythrocyte infection rate reached 30%−40%, which was confirmed with Giemsa-stained thin-blood smears.



Parasite Culture and Treatment in vitro

For one independent experiment, B. microti was obtained from at least two mice; 3 days after infection (according to our protocol). The blood of the infected mice was carefully collected under aseptic conditions and added to bacteria-free anticoagulant. Then the blood was passed through a 27G needle three to five times. The blood cell debris was removed with a 5 μm syringe filter, and most of the parasites were isolated. Subsequently, the parasites were centrifuged at 2,000 rpm for 5 min with a horizontal centrifuge. The supernatant was discarded and the pellets were re-suspended with sterile culture medium. The pellets used for incubation experiments were then washed three times with phosphate-buffered saline (PBS, pH 7.2) containing 50 μg/mL gentamycin sulfate (Sigma) under aseptic conditions. Healthy red blood cells were taken from 21-days-old normal mice and were distributed in a 12-well culture plate. Subsequently, each well was cultured in 5% CO2 at 37°C in RPMI 1640 (Gibco, USA) supplemented with 1% penicillin/streptomycin (Gibco, USA) and 40% fetal bovine serum (Gibco, USA). The incubations were performed for 12 and 24 h at 37°C in a 5% CO2 incubator.



Cloning and Sequence Analysis of B. microti TPx-Q (BmTPx-Q)

To find more novel genes from B. microti. Total RNA sequencing was performed to characterize all transcriptional activity. The brief method of preparing total RNA and cDNA for library construction and sequencing of the samples was described in our previous study (36). The full-length cDNA of the putative BmTPx-Q was generated by transcriptome analysis. The sequence was analyzed as described in our previous investigation (37). The Genetyx software (Software Development Co., Ltd., Tokyo, Japan) was used for the analysis of BmTPx-Q nucleotide and amino acid sequences. To further understand the relationships between BmTPx-Q and other TPx-Q genes, the inferred amino acid sequence of the BmTPx-Q was compared with other protein sequences (namely, the homologous TPx-Q proteins from different species) retrieved from the GenBank database using the National Center for Biotechnology Information (NCBI) Basic Local Alignment Search Tool (BLAST) (http://www.ncbi.nlm.nih.gov/blast/). The protein domain was identified using BLAST (http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi). The signal peptide was predicted with the SignalP 4.1 server (http://www.cbs.dtu.dk/services/SignalP/).



Expression and Purification of Recombinant BmTPx-Q (rBmTPx-Q)

The recombinant proteins (rBmTPx-Q) were produced as described previously (36). Briefly, the open reading frame (ORF) of BmTPx-Q was amplified by PCR with the following primer pair (forward) 5′-TT CAT ATG TTC AAA ATA CTG AAT TCA CGG-3′ and (reverse) 5′-TT CTCGAG CAG TTT ATC AAT AAA TTC-3′ (the underlined sequences contain the NdeI and XhoI restriction sites). The PCR product was inserted into the expression vector pET-30a (Novagen, USA). The recombinant plasmids harboring the BmTPx-Q (BmTPx-Q/pET-30a) coding sequence were transformed into E. coli (strain BL21). Induction of rBmTPx-Q Histidine-tag expression was performed using 1 mM isopropyl thio-b-D-galactoside (IPTG), followed by purification using Ni-NTA agarose beads (Merck-Millipore Corporation, USA). Purified rBmTPx-Q was evaluated a sample in 12% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS–PAGE) using reducing conditions and stained it with Coomassie Brilliant blue R-250. Protein concentration was determined with the BCA assay (Thermo Fisher Scientific, USA).



Antioxidant Activity Assay

To evaluate the antioxidant activity of rBmTPx-Q applying a mixed-function oxidation (MFO) assay (21, 29, 38). First, rBmTPx-Q (250, 500, and 1,000 μg/mL) was added to the reaction mixture, followed by incubation at 37°C for 1 h. Then, 500 ng of pBluescript SK(-) (Stratagene, USA) plasmid DNA was added to the reaction mixture, followed by incubation for an additional 2.5 h. Plasmid nicking was determined by using the MFO assay and analysis by 1% agarose gel electrophoresis, which was stained with DuRed dye (Fanbo Biochemicals Co. Ltd., China). Subsequently, to investigate whether rBmTPx-Q possesses peroxidase activity using a ferrithiocyanate system (39). The reaction mixtures (200 μL) containing rBmTPx-Q (1.5 μg protein) and 85 μL of buffer (0.5% glycerol/5 mM DTT/0.03 × PBS) was pre-incubated at room temperature (RT) for 2 min. H2O2 (1 mM) was used to start the reaction and was terminated with 40 μL of 26% trichloroacetic acid, which was added at 2-min intervals. The disappearance of H2O2 was monitored to assess rBmTPx-Q activity. In the reaction mixture, the remaining peroxide content was allowed to react with ~40 μL of 10 mM (NH4)2Fe(SO4)2 and 20 μL of 2.5 M KSCN, which formed a ferric thiocyanate complex that was red in color. The color intensity was measured at a wavelength of 475 nm using a microplate reader (SpectraMax M5; Molecular Devices, USA). In the presence of Trx and Trx reductase (TrxR), oxidation of nicotinamide adenine dinucleotide phosphate (NADPH) coupled with rBmTPx-Q to the reduction of H2O2 was examined using the method described by Kang et al. (40). NADPH oxidation was monitored in A340 in a 200-μL reaction mixture (0.14 μM TR, 6.4 μM Trx, 0.375 mM NADPH, 500 μg/mL rBmTPx-Q protein, 250 μM H2O2, 50 mM HEPES). The negative control (-)rBmTPx-Q indicates the absence of BmTPx-Q in reaction mixture.



Western Blotting for the Native BmTPx-Q Protein

To identify the native BmTPx-Q protein in the lysate of B. microti, B. microti-infected red blood cells (iRBCs) were prepared from Kunming mice at 4, 5, 6, 7, and 8 days post-infection, and non-infected erythrocytes were used as a negative control. First, the infected blood samples were centrifuged in low speed and hemolyzed by red cell lysis buffer (Tiangen Biotech, China) after discarding the supernatant. The soluble fractions (20 mg per lane) were separated on a 12% SDS-PAGE. The Western blot analysis was performed as described previously (36). Briefly, the proteins were electrophoretically transferred to polyvinylidene difluoride (PVDF) membranes (Merck-Millipore Corporation, USA), and was blocked with 5% skim milk diluted in PBS/0.05% Tween (PBST) for 2 h at 37°C. Then, the membranes were incubated overnight at 4°C in mouse anti-rBmTPx-Q serum diluted to 1:200 in PBST. The blotted membranes were washed using PBST, followed by incubation in the presence of goat anti-mouse IgG antibody (horseradish peroxidase-conjugated; dilution, 1:2,000; Bethyl Laboratories, Inc., USA) for 1 h at 37°C. A washing step took place with PBST before applying an enhanced DAB chromogenic substrate kit (Tiangen Biotech, China) to visualize the bands in accordance with the manufacturer's guidelines.



Expression Analysis of BmTPx-Q Post-infection

Assessment of BmTPx-Q expression post-infection was performed according to a method described elsewhere (41, 42). Briefly, we collected blood from mice infected with 1 × 108 iRBCs at 1–10 days post-injection, from which total RNAs were extracted using TRIzol. The cDNA was constructed by a PrimeScript RT reagent kit with gDNA eraser (TaKaRa, Japan) and used in quantitative real-time PCR (qRT-PCR) analysis. The qRT-PCR was performed with SYBR® Premix Ex Taq TM II (TaKaRa, Japan) and a StepOne Plus PCR system (Applied Biosystems). The primer pair of BmTPx-Q were BmTPxQ-qRT-F: ACAAGCACAATCTCCCATAC (forward) and BmTPxQ-qRT-R: TCTCCAGCACTAACTCCC (reverse). The 18s ribosomal RNA of B. microti (Bm18S) (GenBank: XM_021481625.1) was used as an internal control. The primer pair of Bm18S were Bm18S-qRT-F: GTTATAGTTTATTTGATGTTCGTTT (forward) and Bm18S-qRT-R: AAGCCATGCGATTCGCTAAT (reverse). The parasitemia was calculated at each day post-infection. Analysis was performed using the 2−ΔΔct method, and experimental values were expressed as relative amounts (43).



Indirect Immunofluorescent Antibody Test

To determine the intracellular location of BmTPx-Q in B. microti, the test was performed as described previously (36). Briefly, thin smears of iRBCs were prepared and fixed in 50% acetone-50% methanol solution for 10 min at −30°C. Mouse antiserum against rBmTPx-Q was used as the primary antibody (dilution, 1:200), incubated at 37°C for 45 min. After it was washed with PBS, Alexa-Fluor® 488-conjugated goat anti-mouse IgG (Life Technologies Corporation, USA) was added as a secondary antibody (dilution, 1:2,000) and incubated at 37°C for 45 min. Then, the slides were washed using PBS and incubated with 0.5 μM 4′,6′-diamidino-2-phenylindole (Molecular Probes, Inc., USA) at RT for 20 min. The slides were later washed and mounted with Cytomation fluorescent mounting medium (Dako Corporation, USA) and visualized under a confocal laser-scanning microscope (Zeiss LSM 880, Germany).



Transcript Changes of BmTPx-Q After Treatment With Antiparasitic Agents

To assess the mRNA relative expression profile of BmTPx-Q after treatment with antiparasitic agents, a short-term culture system of B. microti iRBCs was established in vitro. This study was performed as described in previous research (41). Briefly, B. microti-infected mice blood (~30% parasitemia) was collected and iRBCs were washed with PBS. A 12-well flat-bottom plate (Thermo, USA) was used for drug screening. The B. microti iRBCs (~2 × 107) were cultured in RPMI 1640 (Life Technologies, USA) supplemented with 25 mM HEPES (Life Technologies, USA) and 40% fetal bovine serum (Life Technologies, USA) at 37°C in a 5% CO2 (44, 45). To evaluate the effect of drugs on BmTPx-Q gene expression, the iRBCs were grown in vitro for a short period before exposure to the three antiparasitic drugs (Quinine monohydrochloride dehydrate, Dihydroartemisinin, and Chloroquine diphosphate salt) (Sigma Aldrich, USA) was assessed. Quinine and Dihydroartemisinin were dissolved into dimethylsulfoxide (DMSO), while Chloroquine was dissolved in PBS. iRBCs were treated with various concentrations (20, 50, or 100 μM) of Quinine, Dihydroartemisinin, and Chloroquine at different timepoints (12, 24, and 36 h), meanwhile the controls were treated with DMSO or PBS. Relative BmTPx-Q transcript levels were assessed as previously described, by Reverse Transcription (RT)-PCR. Briefly, total RNA was isolated from infected RBCs using TRI solution (Life Technologies Corporation, USA), and RT-PCR was carried out applying 1 μg of total RNA and specific primers by a PrimeScript™ One-Step RT-PCR Kit (Takara, China). Conditions for the PCRs were as follows: 95°C for 30 s; 95°C for 5 s, 60°C for 35 s, for 40 cycles. The experiment was repeated in triplicate.



Statistical Analysis

A GraphPad PRISM 5 software (GraphPad Software Inc., CA, USA) was used for the data analysis. The mean ± standard deviation (SD) of each group was calculated. The differences between groups were assessed using two-tailed t-tests. P < 0.05 was considered significant and P < 0.01 was considered highly significant.




RESULTS


Identification and Characterization of the BmTPx-Q Gene

The identified full-length cDNA of BmTPx-Q has 653 bp in which includes a single ORF of 594 bp. Sequence analysis indicated that the ORF of BmTPx-Q gene encodes a protein of 197 amino acids with a theoretical molecular weight and isoelectric point of 22.3 kDa and 9.18, respectively. The amino acid sequence was deduced from the cDNA sequence of BmTPx-Q (Figure 1A). SignalP server indicated that BmTPx-Q has a signal peptide. The BmTPx-Q protein sequence was 98% identical to that of B. microti Prx Q (RI strain, XP_012647890.1), showing 35% sequence similarity with Prx Q of Babesia bigemina (XP_012767998.1), 35% with Prx Q of Blastomyces dermatitidis (EEQ83458.1), 39% with Prx Q of Babesia sp. Xinjiang (XP_028870106.1), and 43% with Ahp/TSA family-related protein, putative of Theileria annulata (XP_954500.1) (Figure 1B). The sequence alignment showed that the conserved peroxidatic cysteine (Cp) of BmTPx-Q is located at position 95 in a PxxxTxxC-motif, and an additional conserved cysteine at position 100 in BmTPx-Q (Figure 1B). The BmTPx-Q sequence contains a Thioredoxin-dependent hydroperoxide peroxidase activity of bacterioferritin comigratory protein (PRX-BCP) domain, the PRX-BCP is a new member of the thiol-specific antioxidant protein (TSA)/Alkyl hydroperoxide peroxidase C (AhpC) family (Figure 1C). The BmTPx-Q belonging to the Thioredoxin-like superfamily, it also contains a catalytic triad on conserved domain PRX_BCP, 3 of 3 of the residues that compose this conserved feature (Figure 1C).


[image: Figure 1]
FIGURE 1. Analysis of the sequence and primary structure of BmTPx-Q. (A) Nucleotide and deduced amino acid sequences of BmTPx-Q. (B) BmTPx-Q multiple sequence alignment analysis. B. microti (BmTPx-Q); Babesia bigemina (Bb: XP_012767998.1); Blastomyces dermatitidis (Bd: EEQ83458.1); Babesia sp. Xinjiang (Bx: XP_028870106.1); Theileria annulata (Ta: XP_954500.1). The dot indicates the identical amino acids in all sequences, an asterisk indicates the conserved cysteine residue, and the conserved PxxxTxxC-motif around the active site is underlined. (C) Analysis of the active domains in the BmTPx-Q amino acid sequence as identified by NCBI blast.




Expression and Purification of the Recombinant BmTPx-Q

The PCR product was cloned into the pET30a vector and the recombinant protein was successfully expressed in E. coli BL21 (DE3) as a his-tagged protein. The rBmTPx-Q protein was purified with Ni-NTA agarose beads and was analyzed by SDS/PAGE. As shown in Figure 2, the purified protein showed a single band (~21 kDa) by 12% SDS/PAGE in the presence of DTT (reducing).


[image: Figure 2]
FIGURE 2. SDS-PAGE analysis of the rBmTPx-Q-His fusion protein. Analysis of expression and purification of rBmTPx-Q by reducing SDS-PAGE (12%). Lane M: standard protein molecular weight marker; Lane 1: purified rBmTPx-Q; Lane 2: induced cell lysates. Purified rBmTPx-Q-His was ~21 kDa and was used in subsequent antibody production and antioxidant activity assays.




Antioxidant Activity of rBmTPx-Q

The activity was evaluated using the MFO assay (Figure 3A). In this assay, FeCl3 and DTT generate hydroxyl radicals in the reaction mixture induced nicks in the supercoiled plasmid DNA, thereby altering the mobility of DNA during agarose electrophoresis. Both FeCl3 and DTT generated nicks in the DNA in the absence of rBmTPx-Q. Thus, there was an apparent increase in DNA size (Figure 3A, lane 4). However, nicks in the plasmid DNA were detected after purified rBmTPx-Q was added to the reaction mixtures at 1,000, 500, and 250 μg/mL concentrations (Figure 3A, lanes 5–7). The results indicate rBmTPx-Q has antioxidant activity. TPx-Q proteins are thiol-based peroxidases that catalyze the reduction of H2O2. The ability of the rBmTPx-Q to remove H2O2 was evaluated utilizing a ferrithiocyanate system. The rBmTPx-Q was examined by monitoring oxidation of NADPH in the E. coli Trx/TrxR system in the presence of DTT. As demonstrated in Figure 3B, rBmTPx-Q showed peroxidase activity in the presence of the Trx system (Trx, TR, and NADPH) with a concentration-dependent manner. These results indicate that the atypical 2-Cys TPx-Q peroxidases use thioredoxin as a reductant. The results showed a decrease at A340 nm in the presence of rBmTPx-Q, possibly due to the oxidation of NADPH after the addition of H2O2. Within 10 min, 1.5 μg of rBmTPx-Q destroyed nearly about half of 1 mM H2O2. This result suggested that rBmTPx-Q can be described as a thioredoxin peroxidase.


[image: Figure 3]
FIGURE 3. Antioxidant activity of the BmTPx-Q protein. (A) The pBluescript plasmid DNA was incubated with reaction mixture including the rBmTPx-Q, and nicking of the supercoiled plasmids by MFO was evaluated on 1% agarose gels stained with ethidium bromide. M, DNA marker; 1, DNA + H2O; 2, DNA + DTT; 3, 180 ng DNA + FeCl3; 4, DNA + MFO; 5, 1,000 μg/mL rBmTPx-Q + MFO + DNA; 6, 500 μg/mL rBmTPx-Q + MFO + DNA; and 7, 250 μg/mL rBmTPx-Q + MFO + DNA. The nicked form (NF) and supercoiled form (SF) of the plasmids are indicated on the right, and the triangle shows the increasing concentration of the recombinant proteins. (B) Peroxidase activity of rBmTPx-Q. NADPH oxidation coupled by rBmTPx-Q (solid line) to reduction of H2O2 in the presence of the E. coli Trx/Trx R system. NADPH oxidation was monitored as the decrease in A 340 in a 200-μL reaction mixture (0.14 μM TR, 6.4 μM Trx, 0.375 mM NADPH, 500 μg/mL rBmTPx-Q, 250 μM H2O2, 50 mM HEPES). The dotted line indicates the absence of rBmTPx-Q in reaction mixture. Data are presented as the means of three independent experiments.




Expression Analysis of BmTPx-Q in B. microti Post-infection

To identify the native BmTPx-Q protein in B. microti, western blot analysis was performed using the mouse anti-rBmTPx-Q serum. The results showed that an ~22 kDa band was detected in the iRBC lysates 7 and 8 days post-infection (Figure 4A, lines 3 and 4), which revealed the predicted monomeric size, whereas no specific bands were detected in the non-infected control (Figure 4A, line 6). The size of the recombinant BmTPx-Q band was similar to that of the native BmTPx-Q. The results suggested that BmTPx-Q protein has high immunogenicity and can induce the host's immune system and also BmTPx-Q exists primarily in a monomeric form without the formation of intermolecular disulfide bonds. Moreover, total RNA of iRBCs from different days post-infection was used to investigate the expression profile of BmTPx-Q by qRT-PCR analysis. BmTPx-Q expression peaked twice on 4 and 8 days post-infection and declined suddenly on 5 and 9 days post-infection (Figure 4B). Blood smears were stained with Giemsa to assess the infection by calculating the ratio of iRBCs. B. microti was detected in iRBCs on the first day post-infection. The parasitemia ratio increased until 5 days post-infection, and started to decline on 6 days post-infection until reaching undetectable levels by day 10 post-infection (Figure S1).
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FIGURE 4. Expression analysis of BmTPx-Q in B. microti post-infection. (A) Western blot analysis of the native BmTPx-Q. Lane M: standard protein molecular weight marker; Lanes 1–5: B. microti infected mouse erythrocyte lysates on 5th, 6th, 7th, 8th, and 9th day post-infection; Lane 6: uninfected mouse erythrocyte lysate; mouse anti-rBmTPx-Q serum was used as primary antibody in this Western blot analysis and revealed a band of ~22 kDa. (B) Relative expression analysis of BmTPx-Q at different days post-infection. The x-axis refers to the day of infection of mouse RBCs with B. microti; the y-axis refers to the relative BmTPx-Q expression level in mouse RBCs on different days post-infection by using the 2−ΔΔCT mean.




Immunofluorescence Assays

A thin blood smear of B. microti-infected RBCs (~20% parasitemia) was used by indirect immunofluorescence assay (IFA) with the mouse anti-rBmTPx-Q serum. The blue fluorescence indicates the nucleus of B. microti, whereas the green fluorescence shows BmTPx-Q located within the nucleus of B. microti merozoites in iRBCs (Figure 5a). Additionally, co-localization of anti-BmTPx-Q signal (green) with DAPI (blue) indicates that most of BmTPx-Q is present in the cytoplasm of the parasites (Figure 5d, Merged). In the control sample, no green fluorescence was detected in the iRBCs which were incubated with serum collected from uninfected mice (Figure 5e). Therefore, our results show that BmTPx-Q is expressed in B. microti merozoite cytoplasm.


[image: Figure 5]
FIGURE 5. Immunofluorescence microscopy analysis of the cellular localization of TPx-Q in B. microti-infected RBCs. Antiserum against BmTPx-Q (a–d) or normal mouse serum (e–h) was incubated with acetone-fixed B. microti-infected mice erythrocytes and stained with Alexa Fluor 488-conjugated goat anti-mouse IgG antibody. (a,e) Incubation with anti-rBmTPx-Q or normal mouse serum staining; (b,f) DAPI staining; (c,g) brightfield; and (d,h) merged images. Scale bar indicates 2.0 μm.




Transcript Analysis of BmTPx-Q After Treatment With Antiparasitic Agents

The RT-PCR was conducted using various cDNA templates isolated samples treated with different doses of Quinine monohydrochloride dehydrate, Dihydroartemisinin, or Chloroquine at 12, 24, and 36 h. As shown in Figures 6A,B, BmTPx-Q was expressed in three different time points, although there was no significant difference, but a decreasing trend was observed as time went by in the three different concentrations under Quinine and Dihydroartemisninin compared to the control group (we have subtracted the control group data when analyzing). In addition, BmTPx-Q was expressed at the highest level in 20 and 50 μM at 24 h under Chloroquine diphosphate salt (Figure 6C). High BmTPx-Q expression in the parasites was due to adverse environmental factors, which increases gradually to peak at 24 h before decreasing sharply in the subsequent time points. The growth status of B. microti after that was severely inhibited at 36 h, which was also confirmed through Giemsa-stained thin-blood films (Figure S2). That can explain the low expression level of BmTPx-Q in the subsequent stages, also indicating that B. microti might be inhibited by these three drugs. These findings suggest that BmTPx-Q might be implicated by different mechanisms in the response of B. microti to Quinine, Dihydroartemisninin, and Chloroquine. Although Prxs play a role in protection against oxidative damage in parasites and ensure a certain degree of defense, the effects of external factors can be irreversible.


[image: Figure 6]
FIGURE 6. Relative expression analysis of BmTrx-Q in iRBCs exposed to anti-parasitic agents for 12, 24, and 36 h. The iRBCs were treated with different concentrations (20, 50, 100 μM) of Quinine (A), Dihydroartemisinin (B), and Chloroquine (C).





DISCUSSION

Prxs reduce peroxides using a peroxidatic cysteine residue, and the Cys are essential for enzyme activity. In atypical 2-Cys Prxs, which are also named Type II Prxs, the position of one of two cysteine residues is not conserved (8, 46, 47). The typical 2-Cys Prxs have physiological functions as peroxidase, 1-Cys Prx and atypical 2-Cys act as monomers, whereas typical 2-Cys Prxs act as dimers (48, 49).

To better systematically understand TPxs, we previously have identified the Prxs (BmTPx-1 and BmTPx-2) from B. microti (36, 37). Herein, we extended these efforts to select additional members of this group. A BLAST search revealed that the BmTPx-Q has low sequence similarities with those of Prxs of host species. This may indicate that this protein may have a good prospect in terms of drug targets. As expected, like all 2-Cys-containing Prxs, BmTPx-Q possesses the PxxxTxxC-motif and beside two conserved cysteine residues Cp and Cr that are essential for peroxidase activity. The Cp is located at the N-terminal end of the protein and Cr is usually four residues or 30 amino acids away from Cp (50). In our study, BmTPx-Q as a 2-Cys Prx, Cys95 being Cp, which is essential for peroxidase activity, whereas Cys100 acts as Cr. For 2-Cys Prxs, the Cp is oxidated by a peroxide substrate to generate a Cys sulfenic acid (Cys-SOH) intermediate, which reacts with the Cr to form an monomer or dimmer (18, 51). The disulfide bond is reduced to reform the reduced Cp by an external reducing substrate of Trx/TrxR system with an atypical 2-Cys catalytic mechanism (32). Afterwards, the generated TPx-Q is ready for another catalytic cycle. Su et al. (30) indicated that the two cysteine residues are essential for enzymatic activity by mutation analysis. Furthermore, they proved that C. glutamicum TPx-Q catalytically eliminates peroxides by exclusively receiving electrons from Trx/TrxR system (30). Unlike the typical 2-Cys Prx proteins, TPx-Q may exist as monomers, dimers, or a mixture (52). In this study, BmTPx-Q may exist mainly in monomeric form with an intramolecular disulfide bond. Moreover, it has been documented that the three forms of TPx-Q contain a wealth of information useful to the field (27).

To assess the enzymatic activity and generate specific antibodies against BmTPx-Q, the recombinant proteins were expressed as a his-tagged protein in E. coli purified by agarose beads (Figure 2). It is now known that Prxs are prevalent in prokaryotic and eukaryotic organisms and are essential against various oxidative stresses through catalyzing the reduction of H2O2 and organic hydroperoxides to keep the cellular redox balance (53). In addition, Prxs are more than just simple peroxide-eliminating enzymes. They are localized to various subcellular compartments and function as regulators of local H2O2 levels. The studies of transcription revealed that the Prx Q has a function in oxidant defense (54). Therefore, the antioxidant activities of rBmTPx-Q were evaluated by the MFO assay (Figure 3A). In MFO assay, FeCl3 and DTT generate hydroxyl radicals that produced nicks in the supercoiled DNA in the reaction mixture, which could be monitored by changing the running behavior of the DNA in electrophoresis (38). Therefore, the presence of rBmTPx-Q in the reaction mixtures with 250, 500, and 1,000 μg/mL concentration prevented the damage of DNA (Figure 3A), suggesting the antioxidant activities of rBmTPx-Q. Data shown in Figure 3B demonstrated that the peroxidase activity of rBmTPx-Q acts as an antioxidant enzyme, the results were consistent that Prx as a peroxidase to reduce H2O2 via the parasitic Trx system in previous study (55).

Although Prxs are primarily as peroxidases, these also function as chaperones or phospholipases and are involved in redox signaling (48, 56). The chaperone or the phospholipase activity of Prxs is independent with the catalytic cysteine residues. Molecular chaperones can assist the covalent folding of proteins and prevent the protein aggregation (57). Su et al. (30) found that TPx-Q functions as molecular chaperone and peroxidase. Cho et al. (58) first reported that Prx Q of Deinococcus radiodurans R1 is a monomeric atypical 2-Cys Prx and has dual activity as peroxidase and a molecular chaperone. However, the molecular chaperones function of BmTPx-Q needs to be further studied.

Meanwhile, we collected the B. microti infected mouse erythrocyte lysates post-infection and detected the native BmTPx-Q protein in the lysate of B. microti using the mouse anti-rBmTPx-Q serum. Western blotting showed an ~22 kDa band in the iRBC lysates 7 and 8 days post-infection (Figure 4A, lines 3 and 4). This indicates that the native BmTPx-Q was expressed in large quantities that could be detected on the 7th and 8th day after infection. Moreover, the expression of BmTPx-Q peaked at both 4 and 8 days post-infection by qRT-PCR analysis (Figure 4B). Based on the growth curve of parasitemia, B. microti was undergoing a rapid propagation process in RBCs 4 days post-infection. During the erythrocytic stages, B. microti are exposed to oxygen-rich environments and must secrete large amounts of antioxidants, such as Trx or Prx to act against oxidative stress and protect the parasites (23). Furthermore, the native B. microti Prx protects DNA from oxidative damage (23, 59). From a rational point of view, high expression levels of BmTPx-Q at 4 days post-infection helped B. microti to cope with the oxidative stress during the rapid propagation process. The level of BmTPx-Q expression reached a peak, whereas B. microti parasitemia decreased to low levels at 8 days post-infection, similar results were also observed for B. microti other antioxidant enzymes, such as peroxiredoxin 2, thioredoxin 2, and thioredoxin 3 in previous studies (37, 41, 42). The molecular immune mechanisms of high expression levels of these antioxidant molecules need to be further investigated.

In addition, previous research has reported that Prxs could induce protective immunity against Leishmania major infections and microfilaria Brugiamalayi infections in mice and Fasciola hepatica infections in goats (60). Since Prxs have potential as candidate vaccines for parasite species, the enzymatic activity may be related to the protective efficacy of these antigens. Our laboratory will evaluate the potential of this vaccine candidate in future studies.

IFA remains the most widely used method to localize proteins in organisms' intact cells. Figure 5 shows the expression patterns of BmTPx-Q in the red blood cells. The green fluorescence surrounding merozoite nuclei indicates enzyme expression in the cytoplasm of the parasite (Figure 5a). Based on a previous report, 1-Cys-Prx is also upregulated in the cytoplasm at the trophozoite stage, which is the metabolically active phase of P. falciparum (61). Unlike thioredoxin peroxidase-1 (TPx-1) of B. microti, BmTPx-Q exhibits a dot-like pattern expression in the parasite. Further investigation into whether BmTPx-Q and BmTPx-1 or BmTPx-2 co-exist in the peroxidase active organelles is required.

There was no significant difference regarding the mRNA relative expression profile of BmTPx-Q in the groups treated with the antiparasitic agents, compared to the control group, but a decreasing trends were observed against time (Figure 6). Three drugs managed to inhibit B. microti growth, but there was no marked effect on BmTPx-Q expression or activity. It is necessary to find specific inhibitors or drugs able to target BmTPx-Q, which will further confirm the importance of this molecule for B. microti survival. Moreover, it is necessary to confirm the TPx-Q whether as an oxidative stress defensive molecule as well as drug target in other strain or species of Babesia.



CONCLUSIONS

We characterized a BmTPx-Q in B. microti, and our results suggest that TPx-Q acts as a thioredoxin-dependent monomeric peroxidase that contributes to the resistance against oxidative in B. microti. BmTPx-Q is a monomeric form with two Cys that form an intramolecular disulfide bond. Since BmTPx-Q has an antioxidant activity, apparently it has a crucial role in the reduction of ROS. Concerning other aspects, Babesia parasites have other antioxidant proteins, such as SOD and Gpx. Thus, it is necessary to study the correlations between BmTPx-Q and these antioxidant proteins. Our data on BmTPx-Q can be used to investigate the precise role and biological functions of BmTPx-Q in the parasite. These findings may be relevant to the field of parasitological research and lead to the development of an anti-Babesiosis drug.
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Figure S1. Giemsa-stained thin-blood film of the parasitemia. D0: Uninfected mouse RBCs; D1–D10: Days post-infection with B. microti of mouse RBCs. Scale bar indicates 5.0 μm.

Figure S2. The growth status of B. microti after treatment with antiparasitic agents at 36 h. iRBCs were treated with various concentrations (20, 50, or 100 μM) of Quinine, Dihydroartemisinin, and Chloroquine at 36 h, the controls were treated with DMSO. Thin-blood film was stained with Giemsa. Scale bar indicates 10.0 μm.
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