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Abstract

:

There is an increasing understanding that melatonin and the ubiquitin/proteasome system (UPS) interact to regulate multiple cellular functions. Post-translational modifications such as ubiquitination are important modulators of signaling processes, cell cycle and many other cellular functions. Previously, we reported a melatonin-induced upregulation of gene expression related to ubiquitin/proteasome system (UPS) in Plasmodium falciparum, the human malaria parasite, and that P. falciparum protein kinase 7 influences this process. This implies a role of melatonin, an indolamine, in modulating intraerythrocytic development of the parasite. In this report we demonstrate by qPCR analysis, that melatonin induces gene upregulation in nine out of fourteen genes of the UPS, consisting of the same set of genes previously reported, between 4 to 5 h after melatonin treatment. We demonstrate that melatonin causes a temporally controlled gene expression of UPS members.
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1. Introduction


Plasmodium has a complex life cycle alternating between two hosts (mosquito and vertebrate) undergoing metabolic and morphological changes. In the vertebrate host, merozoites infect red blood cells and continue into growth (ring and trophozoite stages), formation of multiple new merozoites (schizont stage) and finally disruption of red blood cells and releasing of merozoites into the bloodstream that in turn will infect new erythrocytes which is the cause of malaria pathogenesis. This erythrocytic cycle of events usually occur synchronously during in vivo infection in Plasmodium falciparum, the most virulent of the four Plasmodium species that infect humans, and in the rodent malaria parasite P. chabaudi. However, synchrony is lost in in vitro cultures, presumably because some defining factor present in the host is absent from the culture medium.



Melatonin is well known to have an influence in circadian rhythm [1]. As a pleiotropic molecule, it is found in many organisms such as bacteria, fungi, plants, invertebrates and vertebrates [2,3,4,5]. In humans, melatonin is best known for its production by the pineal gland, it is also synthesized in other cell types including retina, bone marrow, intestinal tract, gonads, and immune system cells [6,7,8,9,10].



Because the Plasmodium grows in human host in cycles of 24 h, and the circadian production of melatonin and synchronous growth of Plasmodium in human host is a multiple of 24 h, it has been hypothesized that melatonin could be the host factor responsible for Plasmodium synchronization in vivo [11]. The intraerythrocytic synchronous maturation is lost in vitro but melatonin modulates the process by increasing schizont forms of P. falciparum and restoring synchronicity of P. chabaudi infection of the pinealectomyzed mouse [12]. Remarkably, melatonin is not an exclusive cell cycle modulator of Plasmodium species but also has been implicated in Trypanossoma cruzi metacyclic differentiation [13] and participates in many host-parasite interactions [14].



The mechanism of melatonin signaling in Plasmodium is not clearly understood, but efforts to characterize the pathway revealed the involvement of calcium and cAMP as second messengers in both P. falciparum and P. chabaudi [15]. In addition, there is an upregulation of the ubiquitin/proteasome system (UPS) genes in P. falciparum, and this process is influenced by P. falciparum protein kinase 7 [16].



Ubiquitination is a process that adds ubiquitin molecules (a peptide comprised of 79 amino acids) to substrate proteins. Covalent binding of ubiquitin to proteins is currently related to regulation of practically all cellular events in eukaryotes, including the cell cycle, transcription and signal transduction [17].



In general, the ubiquitination occurs in 3 enzymatic steps involving E1 (ubiquitin activating enzyme), E2 (ubiquitin conjugating enzyme), and E3 (ubiquitin ligase) in which the ubiquitin molecule is conjugated to E1 in a thiol-ester bound with consequent adenylation of the C-terminal glycine of ubiquitin in an ATP-dependent manner. Subsequently, ubiquitin is transferred to E2 which together with E3, add the ubiquitin to a C-terminal ε-amino group of a lysine of the substrate through a covalent isopeptide bond [17]. Polyubiquitinated substrates are then recognized and degraded by 26S proteasome, a multimeric complex comprised of a 20S subunit that possesses the catalytic activity and the 19S regulatory subunit [18].



E3 ubiquitin ligases are mostly responsible for substrate recognition and specificity, acting often in complexes with SCF (SKP1, cullin and F-box) or APC (Anaphase Promoting Complex). This group of enzymes is comprised of protein such as, F-box proteins, U-box proteins, culins, HECT domain (Homologous to E6-AP Carboxyl Terminus) and RING (Really Interesting New Gene). For this reason, compared to E3, the identification of E1 and E2 in genomes is less representative [17].



The deubiquitination process, catalyzed by deubiquitinases, that are cysteine or zinc metalloproteases, removes ubiquitin from substrates. It is noteworthy that the role played by this group of enzymes is currently underexplored, but it is known that mutations in deubiquitinases genes are related to chloroquine and artesunate resistance in P. chabaudi [19].



Modulation of UPS by melatonin has also been reported in other organisms. In neuronal cells, melatonin is protective of ischemic brain injury. This neuroprotective effect by melatonin is linked to the upregulation of deubiquitinase protein [20]. In plants, melatonin can alter protein degradation, increasing photosynthetic activity in Malus hupehensis [21].



As ubiquitination controls many cell functions including the cell cycle, mainly by leading proteins to proteasomal degradation, the proteasome has also been targeted as an antimalarial [22,23]. Since proteasome inhibitors such as bortezomib are already tested in humans for cancer treatment [24] the administration of such drugs is promising for parasitic diseases control.



The implication of ubiquitination in Plasmodium is consistent with the fact that a large number of proteins are ubiquitinated in the parasite’s replicative schizont stage [25]. This suggests that protein degradation is an essential feature for parasite development and/or replication in the red blood cell. Although regulation of cell cycle and ubiquitination are not clearly understood in the human malaria parasite, the participation of UPS in parasite growth and development is in agreement with the analysis of the P. falciparum transcriptome, which shows an activation of genes encoding proteasome components in the schizont stage [26]. Moreover an upregulation of the polyubiquitin gene has been reported in late trophozoite and schizont stage, when protein ubiquitination dramatically increases [27].



Although the most studied function of ubiquitination is protein degradation, it is not the only role. In comparison to phosphorylation, ubiquitin chains attached to a protein can be recognized as specific domains (Ubiquitin Binding Domains, UBDs) by diverse effectors. For instance, different lysine chains can form different topologies thus promoting several cellular responses [28]. For example, monoubiquitination is related to gene expression and nuclear transport while polyubiquitination, mainly at lysine 48, encodes for proteasomal degradation [28].



In the work presented here, we characterize gene upregulation in response to melatonin in P. falciparum in our effort to characterize the mechanism of melatonin action in the malaria parasite. For this purpose, we assessed time dependent changes in UPS gene expression by qPCR analysis following melatonin treatment and compared these results with our previous analysis [16].




2. Results


We have previously reported that UPS gene expression is significantly affected when parasites had been cultured in the presence of melatonin for 5 h [16]. To investigate whether the expression of UPS genes changes in a modular and temporal fashion, a time-dependent analysis was done where parasites were incubated for 3–6 h with the hormone and the transcript levels of UPS genes analyzed every hour.



The criteria for gene selection was the same as in our previous work and consisted of: (I) representative genes from the 3 classes of UPS enzymes i.e., E1, E2 and E3, including E3s from the SCF complex, involved in cell cycle regulation; (II) proteasome subunits and (III) ubiquitin-like proteins (based on [16]).



As shown in Figure 1 and Table S1, the shortest treatment (3 h) produced no significant changes (Figure 1A). After 4 h of treatment with melatonin, 6 genes were up regulated (Figure 1B, Table S1). The upregulated transcripts are from ubiquitin C-terminal hydrolase (PF11_0177), ubiquitin activating enzyme E1 (PFL1790w), hypothetical protein containing the F-box domain (PFF0960c), ubiquitin ligase (MAL8P1.23), culin-like (PFF1445c) and proteasome subunit (PF14_0025). Upregulation of most UPS genes was maintained after 5 h of melatonin, except for proteasome subunit (PF14_0025) and culin-like (PFF1445c) that was no longer significantly elevated (Figure 1C). In contrast, ubiquitin activating enzyme E1 (PFL1245w), a hypothetical protein containing the F-box domain (PFL1565c) and culin-like (PF08_0094) were up regulated only after 5 h of melatonin treatment (Figure 1C). When melatonin treatment was extended to 6 h, expression of all UPS genes returned to levels in between that of control and melatonin treated parasites (Figure 1D). Taken together, these results suggest activation of UPS gene transcription occurs within a short period of 4–5 h following melatonin treatment (Figure 1, Table S1).
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Figure 1. Differential transcription of UPS genes from parasites treated with melatonin treatment. The samples from melatonin treated parasite for 3 to 6 h (A–D), and that of control cells were compared by real-time PCR analysis. At least three independent experiments were performed (See Table S2). The criterion for altered gene expression was twofold. The ID of the genes is available as supporting information. Statistical analysis was performed with relative expression values in log2 by and Student’s t-test and Dunnett’s post-test, * p < 0.05, ** p < 0.01. 
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3. Discussion


Plasmodium parasites sense their environment to survive inside red blood cells as evidenced from the transport of cargo within membranous structures to the red blood cell surface and modification of erythrocyte spectrin [29,30]. These changes allow malaria parasites to perceive alterations in their extracellular environment and transduce signals to its subcellular destinations. In this respect, parasite intracellular signaling events are of utmost importance for the successful invasion, development, and egress from red blood cells [31]. Particularly, a complex melatonin/calcium cell signaling network, which involves both classical and novel mechanisms, has been described in Plasmodium [12,32,33,34]. This network sheds light on the exploitation of the circadian rhythm of the host by the parasite, leading to parasite intraerythrocytic stage synchronization [12], and in all probability, enhancing parasite survival.



A seminal experiment suggesting that the malaria parasites could employ intracellular calcium for its signaling was performed by Passos and Garcia [35]. By loading permeabilized Plasmodium with the membrane-impermeable, fluorescent calcium probe Arsenazo III, it was demonstrated that the parasites possessed a calcium pool which was mobilized by thapsigargin (a SERCA inhibitor, [35]).



Hotta et al. [12] demonstrated that Plasmodium could perceive the host-produced hormone melatonin, leading to the synchronization of the intraerythrocytic development (i.e., the increase in the percentage of parasites at a particular intraerythocytic stage). Furthermore, it was shown that melatonin was also capable of promoting [Ca2+]cyt increase in the parasite, and that a phospholipase C (PLC) inhibitor abrogated both melatonin-induced [Ca2+]cyt rise and synchronization, thus linking melatonin to the PLC-calcium intracellular signaling cascade [12]. Furthermore, luzindole, a melatonin receptor antagonist, abrogated both melatonin-induced [Ca2+]cyt rise and synchronization [12]. The melatonin precursor N-acetylserotonin was also shown to be both permeable to the erythrocyte membrane and capable of modulating the cell cycle of malaria parasites in a Ca+2-dependent fashion [32,36]. Further experiments demonstrated that other tryptophan precursors (tryptamine and serotonin) also had the same effect [32]. The classic PLC-generated second-messenger IP3 was shown to be produced in a melatonin, dose-dependent fashion in Plasmodium [36], and by using caged-IP3, released by a UV pulse, melatonin and IP3 were shown to possess the same mechanism of calcium mobilization from the endoplasmic reticulum [36].



The mechanism of melatonin action in Plasmodium also consists of an intricate cross-talk between calcium and cAMP in both human [15] and murine [33] parasites, in which cAMP evokes [Ca2+]cyt rise from the endoplasmic reticulum, which in turn leads to further cAMP rise in the cytosol. In addition, membrane calcium channels are also activated leading to further [Ca2+]cyt rise via calcium influx [37].



Mounting evidence suggests the existence of melatonin receptors in Plasmodium [12,15,33,36]. Thus, our group conducted a genome-wide search in Plasmodium using an in silico stratregy, which culminated with the identification of four strong candidates for serpentine receptors in the parasite [38].



Regarding downstream signaling components of the melatonin pathway, it has been demonstrated using fluorescence resonance energy transfer (FRET) peptides as a substrate, that melatonin is capable of enhancing cysteine-protease activity in Plasmodium [39]. Furthermore, the transcription factor, PfNF-ҮB, was shown to have its expression and ubiquitination modulated by melatonin [34]. Further experiments are required to better understand how proteolysis and transcription factors are involved in the intraerythrocytic cell cycle regulation of Plasmodium.



It has been suggested that melatonin and the ubiquitin/proteasome system seem to interact in order to regulate a variety of cellular processes [40]. In the work presented here, we provide evidence for the melatonin-induced modulation of UPS gene expression in Plasmodium falciparum. In addition to our previous reports [16,41], which demonstrated that the expression of UPS genes can be affected by a 5 h treatment with melatonin or N-acetyl serotonin (NAS), we demonstrate now that some genes are regulated as early as 4 h following melatonin treatment.



A comparison of different duration of treatment that evaluates UPS regulation was made (Table S2) based on qRT PCR analysis of melatonin (different concentrations and time points) as well as NAS treated samples [41]. Our analysis identified 6 genes that are consistently regulated by both melatonin and NAS; they are: ubiquitin C-terminal hydrolase (PF11_0177), E1 ubiquitin activating enzyme (PFL1790w), ubiquitin activating enzyme E1 (PFL1245w), hypothetical protein containing the F-box domain (PFL1565c), culin-like (PFF1445c) and proteasome subunit (PF14_0025).



Concerning the features of melatonin-regulated genes, melatonin appears to control both general protein ubiquitination by modulating E1 enzymes and the proteasomal subunit or more specific genes like deubiquitinases and E3 ligases. The proteasome subunit (PF14_0025) also known as RNP6 is a nonenzymatic component of the 19S proteasome lid, essential for ubiquitinated protein degradation and for both Plasmodium and Trypanosome survival [42,43].



The timing of activation of UPS gene expression seems to be variable since some genes are upregulated after 4 h of melatonin treatment, while others are upregulated only after 5 h. The mRNA quantification suggests a cascade of UPS genes regulation, which is also observed in the protein ubiquitination profile, and therefore, parasite proteins are differentially ubiquitinated over time in the presence of melatonin. Our previous work shows that UPS gene expression regulation by melatonin is dependent on protein kinase 7 [16]. As Plasmodium presents a life cycle of 48 h, a fine control of gene expression is expected. Indeed the transcriptome analysis shows a “just-in-time” process of gene transcription induction only at a time when it is required [26].



Because cells utilize UPS for cell growth and development, the parasite UPS could be exploited as a therapeutic target. Finally, as melatonin and UPS have also been involved in Trypanosoma cruzi development [13,44], intervention in such pathways by proteasome inhibitors such as bortezomib could be useful for the control of kinetoplastid protozoan pathogens as well.




4. Experimental Section


4.1. Parasites


The 3D7 clone of P. falciparum was cultured in flasks with Gibco RPMI 1640 medium (Life Technologies, Grand Island, NY, USA) supplemented with 0.04% of gentamicin sulfate, 0.05% of hypoxanthine 0.23% sodium bicarbonate and 10% human serum (blood group A+), and human erythrocytes with a hematocrit of 2%, as previously described in [45]. Parasite cultures were synchronized by the sorbitol treatment which causes a disruption of erythrocytes infected with late trophozoite and schizont [46].




4.2. Real-Time PCR of UPS Genes


P. falciparum trophozoites were treated with 10 µM melatonin (SIGMA-Aldrich, St. Louis, MO, USA) approximately 24–30 h post invasion. RNA was extracted 3–6 h post treatment with Trizol (Life Technologies) and subjected to DNase treatment. cDNA synthesis was carried out using random primers and Superscript II reverse transcriptase (Life Technologies) according to the manufacturer’s protocol. Oligonucleotides used are listed in Table S1. SYBR green incorporation was measured during PCR amplification performed on the 7300 Real Time PCR System (Applied Biosystems, Foster City, CA, USA). The statistical analysis was performed by applying Student’s t-test on the log2 values of relative expression (delta delta Ct method) [47] of the genes (normalized with the 18 S ribosomal housekeeping gene). The experiments were performed independently at least three times, and each experiment was analyzed in triplicate by real-time PCR.





5. Conclusions


Building on our previous work, we have now demonstrated that melatonin elicits activation of UPS gene expression in a time-dependent manner in P. falciparum. This study provides evidence of the parasite’s ability to make a fine adjustment of its signalling cascade in order to modulate the parasite erythrocytic developmental cycle.
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Supplementary tables can be found at http://www.mdpi.com/1422-0067/15/12/22320/s1.





Acknowledgments


We thank FAPESP for funding Célia R.S. Garcia (Process 11/51295-5), Alexandre Budu, Fernanda C. Koyama. We also thank INCT INBEQMeDI for funding Célia R. S. Garcia. Debopam Chakrabarti’s laboratory is funded by a grant from the U.S. National Institutes of Health (AI73795).




Author Contributions


Fernanda C. Koyama conception, design, acquisition of data, interpretation of data, article writing, final approval, Mauro F. Azevedo, Alexandre Budu and Debopam Chakrabarti interpretation of data, article review, final approval, Célia R. S. Garcia conception, design, interpretation of data, article writing and review, final approval.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Hardeland, R.; Madrid, J.A.; Tan, D.X.; Reiter, R.J. Melatonin, the circadian multioscillator system and health: The need for detailed analyses of peripheral melatonin signaling. J. Pineal Res. 2012, 52, 139–166. [Google Scholar]

	



Hardeland, R. Melatonin and 5-methoxytryptamine in non-metazoans. Reprod. Nutr. Dev. 1999, 39, 399–408. [Google Scholar]

	



Reiter, R.J.; Tan, D.X.; Burkhardt, S.; Manchester, L.C. Melatonin in plants. Nutr. Rev. 2001, 59, 286–290. [Google Scholar]

	



Roopin, M.; Yacobi, Y.Z.; Levy, O. Occurrence, diel patterns, and the influence of melatonin on the photosynthetic performance of cultured Symbiodinium. J. Pineal Res. 2013, 55, 89–100. [Google Scholar]

	



Park, S.; Byeon, Y.; Kim, Y.S.; Back, K. Kinetic analysis of purified recombinant rice N-acetylserotonin methyltransferase and peak melatonin production in etiolated rice shoots. J. Pineal Res. 2013, 54, 139–144. [Google Scholar]

	



Bubenik, G.A. Localization of melatonin in the digestive tract of the rat. Effect of maturation, diurnal variation, melatonin treatment and pinealectomy. Horm. Res. 1980, 12, 313–323. [Google Scholar]

	



Tan, D.X.; Manchester, L.C.; Reiter, R.J.; Qi, W.B.; Zhang, M.; Weintraub, S.T.; Cabrera, J.; Sainz, R.M.; Mayo, J.C. Identification of highly elevated levels of melatonin in bone marrow: Its origin and significance. Biochim. Biophys. Acta Gen. Subj. 1999, 1472, 206–214. [Google Scholar]

	



Guerrero, J.M.; Reiter, R.J. Melatonin-immune system relationships. Curr. Top. Med. Chem. 2002, 2, 167–179. [Google Scholar]

	



Venegas, C.; García, J.A.; Escames, G.; Ortiz, F.; López, A.; Doerrier, C.; Garc#xED;a-Corzo, L.; López, L.C.; Reiter, R.J.; Acuña-Castroviejo, D. Extrapineal melatonin: Analysis of its subcellular distribution and daily fluctuations. J. Pineal Res. 2012, 52, 217–227. [Google Scholar]

	



Acuña-Castroviejo, D.; Escames, G.; Venegas, C.; Díaz-Casado, M.E.; Lima-Cabello, E.; López, L.C.; Rosales-Corral, S.; Tan, D.X.; Reiter, R.J. Extrapineal melatonin: Sources, regulation, and potential functions. Cell. Mol. Life Sci. 2014, 71, 2997–3025. [Google Scholar]

	



Garcia, C.R.; Markus, R.P.; Madeira, L. Tertian and quartan fevers: Temporal regulation in malarial infection. J. Biol. Rhythm. 2001, 16, 436–443. [Google Scholar]

	



Hotta, C.T.; Gazarini, M.L.; Beraldo, F.H.; Varotti, F.P.; Lopes, C.; Markus, R.P.; Pozzan, T.; Garcia, C.R. Calcium-dependent modulation by melatonin of the circadian rhythm in malarial parasites. Nat. Cell Biol. 2000, 2, 466–468. [Google Scholar]

	



Macías, M.; Rodríguez-Cabezas, M.N.; Reiter, R.J.; Osuna, A.; Acuna-Castroviejo, D. Presence and effects of melatonin in Trypanosoma cruzi. J. Pineal Res. 1999, 27, 86–94. [Google Scholar]

	



Bagnaresi, P.; Nakabashi, M.; Thomas, A.P.; Reiter, R.J.; Garcia, C.R.S. The role of melatonin in parasite biology. Mol. Biochem. Parasitol. 2012, 181, 1–6. [Google Scholar]

	



Beraldo, F.H.; Almeida, F.M.; da Silva, A.M.; Garcia, C.R.S. Cyclic AMP and calcium interplay as second messengers in melatonin-dependent regulation of Plasmodium falciparum cell cycle. J. Cell Biol. 2005, 170, 551–557. [Google Scholar]

	



Koyama, F.C.; Ribeiro, R.Y.; Garcia, J.L.; Azevedo, M.F.; Chakrabarti, D.; Garcia, C.R.S. Ubiquitin proteasome system and the atypical kinase PfPK7 are involved in melatonin signaling in Plasmodium falciparum. J. Pineal Res. 2012, 53, 147–153. [Google Scholar]

	



Hershko, A.; Ciechanover, A. The ubiquitin system. Annu. Rev. Biochem. 1998, 67, 425–479. [Google Scholar]

	



Ciechanover, A. The ubiquitin—Proteasome pathway: On protein death and cell life. EMBO J. 1998, 17, 7151–7160. [Google Scholar]

	



Hunt, P.; Afonso, A.; Creasey, A.; Culleton, R.; Sidhu, A.B.S.; Logan, J.; Valderramos, S.G.; McNae, I.; Cheesman, S.; do Rosario, V.; et al. Gene encoding a deubiquitinating enzyme is mutated in artesunate- and chloroquine-resistant rodent malaria parasites. Mol. Microbiol. 2007, 65, 27–40. [Google Scholar]

	



Sung, J.H.; Cho, E.H.; Kim, M.O.; Koh, P.O. Identification of proteins differentially expressed by melatonin treatment in cerebral ischemic injury—A proteomics approach. J. Pineal Res. 2009, 46, 300–306. [Google Scholar]

	



Wang, P.; Sun, X.; Chang, C.; Feng, F.; Liang, D.; Cheng, L.; Ma, F. Delay in leaf senescence of Malus hupehensis by long-term melatonin application is associated with its regulation of metabolic status and protein degradation. J. Pineal Res. 2013, 55, 424–434. [Google Scholar]

	



Lindenthal, C.; Weich, N.; Chia, Y.S.; Heussler, V.; Klinkert, M.Q. The proteasome inhibitor MLN-273 blocks exoerythrocytic and erythrocytic development of Plasmodium parasites. Parasitology 2005, 131, 37–44. [Google Scholar]

	



Reynolds, J.M.; el Bissati, K.; Brandenburg, J.; Günzl, A.; Mamoun, C.B. Antimalarial activity of the anticancer and proteasome inhibitor bortezomib and its analog ZL3B. BMC Clin. Pharmacol. 2007, 7, 13. [Google Scholar] [CrossRef]

	



Roccaro, A.M.; Hideshima, T.; Richardson, P.G.; Russo, D.; Ribatti, D.; Vacca, A.; Dammacco, F.; Anderson, K.C. Bortezomib as an antitumor agent. Curr. Pharm. Biotechnol. 2006, 7, 441–448. [Google Scholar]

	



Ponts, N.; Saraf, A.; Chung, D.-W.D.; Harris, A.; Prudhomme, J.; Washburn, M.P.; Florens, L.; le Roch, K.G. Unraveling the ubiquitome of the human malaria parasite. J. Biol. Chem. 2011, 286, 40320–40330. [Google Scholar]

	



Bozdech, Z.; Llinas, M.; Pulliam, B.L.; Wong, E.D.; Zhu, J.; DeRisi, J.L. The transcriptome of the intraerythrocytic developmental cycle of Plasmodium falciparum. PLoS Biol. 2003, 1. [Google Scholar] [CrossRef][Green Version]

	



Horrocks, P.; Newbold, C.I. Intraerythrocytic polyubiquitin expression in Plasmodium falciparum is subjected to developmental and heat-hock control. Mol. Biochem. Parasitol. 2000, 105, 115–125. [Google Scholar]

	



Woelk, T.; Sigismund, S.; Penengo, L.; Polo, S. The ubiquitination code: A signalling problem. Cell Div. 2007, 2. [Google Scholar] [CrossRef]

	



Trager, W.; Jensen, J.B. Human malaria parasites in continuous culture. Science 1976, 193, 673–675. [Google Scholar]

	



Lambros, C.; Vanderberg, J.P. Synchronization of Plasmodium falciparum erythrocytic stages in culture. J. Parasitol. 1979, 65, 418–420. [Google Scholar]

	



Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and the 2−ΔΔCt Method. Methods 2001, 25, 402–408. [Google Scholar]

	



Maier, A.G.; Cooke, B.M.; Cowman, A.F.; Tilley, L. Malaria parasite proteins that remodel the host erythrocyte. Nat. Rev. Microbiol. 2009, 7, 341–354. [Google Scholar]

	



Garcia, C.R.; Takeuschi, M.; Yoshioka, K.; Miyamoto, H. Imaging Plasmodium falciparum-infected ghost and parasite by atomic force microscopy. J. Struct. Biol. 1997, 119, 92–98. [Google Scholar]

	



Singh, S.; Alam, M.M.; Pal-Bhowmick, I.; Brzostowski, J.A.; Chitnis, C.E. Distinct external signals trigger sequential release of apical organelles during erythrocyte invasion by malaria parasites. PLoS Pathog. 2010, 6, e1000746. [Google Scholar]

	



Beraldo, F.H.; Garcia, C.R.S. Products of tryptophan catabolism induce Ca2+ release and modulate the cell cycle of Plasmodium falciparum malaria parasites. J. Pineal Res. 2005, 39, 224–230. [Google Scholar]

	



Gazarini, M.L.; Beraldo, F.H.; Almeida, F.M.; Bootman, M.; da Silva, A.M.; Garcia, C.R.S. Melatonin triggers PKA activation in the rodent malaria parasite Plasmodium chabaudi. J. Pineal Res. 2011, 50, 64–70. [Google Scholar]

	



Lima, W.R.; Holder, A.A.; Garcia, C.R.S. Melatonin signaling and its modulation of PfNF-YB transcription factor expression in Plasmodium falciparum. Int. J. Mol. Sci. 2013, 14, 13704–13718. [Google Scholar]

	



Passos, A.P.; Garcia, C.R. Characterization of Ca2+ transport activity associated with a non-mitochondrial calcium pool in the rodent malaria parasite P. chabaudi. Biochem. Mol. Biol. Int. 1997, 42, 919–925. [Google Scholar]

	



Hotta, C.T.; Markus, R.P.; Garcia, C.R.S. Melatonin and N-acetyl-serotonin cross the red blood cell membrane and evoke calcium mobilization in malarial parasites. Braz. J. Med. Biol. Res. 2003, 36, 1583–1587. [Google Scholar]

	



Beraldo, F.H.; Mikoshiba, K.; Garcia, C.R.S. Human malarial parasite, Plasmodium falciparum, displays capacitative calcium entry: 2-Aminoethyl diphenylborinate blocks the signal transduction pathway of melatonin action on the P. falciparum cell cycle. J. Pineal Res. 2007, 43, 360–364. [Google Scholar]

	



Madeira, L.; Galante, P.A.F.; Budu, A.; Azevedo, M.F.; Malnic, B.; Garcia, C.R.S. Genome-wide detection of serpentine receptor-like proteins in malaria parasites. PLoS One 2008, 3. [Google Scholar] [CrossRef]

	



Farias, S.L.; Gazarini, M.L.; Melo, R.L.; Hirata, I.Y.; Juliano, M.A.; Juliano, L.; Garcia, C.R.S. Cysteine-protease activity elicited by Ca2+ stimulus in Plasmodium. Mol. Biochem. Parasitol. 2005, 141, 71–79. [Google Scholar]

	



Vriend, J.; Reiter, R.J. Melatonin and ubiquitin: What’s the connection? Cell. Mol. Life Sci. 2014, 71, 3409–3418. [Google Scholar]

	



Koyama, F.C.; Carvalho, T.L.G.; Alves, E.; da Silva, H.B.; de Azevedo, M.F.; Hemerly, A.S.; Garcia, C.R.S. The structurally related auxin and melatonin tryptophan-derivatives and their roles in Arabidopsis thaliana and in the human malaria parasite Plasmodium falciparum. J. Eukaryot. Microbiol. 2013, 60, 646–651. [Google Scholar]

	



Muralidharan, V.; Oksman, A.; Iwamoto, M.; Wandless, T.J.; Goldberg, D.E. Asparagine repeat function in a Plasmodium falciparum protein assessed via a regulatable fluorescent affinity tag. Proc. Natl. Acad. Sci. USA 2011, 108, 4411–4416. [Google Scholar]

	



Li, Z.; Wang, C.C. Functional characterization of the 11 non-ATPase subunit proteins in the trypanosome 19 S proteasomal regulatory complex. J. Biol. Chem. 2002, 277, 42686–42693. [Google Scholar]

	



De Diego, J.L.; Katz, J.M.; Marshall, P.; Manning, B.; Gutierrez, J.E.; Nussenzweig, V.; Gonzalez, J. The ubiquitin-proteasome pathway plays an essential role in proteolysis during Trypanosoma cruzi remodeling. Biochemistry 2001, 40, 1053–1062. [Google Scholar]





© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution license (http://creativecommons.org/licenses/by/4.0/).







nav.xhtml


  ijms-15-22320


  
    		
      ijms-15-22320
    


  




  





media/file3.png
6h Melatonin 10uM

5h Melatonin 10uM

ms80lLldd
200¥0V4dd
9G¥ Ld4d
600 80d4d
LSS LAELTIVIN
€Z'1d8IVIN
96¥8004d
9096044d
9696114d
M061014d
G200 ¥ldd
MstZi14dd
M06.114d

1210 Lidd
9]0Jjuod

M N - O -

MG801L1dd
¥r200v0V4d

2G9G114d
M0610714d
1A E

(D)

(C)





media/file0.png
MG80LIdd

4h Melatonin 10pM

1ove-Z 2P0

MG80LIdd

LEELAELTIVIN
€T Ld8TIVIN

|ouod

- "
1ovv-C “B0I

B)

(

(A)





media/file1.png
5h Melatonin 10uM

10vv-C

Lowv-€

260

2Bo)|

MSgoLIdd

[S}Ms80LIdd

D)

)

C

(





media/file2.png
4h Melatonin 10uM

““““““

BOOOKK]

mgeoLidd
20010V4d
G200 vidd
oGhvL44d
¥600 80dd

LEC LACLIVIN

€T’ Ld8IVIN
26¥8004d
2096044d
269G1714d
Mmo610714d
MmGvZlii4dd
mo6.114d

1210 Lldd
|oJUOD

3h Melatonin 10uM

L
1
1

Mmgg011dd
200¥0Vdd
G200 ¥1ldd
9Gh¥Ld4d
600 80dd

LEC LHELTTVIN

€C'Ld8IVIN
96¥8004d
2096044d
269G1714d
M0610714d
MG¥yZl14d
M06.4114d

1210 Lidd
|0J3U09

n < M

10VVv-

N -

Z ¢boj

<)

L4
1
1

(B)

(A)





