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Abstract

:

Plasmodium is an obligate intracellular parasite that has numerous interactions with different hosts during its elaborate life cycle. This is also the case for the other parasites belonging to the same phylum Apicomplexa. In this study, we bioinformatically identified the components of the multi-synthetase complexes (MSCs) of several Apicomplexa parasites and modelled their assembly using AlphaFold2. It appears that none of these MSCs resemble the two MSCs that we have identified and characterized in Plasmodium. Indeed, tRip, the central protein involved in the association of the two Plasmodium MSCs is different from its homologues, suggesting also that the tRip-dependent import of exogenous tRNAs is not conserved in other apicomplexan parasites. Based on this observation, we searched for obvious differences that could explain the singularity of Plasmodium protein synthesis by comparing tRNA genes and amino acid usage in the different genomes. We noted a contradiction between the large number of asparagine residues used in Plasmodium proteomes and the single gene encoding the tRNA that inserts them into proteins. This observation remains true for all the Plasmodia strains studied, even those that do not contain long asparagine homorepeats.
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1. Introduction


Apicomplexa is a group of obligate intracellular parasites with more than 6000 described species [1]. Many of these parasites are important pathogens in humans. The Apicomplexa phylum includes (i) Plasmodium, the parasite responsible for malaria, a mosquito-borne disease that is potentially deadly [2,3]; (ii) Toxoplasma gondii, a source of toxoplasmosis associated with congenital neurological birth defects (for example, encephalitis and ocular disease) [4,5]; and (iii) Cryptosporidia, which cause opportunistic infections in immunosuppressed patients transmitted via contaminated food or water [6,7]. Further, numerous infectious diseases in wild and domesticated animals are caused by members of the apicomplexan genera Babesia, Theileria, and Neospora.



Apicomplexan parasites have an unusual biology as intracellular eukaryotes growing inside another eukaryotic cell, which differentiates them from other pathogens. One of the most fascinating aspects that defines the biology of Apicomplexa is their ability to manipulate their host cells [8]. During infection, the parasites cause changes not only in the signaling or evasion of host immunity but also in manipulating host cells to suit their own needs, such as supplying nutrients and molecular building blocks (amino acids, nucleotides, glucose, etc.) to the parasite. Among the many strategies put in place to allow optimal development in the host cell, a singular example is provided by Plasmodium, which is characterized by the presence of tRip (tRNA import protein), a unique tRNA transporter that also participates in the formation of parasite multi-aminoacyl-tRNA synthetases complexes (MSCs).



Aminoacyl-tRNA synthetases (aaRSs) are essential enzymes that ensure the attachment of a specific amino acid to its cognate tRNAs [9]. In eukaryotes, a subset of cytosolic aaRSs are organized into MSCs built on multifunctional aaRS-interacting proteins (AIMPs) (reviewed in [10,11,12]). Despite their diversity, the assembly of these MSCs in protozoa follows a dominant strategy involving GST-like domains. Such domains are found to be essentially fused to AIMPs, aaRSs, and elongation factor subunits, and interact with each other via two well-identified binding surfaces called interfaces 1 and 2. In Plasmodium, tRip is an AIMP like no other: it is an integral membrane protein anchored in the plasma membrane of the parasite [13,14]; it homodimerizes using an alternative interface, named 1′ [13,15,16]; and it allows the formation of two MSCs characterized by two different GST-like domain organizations [13]. Most importantly, tRip is involved in the import of exogenous (host) tRNAs into the parasite [14] and its deletion leads to low infectivity and translational efficiency, which especially affects asparagine-rich proteins [17]. To date, it has not been demonstrated that Apicomplexa other than Plasmodium import and use host tRNAs.



In this study, we investigated the possibility for other parasites of the Apicomplexa phylum to form MSCs equivalent to those found in Plasmodium. To reconstruct the different MSCs’ architectures, sequence analysis and AlphaFold2 modeling were combined. This work was performed on four other genera apart from Plamodiidaes by selecting several parasites with complete and annotated genomes in Babesiidae, Theileriidae, Cryptosporidiidae, and Sarcocystidae (Figure 1). In the absence of conserved MSC assemblies, we searched for translational constraints that make Plasmodium such an unconventional parasite.




2. Material and Methods


2.1. Sequence Retrieval and Analysis


Entire proteomes, as well as individual sequences (proteins and tRNAs), were obtained directly from VEuPathDB (Eukaryotic Pathogen, Vector & Host informatics resources DataBase (accessed in 2023)) [20] (Figure S1). When protein genes were not annotated in the genomes, they were manually identified by BLAST [21]. Alignments of protein sequences were performed with M-Coffee [22] to identify and delineate additional modules (GST-like, EMAPII-like, and extra helices). Since GST-like domains have only been found in aaRS, AIMPs, and elongation factor 1 subunits to date, only these proteins have been investigated. As for tRNA sequences, when not annotated, they were identified using the tRNAScan-SE gene detection program [23] on B. bigemina, T. annulata, and C. parvum genomes. Eventually, tRNA sets were completed by BLAST. Box plots and line plots were generated with Excel.




2.2. Complex Modeling with AlphaFold2


Protein–protein complex predictions were generated in ColabFold v.1.5.3 [24] using https://colab.research.google.com/github/sokrypton/ColabFold/blob/main/AlphaFold2.ipynb (accessed on 22 November 2023) (Figure S1). Input protein sequences are those used for protein sequence alignments (Figure S2). Figures of structures were analyzed and generated using PyMOL version 2.1 [25]. Only complexes with predicted template-modeling scores (pTM) higher than 0.5 and showing potential interfaces 1, 1′, and 2 were considered (Figures S4 and S6). AlphaFold2 confidence estimates are shown for all models presented. Individual GST-like domains, all combinations of dimers, and the oligomeric GST-like backbones of MSCs were predicted using the “no template information” option in ColabFold. For Babesia bovis, modeling of the GST-like backbone was performed with custom templates of Bb-p43, ERS, and MRS obtained from predictions of heterodimers involving interfaces 1 and 2. For Plasmodium berghei, the Q- and M-complexes were predicted using the crystal structures P. vivax tRip (5ZKE), P. berghei ERS (8BCQ), and Raptor X models of QRS and MRS as custom templates [13]. For Toxoplasma gondii, dimeric GST-like heterotrimers were predicted using Raptor X [26] models of Tg-p43, ERS, QRS, and MRS, all of them showing the expected GST-like fold and all of them consistent with ColabFold predictions.





3. Results


3.1. Identification of GST-like Domains


The sequences of all cytosolic aaRSs and elongation factor 1 (EF1) subunits were retrieved from the nuclear genomes of the selected apicomplexan parasites (Figure 1 and Figure S1). A set of 20 cytosolic aaRSs was identified in all parasites, 4 EF1 subunits in Plasmodiidae and Sarcocystidae (EF1α, β, γ, and δ, respectively in EupathDB, corresponding to EF1A, EF1Bα, EF1Bγ, and EF1Bβ, respectively), and only 3 (EF1α, β, and γ) in Babesiidae, Theileriidae, and Cryptosporidiidae (Table S1A). Proteins were aligned to identify GST-like domains potentially involved in the complex formation, and their structure was predicted by ColabFold modeling. As expected, putative GST-like domains were found at the N-terminus of all EF1β, EF1γ, and AIMPs, and some of the ERSs, MRSs, and QRSs (Figure 2).



GST-like domains consist of two subdomains: the N-terminal thioredoxin-fold (β1-α1-β2-β3-β4-α2) and the C-terminal subdomain (α3 to α7) (Figure 3A). In the C-terminal domain, α-helices (α3 to α7) organize around the central helix α5, and all are parallel to each other except for α7. Helix α5 is mostly composed of hydrophobic residues and exhibits the N-capping box and hydrophobic staple motif (φ-S/T-X-X-D-φ), which is important for the stability of the fold [27] (Figure S2). However, sequence alignments and structure analysis showed that the N-capping box is missing in all Apicomplexa MRSs but that of Plasmodia (Figure S2E). Several GST-like domains contained additional structures, specifically (i) the helix α8 at the C-terminus of EF1γ, ERS, MRS, and some AIMPs, (ii) the insertion of one (EF1-γ, Plasmodiidae MRS, and Toxoplasma gondii p43) or multiple α-helices (Babesiidae, Theileriidae, and Sarcocystidae MRS) in the loop between strands β2 and β3, and (iii) an N-terminal extension in T. gondii ERS (Figure S2D). The GST-like domains of EF1β are exceptions as they do not contain a thioredoxin domain and are downsized to only three helices including α5 and α7 (Figure S2A).




3.2. Description of GST-like Interactions


The oligomerization of GST-like domains involves two canonical interfaces: interface 1 and interface 2 (Figure 3B). Interface 1 allows a classical GST dimerization, where helices α2 and α3 of one monomer interact with α3 and α2 of the second monomer and are parallel to each other. The alternative interface 1′ was observed in the crystal structure of the N-terminal domain of P. vivax tRip [15], with helices α2 and α3 being oriented perpendicularly to each other. As for interface 2, this dimerization involves mainly a stacking interaction between two strictly conserved arginines protruding from the α7 helices of each monomer. Based on sequence analysis, the formation of interface 2 in Apicomplexa GST-like domains is possible only for AIMPs (except that of Cryptosporidium), ERSs, and the two subunits β and γ of EF1 (Figure 2 and Figure S2).




3.3. Pre-Tests for MSC Modeling


We set out to combine the knowledge about dimerization of GST-like domains with deep-learning-based protein structure modeling, ColabFold, to determine the structures of Apicomplexa MSC assemblies. For each parasite’s MSC, we modeled (i) all pairwise interactions between the different GST-like domains (Figure 4A) and (ii) the backbone of the MSC in the presence of all GST-like partners (Figure 4B). For each prediction, five models are generated, and the relative positions of the domains were explored to identify possible interfaces 1, 1′, and 2. Only the models using interfaces 1, 1′, and 2 were considered to determine the score x/5.



As a negative control, we chose to predict homodimerization in the S. cerevisiae AIMP Arc1p. Indeed, the crystal structure of Arc1p shows that it is a monomer, and, as expected, ColabFold modeling confirmed that no homodimers using either interface 1, 1′, or 2 could be predicted (Figure 4A). As a positive control, we chose to test the formation of EF1β and γ heterodimers, which are conserved in all eukaryotes. As expected, in all models, EF1β and EF1γ heterodimerize via their interface 2 in the absence or in the presence of EF1α and EF1δ (Figure S3), with pTM scores between 0.41 and 0.74 (Figure S4). Finally, in a previous study, ColabFold was successfully used to predict the two Plasmodium Q- and M-complexes, and the resulting models were highly consistent with SAXS data and mutagenesis experiments [13,16]. Based on these initial tests, ColabFold was thus considered suitable for the de novo modeling of interactions between GST-like domains and for questioning the structures of Apicomplexa MSCs.




3.4. ColabFold Predicts the Same Interaction Network in All Apicomplexa MSCs


Theileria and Babesia: Based on our sequence analysis, only AIMPs, ERS, and MRS are fused to GST-like domains in the Theileria and Babesia genera. This is reminiscent of what is known in S. cerevisiae where the monomeric AIMP Arc1p binds ERS and MRS [29,30]. Modeling of the dimeric interactions suggested the formation of the heterodimers AIMP:ERS in both parasites with a score of 5/5 (Figure 4A). While the AIMP:MRS heterodimer formation was observed only once in B. bovis (score 1/5) and not in T. parva, modeling of the heterotrimeric GST-like backbone (Figure 4B) resulted in the formation of AIMP:MRS subcomplexes in both T. parva (3/5) and B. bovis (5/5) MSCs. Therefore, both B. bovis and T. parva MSCs share the same organization as yeast MSC (Figure S5): AIMP (Bb-p43 or Tp-p43) binds ERS via interface 2 and MRS via interface 1. Interestingly, this evolutionary relationship is supported by the fact that Babesia, Theileria, and yeast also possess similar EF1 complexes lacking the subunit δ (Table S1A, Figure S3).



Toxoplasma and Neospora: Van Rooyen and collaborators have shown that, in T. gondii, five proteins associate in a single cytosolic MSC [28]. They correspond to the AIMP Tg-p43, ERS, MRS, QRS, and tyrosyl-tRNA synthetase (YRS). Sequence alignments showed that the T. gondii YRS does not contain a GST-like domain, but instead has an N-terminal α-helix (residues 1–56), strictly conserved in N. caninum only (Figure S2G). An analysis of the pairwise interactions clearly indicated the heterodimerization of Tg-p43 and ERS (score 5/5) and of Tg-p43 and MRS (4/5) (Figure 4A). The prediction of GST-like heterotetramers completed this interaction network with QRS binding ERS via interface 1, ERS binding Tg-p43 via interface 2, and Tg-p43 binding MRS via interface 1 (Figure 4B, Figures S5 and S6). Despite being included in the modeling, the N-terminal α-helix of YRS showed no convincing interaction with any GST-like domain.



The GST-like sequences of T. gondii and N. caninum are highly conserved, suggesting that they are involved in the formation of similar MSCs. Pairwise interactions, as well as GST-like heterotetramer predictions, revealed that N. caninum MSC would have the same organization as T. gondii MSC (Figure 4 and Figure S5).



Plasmodia: By performing the same tests with Plasmodium GST-like domains—AIMP tRip, ERS, QRS, and MRS—ColabFold predicted the same interaction network as that in T. gondii and N. caninum MSCs (Figure 4B and Figure S6). However, it has been demonstrated that the formation of a single MSC containing all four proteins is not possible in Plasmodium. Instead, Plasmodium contains two ternary mutually exclusive MSCs, the Q-complex (tRip, ERS and QRS) and the M-complex (tRip, ERS and MRS) (Figure 4B, Figures S5 and S7) [13,16]. Indeed, the homodimerization of tRip in the Q-complex prevents MRS from binding to tRip (via interface 1), and the homodimerization of ERS in the M-complex prevents QRS from binding to ERS (via interface 1).




3.5. The Possibility of Homodimerization of Tg-p43 and Modeling of Two T. gondii MSCs


To test whether arrangements similar to those identified in the two Plasmodium MSCs exist in T. gondii, we used two copies of Tg-p43, ERS, and QRS or MRS to predict two independent dimeric heterotrimeric MSCs. None of the models proposed Tg-p43 or ERS homodimers with canonical GST-type interfaces 1 or 1′ (Figure 4B), which is consistent with the lack of prediction of canonical homodimers for Tg-p43 (Figure 4A). However, whether alone or in the MSC models predicted above, Tg-p43 homodimerized, yet always using the same non-canonical interface. This interface involves an insertion between strands β2 and β3 (Figure S2C) and leads to two models consistent with the interaction network proposed in Figures S5 and S7. If biologically relevant, such a model of Tg-p43 homodimerization would explain not only the dimer observed in solution but would also allow the formation of a unique MSC containing all four GST-like partners as determined in [28] (Figure 4B, Figures S5 and S7).




3.6. Potential Consequences of tRNA Binding by MSCs


The membrane localization of both Plasmodium MSCs results in the presence of the tRip tRNA-binding domain (EMAPII-like) being outside the parasite and, therefore, unable to participate in the aminoacylation reaction(s) catalyzed by aaRSs within MSCs. This is different from what has been shown in the yeast complex [31,32]. However, we have proposed that the tRNA-binding domains fused to MRS (EMAPII-like domain) and QRS (positively charged helix) replace the tRip EMAPII-like domain to increase the affinity of aaRSs for their cognate tRNAs (Figure 5A). Instead, in Toxoplasma, immunolocalization experiments demonstrated that the MSC components are cytosolic, and the homology of Theileria and Babesia MSCs with the yeast complex (as well as a very low probability of the presence of a transmembrane helix in the corresponding AIMPs) strongly suggests that these MSCs are also cytosolic. We, therefore, propose possible roles for each of the tRNA-binding domains associated with the MSCs. T. parva and B. bovis MSCs contain only one tRNA-binding domain in the AIMP, a situation that mimics the yeast configuration. The EMAPII-like domain of the AIMP would increase the affinity of ERS and MRS for their respective tRNAs, thus increasing their aminoacylation efficiency (Figure 5B). As for T. gondii and N. caninum MSCs, they contain many additional binding domains, on AIMP, MRS, and QRS. It can be assumed that MRS and QRS tRNA-binding domains are involved in their respective aminoacylation but also in glutamylation (Figure 5C), and the AIMP EMAPII-like domain may contribute to tyrosylation.




3.7. What Makes Plasmodium Translation So Different That It Requires tRNA Import via Membrane-Associated MSCs?


MSC predictions indicate that, unlike Plasmodium, other Apicomplexa parasites have only one cytosolic MSC. These observations suggest that Plasmodium is, thus, the only Apicomplexa parasite with membrane-associated MSCs and which requires a tRip-directed tRNA import for optimal protein synthesis. We, therefore, inventoried the nuclear tRNA genes for each of the selected species of the Apicomplexa phylum (Figure 6). The nuclear genomes of Apicomplexa contain a relatively low number of tRNA genes compared to other protozoa (http://gtrnadb.ucsc.edu/ (accessed on 22 November 2023)). When the P. falciparum genome was analyzed, the authors had already noticed that this organism has few tRNA genes, with a single tRNA gene copy for a given anticodon (isoacceptor) [33,34]. We note here that these features are well-conserved not only in other Plasmodia but also in other Apicomplexa such as Babesia, Cryptosporidium, and Theileria, which all have between 45 and 51 tRNA genes. In these parasites, the distribution of isoacceptors is homogeneous with a few exceptions, namely, B. bigemina, which encodes more tRNA isodecoders than the other two Babesia species. Furthermore, the tRNASec is only present in Plasmodia, Neospora, and Toxoplasma and is absent from the genomes of Babesia, Cryptosoporidium, and Theileria. This was confirmed by the joint absence of genes encoding SelB (selenocysteine-tRNA-specific elongation factor) or SelD (Selenophosphate Synthase), two proteins that belong to the specific tRNASec machinery and allow selenocysteine insertion into proteins [35].



Plasmodia, Cryptosporidium, Theileria, and Babesia genomes contain roughly one gene copy for each tRNA isoacceptor. This is theoretically enough to support the decoding of their complete proteome. In Toxoplasma and Neospora, the number of tRNA genes is much higher, with several copies of each tRNA isoacceptor. Despite the difference in tRNA content, there is an excellent correlation (R = 0.97) between the number of nuclear tRNA genes and the size of the corresponding proteomes (total number of encoded amino acids), except for Plasmodia (Figure 7A). This suggests that the number of tRNA genes is not adapted to the size of the genome to be translated in Plasmodia.




3.8. Correlation between Amino Acid Usage and tRNA Availability in Apicomplexa Parasites


The sizes of the six Plasmodia proteomes are homogenous with an average of 3.8 +/− 0.3 M amino acids (aa). The other Apicomplexa genomes can be classified into two categories: (1) small proteomes corresponding to Cryptosporidium, Babesia, and Theileria species with sizes ranging from 1.5 to 2.8 M aa (among the three Babesia species, B. bigemina has a proteome with twice the size of the two others), and (2) large proteomes corresponding to T. gondii (6.7 M aa) and N. caninum (6 M aa) (Figure 6).



To compare the tRNAs most frequently used to synthesize proteins in Apicomplexa parasites, the ratio of the usage of each aa and the number of tRNA genes allowing their decoding was calculated. In Figure 7B, the calculated values represent the frequency of tRNA usage, with the highest values corresponding to the tRNAs most often recruited in gene translation for a given aa. The frequency of tRNA usage is dramatically different in Plasmodia and other Apicomplexa. The most significant differences occur in the usage of tRNAAsp, Lys, Asn, and Tyr. Especially, there is an extreme usage of tRNAAsn in Plasmodia, consistent with the presence of long asparagine homorepeats (as well as lysine homorepeats) specific to Plasmodia proteins (Figure 7C). However, while asparagine usage is rather homogenous in Plasmodia strains, this is not the case for asparagine homorepeats, that are scarcer in P. knowlesi and P. vivax.





4. Discussion


In eukaryotes, aaRSs and AIMPs are moonlighting proteins. They participate in tRNA charging when located in the MSC [36,37,38] and in diverse non-translational, yet crucial, functions activated by MSC release ([39,40] and reviewed in [41,42]). Among the Apicomplexa parasites, only the composition of T. gondii and P. berghei MSCs have been experimentally established [16,28]. While T. gondii has a single cytosolic MSC made up of one AIMP (Tg-p43) and four aaRSs (ERS, QRS, MRS, and YRSs) [28], Plasmodium harbors two distinct MSCs whose structures have been determined in solution [13,16]. Both Plasmodium complexes are constituted of a dimer of heterodimer tRip:ERS that associates with either QRS or MRS (Figure 5A). Putative MSCs were identified in all Apicomplexa parasites considered in this study, except for Cryptosporidium. They all contain one AIMP, ERS, and MRS, with or without an additional QRS. Amongst these MSC models, even those without correct interfaces, all are built on a core consisting of an AIMP:ERS heterodimer that forms via interface 2 on which MRS and/or QRS are attached (Figure 4B and Figure 5).



Several observations support the fact that the Plasmodium AIMP tRip, combined to one or both MSCs, is involved in the import of exogenous tRNAs inside the parasite, and that their import could compensate for the deficiency of some Plasmodium tRNAs. The deletion of the gene-encoding tRip not only leads to a reduction in overall protein synthesis, but also to a selective drop in asparagine-rich proteins in the parasite [14,17]. Moreover, the (human) tRNAAsn is one of the favorite binders of (P. falciparum) tRip, which increases its chances of import [43]. However, based on the present study, this tRNA import seems to be restricted to Plasmodia only. This is further supported by the AIMP distance tree (Figure S2C) that indicates that plasmodial tRips occupy their own orthologous group distant from the others. Moreover, the lack of resemblance between the modeled MSCs and Plasmodium MSCs suggests that they are neither membrane-bound nor involved in tRNA import.



Cryptosporidium, Babesia, and Theileria have single copies of tRNA genes which correspond to the small size of their proteomes to be produced, whereas Toxoplasma and Neospora have multiple copies of specific tRNA isoacceptors correlating with the synthesis of larger proteomes. However, this interplay does not exist in Plasmodia, whose tRNA genes are single copies but have larger proteomes to synthesize (Figure 6 and Figure 7A). Coding for a single copy for each tRNA isoacceptor differs from what is observed in most eukaryotes, where tRNA genes are present in multiple copies. On the one hand, the number of tRNA genes is related to the frequency of corresponding codons in the genome [44], and, on the other hand, the relative abundance of each amino acid in the proteome is not random. These rather intricate balances reflect a subtle interplay between the availability of aminoacylated tRNAs and the regulation of the expression of well-folded proteins. The correlation between amino acid usage and tRNA gene content is of particular interest in the context of parasitic organisms. Plasmodia amino acid usage is especially remarkable compared to other Apicomplexa parasites. High levels of asparagine and repeats are present in all families of Plasmodium proteins involved in all metabolic pathways. This extreme usage of asparagine may be explained partially by the high AT content in some Plasmodia genomes [45], but not exclusively. Several hypotheses have been proposed: for example, asparagine repeats act as tRNA sponges [46] or play a role in immune evasion and antigenic variation [47,48] or in protein–protein interaction [49]. Figure 7B shows that the correlation between amino acid usage and the number of tRNA genes encoded by Plasmodia genomes is less homogeneous than what is observed for other Apicomplexa and other organisms in general [44]. Indeed, the Plasmodia strains included in this study are characterized by more amino acids to be polymerized than the corresponding tRNAs could decode (Figure 7A). It appears that specific tRNAs, especially tRNAAsn, could be very limiting for the decoding of Plasmodia genomes (Figure 7B), independently of the presence of long asparagine homorepeats in proteins (Figure 7C) and the AT content of the genome.




5. Conclusions


It is accepted that changes in tRNA gene content can lead to changes in amino acid utilization, which, in turn, can lead to changes in protein structure and function [50]. In this respect, the increased utilization of a particular amino acid should lead to an increased copy number of the corresponding tRNA gene. Clearly, this is not the case in Plasmodium where the asparagine usage is disconnected from the number of genes encoding tRNAAsn. This imbalance could lead to selective pressure on proteins that use a lot of asparagine in their sequences and be beneficial in certain environments or under certain conditions. By elucidating the mechanisms underlying this relationship, we begin to better understand the evolution of Plasmodium genomes and pathogenicity/development. Indeed, what better way to control the production of specialized proteins than through the control of host tRNA import? The import of specific tRNAs could trigger mechanisms adapted to each stage of the parasite development, depending on the tRNA content of the different host cells [51]. We propose that the pool of tRNAs available in the host cells and eventually imported into the parasite is a kind of GPS. The import of host tRNAs would modify the concentrations of the different tRNAs present at a given time inside the parasite. Therefore, depending on the nature of the host tRNAs available and preferentially imported, the translation of one or more key regulators could vary and control the development of the parasite by indicating where it is in its developmental cycle and when to move on to the next stage.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/biom14010046/s1, Table S1. (A) Annotation of GST-like containing protein genes in EupathDB. (B) Additional domains identified in Apicomplexa aaRSs (except GST-like domains); Figure S1. Pipeline for modeling GST-like interactions in MSCs; Figure S2. Sequence alignment of GST-like domains present in Apicomplexa EF1 and multi-synthetase complexes; Figure S3. Similarities between EF1 complexes in the Apicomplexa phylum; Figure S4. Confidence metrics of the ColabFold predictions for EF1 GST-like backbones; Figure S5. Diversity of multi-synthetase complexes in the Apicomplexa phylum; Figure S6. Confidence metrics of the ColabFold predictions for GST-like interaction network of S. cerevisiae and Apicomplexa parasites; Figure S7. Confidence metrics of the ColabFold predictions for M- and Q-MSC GST-like backbones in Plasmodium, Toxoplasma and Neosporidium.





Author Contributions


J.R.J.P. and M.F. managed the conception, design, and interpretation of the data, and wrote, reviewed, and edited the manuscript. M.F. was responsible for the funding. Both authors approved the final article. All authors have read and agreed to the published version of the manuscript.




Funding


This work was performed under the framework of the Interdisciplinary Thematic Institute IMCBio, as part of the ITI 2021–2028 program of the University of Strasbourg, CNRS, and Inserm. It was supported by IdEx Unistra (ANR-10-IDEX-0002), by the SFRI-STRAT’US project (ANR 20-SFRI-0012), and EUR IMCBio (IMCBio ANR-17-EURE-0023) under the framework of the French Investments for the Future Program, by the previous Labex NetRNA (ANR-10-LABX-0036), by the CNRS and the Université de Strasbourg, IdEx “Equipement mi-lourd” (2015), and CONACYT-Mexico (grant number 439648) to JRJP.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data are contained within the article and Supplementary Materials. All ColabFold predictions are available via the following link: https://seafile.unistra.fr/d/4c9ba996bf514394ae75/ (accessed on 22 November 2023).




Acknowledgments


We thank Julien Lision for initiating the search for tRNA sequences.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Janouskovec, J.; Paskerova, G.G.; Miroliubova, T.S.; Mikhailov, K.V.; Birley, T.; Aleoshin, V.V.; Simdyanov, T.G. Apicomplexan-like Parasites Are Polyphyletic and Widely but Selectively Dependent on Cryptic Plastid Organelles. eLife 2019, 8, e49662. [Google Scholar] [CrossRef] [PubMed]

	



Chandley, P.; Ranjan, R.; Kumar, S.; Rohatgi, S. Host-Parasite Interactions during Plasmodium Infection: Implications for Immunotherapies. Front. Immunol. 2023, 13, 1091961. [Google Scholar] [CrossRef] [PubMed]

	



Cowman, A.F.; Healer, J.; Marapana, D.; Marsh, K. Malaria: Biology and Disease. Cell 2016, 167, 610–624. [Google Scholar] [CrossRef] [PubMed]

	



Attias, M.; Teixeira, D.E.; Benchimol, M.; Vommaro, R.C.; Crepaldi, P.H.; De Souza, W. The Life-Cycle of Toxoplasma Gondii Reviewed Using Animations. Parasites Vectors 2020, 13, 588. [Google Scholar] [CrossRef] [PubMed]

	



Matta, S.K.; Rinkenberger, N.; Dunay, I.R.; Sibley, L.D. Toxoplasma gondii Infection and Its Implications within the Central Nervous System. Nat. Rev. Microbiol. 2021, 19, 467–480. [Google Scholar] [CrossRef] [PubMed]

	



Guérin, A.; Striepen, B. The Biology of the Intestinal Intracellular Parasite Cryptosporidium. Cell Host Microbe 2020, 28, 509–515. [Google Scholar] [CrossRef] [PubMed]

	



Dhal, A.K.; Panda, C.; Yun, S.-I.; Mahapatra, R.K. An Update on Cryptosporidium Biology and Therapeutic Avenues. J. Parasit. Dis. 2022, 46, 923–939. [Google Scholar] [CrossRef] [PubMed]

	



Plattner, F.; Soldati-Favre, D. Hijacking of Host Cellular Functions by the Apicomplexa. Annu. Rev. Microbiol. 2008, 62, 471–487. [Google Scholar] [CrossRef]

	



Rubio Gomez, M.A.; Ibba, M. Aminoacyl-tRNA Synthetases. RNA 2020, 26, 910–936. [Google Scholar] [CrossRef]

	



Guo, M.; Yang, X.-L. Architecture and Metamorphosis. In Aminoacyl-tRNA Synthetases in Biology and Medicine; Kim, S., Ed.; Topics in Current Chemistry; Springer: Dordrecht, The Netherlands, 2013; Volume 344, pp. 89–118. ISBN 978-94-017-8700-0. [Google Scholar]

	



Laporte, D.; Huot, J.L.; Bader, G.; Enkler, L.; Senger, B.; Becker, H.D. Exploring the Evolutionary Diversity and Assembly Modes of Multi-Aminoacyl-tRNA Synthetase Complexes: Lessons from Unicellular Organisms. FEBS Lett. 2014, 588, 4268–4278. [Google Scholar] [CrossRef]

	



Havrylenko, S.; Mirande, M. Aminoacyl-tRNA Synthetase Complexes in Evolution. Int. J. Mol. Sci. 2015, 16, 6571–6594. [Google Scholar] [CrossRef]

	



Jaramillo Ponce, J.R.; Théobald-Dietrich, A.; Bénas, P.; Paulus, C.; Sauter, C.; Frugier, M. Solution X-ray Scattering Highlights Discrepancies in Plasmodium Multi-Aminoacyl-tRNA Synthetase Complexes. Protein Sci. 2023, 32, e4564. [Google Scholar] [CrossRef] [PubMed]

	



Bour, T.; Mahmoudi, N.; Kapps, D.; Thiberge, S.; Bargieri, D.; Ménard, R.; Frugier, M. Apicomplexa-Specific tRip Facilitates Import of Exogenous tRNAs into Malaria Parasites. Proc. Natl. Acad. Sci. USA 2016, 113, 4717–4722. [Google Scholar] [CrossRef] [PubMed]

	



Gupta, S.; Chhibber-Goel, J.; Sharma, M.; Parvez, S.; Harlos, K.; Sharma, A.; Yogavel, M. Crystal Structures of the Two Domains That Constitute the Plasmodium vivax P43 Protein. Acta Crystallogr. D Struct. Biol. 2020, 76, 135–146. [Google Scholar] [CrossRef] [PubMed]

	



Jaramillo Ponce, J.R.; Kapps, D.; Paulus, C.; Chicher, J.; Frugier, M. Discovery of Two Distinct Aminoacyl-tRNA Synthetase Complexes Anchored to the Plasmodium Surface tRNA Import Protein. J. Biol. Chem. 2022, 298, 101987. [Google Scholar] [CrossRef] [PubMed]

	



Pitolli, M.; Cela, M.; Kapps, D.; Chicher, J.; Despons, L.; Frugier, M. Comparative Proteomics Uncovers Low Asparagine Insertion in Plasmodium tRip-KO Proteins. BioRxiv 2023. submitted. [Google Scholar] [CrossRef]

	



Wasmuth, J.; Daub, J.; Peregrín-Alvarez, J.M.; Finney, C.A.M.; Parkinson, J. The Origins of Apicomplexan Sequence Innovation. Genome Res. 2009, 19, 1202–1213. [Google Scholar] [CrossRef] [PubMed]

	



Warrenfeltz, S.; Basenko, E.Y.; Crouch, K.; Harb, O.S.; Kissinger, J.C.; Roos, D.S.; Shanmugasundram, A.; Silva-Franco, F. EuPathDB: The Eukaryotic Pathogen Genomics Database Resource. Methods Mol. Biol. 2018, 1757, 69–113. [Google Scholar] [CrossRef]

	



Amos, B.; Aurrecoechea, C.; Barba, M.; Barreto, A.; Basenko, E.Y.; Bażant, W.; Belnap, R.; Blevins, A.S.; Böhme, U.; Brestelli, J.; et al. VEuPathDB: The Eukaryotic Pathogen, Vector and Host Bioinformatics Resource Center. Nucleic Acids Res. 2022, 50, D898–D911. [Google Scholar] [CrossRef]

	



Altschul, S.F.; Gish, W.; Miller, W.; Myers, E.W.; Lipman, D.J. Basic Local Alignment Search Tool. J. Mol. Biol. 1990, 215, 403–410. [Google Scholar] [CrossRef]

	



Moretti, S.; Armougom, F.; Wallace, I.M.; Higgins, D.G.; Jongeneel, C.V.; Notredame, C. The M-Coffee Web Server: A Meta-Method for Computing Multiple Sequence Alignments by Combining Alternative Alignment Methods. Nucleic Acids Res. 2007, 35, W645–W648. [Google Scholar] [CrossRef]

	



Chan, P.P.; Lowe, T.M. GtRNAdb 2.0: An Expanded Database of Transfer RNA Genes Identified in Complete and Draft Genomes. Nucleic Acids Res. 2016, 44, D184–D189. [Google Scholar] [CrossRef] [PubMed]

	



Mirdita, M.; Schütze, K.; Moriwaki, Y.; Heo, L.; Ovchinnikov, S.; Steinegger, M. ColabFold: Making Protein Folding Accessible to All. Nat. Methods 2022, 19, 679–682. [Google Scholar] [CrossRef] [PubMed]

	



Schrödinger, L.; DeLano, W. PyMOL 2020. Available online: http://www.pymol.org/pymol (accessed on 22 November 2023).

	



Källberg, M.; Wang, H.; Wang, S.; Peng, J.; Wang, Z.; Lu, H.; Xu, J. Template-Based Protein Structure Modeling Using the RaptorX Web Server. Nat. Protoc. 2012, 7, 1511–1522. [Google Scholar] [CrossRef] [PubMed]

	



Dragani, B.; Stenberg, G.; Melino, S.; Petruzzelli, R.; Mannervik, B.; Aceto, A. The Conserved N-Capping Box in the Hydrophobic Core of Glutathione S-Transferase P1–1 Is Essential for Refolding. J. Biol. Chem. 1997, 272, 25518–25523. [Google Scholar] [CrossRef]

	



van Rooyen, J.M.; Murat, J.-B.; Hammoudi, P.-M.; Kieffer-Jaquinod, S.; Coute, Y.; Sharma, A.; Pelloux, H.; Belrhali, H.; Hakimi, M.-A. Assembly of the Novel Five-Component Apicomplexan Multi-Aminoacyl-tRNA Synthetase Complex Is Driven by the Hybrid Scaffold Protein Tg-P43. PLoS ONE 2014, 9, e89487. [Google Scholar] [CrossRef] [PubMed]

	



Simader, H.; Hothorn, M.; Köhler, C.; Basquin, J.; Simos, G.; Suck, D. Structural Basis of Yeast Aminoacyl-tRNA Synthetase Complex Formation Revealed by Crystal Structures of Two Binary Sub-Complexes. Nucleic Acids Res. 2006, 34, 3968–3979. [Google Scholar] [CrossRef]

	



Karanasios, E.; Simader, H.; Panayotou, G.; Suck, D.; Simos, G. Molecular Determinants of the Yeast Arc1p–Aminoacyl-tRNA Synthetase Complex Assembly. J. Mol. Biol. 2007, 374, 1077–1090. [Google Scholar] [CrossRef]

	



Simos, G.; Sauer, A.; Fasiolo, F.; Hurt, E.C. A Conserved Domain within Arc1p Delivers tRNA to Aminoacyl-tRNA Synthetases. Mol. Cell 1998, 1, 235–242. [Google Scholar] [CrossRef]

	



Simos, G.; Segref, A.; Fasiolo, F.; Hellmuth, K.; Shevchenko, A.; Mann, M.; Hurt, E.C. The Yeast Protein Arc1p Binds to tRNA and Functions as a Cofactor for the Methionyl- and Glutamyl-tRNA Synthetases. EMBO J. 1996, 15, 5437–5448. [Google Scholar] [CrossRef]

	



Gardner, M.J.; Hall, N.; Fung, E.; White, O.; Berriman, M.; Hyman, R.W.; Carlton, J.M.; Pain, A.; Nelson, K.E.; Bowman, S.; et al. Genome Sequence of the Human Malaria Parasite Plasmodium falciparum. Nature 2002, 419, 498–511. [Google Scholar] [CrossRef] [PubMed]

	



Jackson, K.E.; Habib, S.; Frugier, M.; Hoen, R.; Khan, S.; Pham, J.S.; Pouplana, L.R.D.; Royo, M.; Santos, M.A.S.; Sharma, A.; et al. Protein Translation in Plasmodium Parasites. Trends Parasitol. 2011, 27, 467–476. [Google Scholar] [CrossRef] [PubMed]

	



Small-Howard, A.L.; Berry, M.J. Unique Features of Selenocysteine Incorporation Function within the Context of General Eukaryotic Translational Processes. Biochem. Soc. Trans. 2005, 33, 1493–1497. [Google Scholar] [CrossRef] [PubMed]

	



Deinert, K.; Fasiolo, F.; Hurt, E.C.; Simos, G. Arc1p Organizes the Yeast Aminoacyl-tRNA Synthetase Complex and Stabilizes Its Interaction with the Cognate tRNAs. J. Biol. Chem. 2001, 276, 6000–6008. [Google Scholar] [CrossRef] [PubMed]

	



Kyriacou, S.V.; Deutscher, M.P. An Important Role for the Multienzyme Aminoacyl-tRNA Synthetase Complex in Mammalian Translation and Cell Growth. Mol. Cell 2008, 29, 419–427. [Google Scholar] [CrossRef] [PubMed]

	



Kang, T.; Kwon, N.H.; Lee, J.Y.; Park, M.C.; Kang, E.; Kim, H.H.; Kang, T.J.; Kim, S. AIMP3/P18 Controls Translational Initiation by Mediating the Delivery of Charged Initiator tRNA to Initiation Complex. J. Mol. Biol. 2012, 423, 475–481. [Google Scholar] [CrossRef] [PubMed]

	



Quevillon, S.; Agou, F.; Robinson, J.-C.; Mirande, M. The P43 Component of the Mammalian Multi-Synthetase Complex Is Likely To Be the Precursor of the Endothelial Monocyte-Activating Polypeptide II Cytokine. J. Biol. Chem. 1997, 272, 32573–32579. [Google Scholar] [CrossRef] [PubMed]

	



Arif, A.; Jia, J.; Mukhopadhyay, R.; Willard, B.; Kinter, M.; Fox, P.L. Two-Site Phosphorylation of EPRS Coordinates Multimodal Regulation of Noncanonical Translational Control Activity. Mol. Cell 2009, 35, 164–180. [Google Scholar] [CrossRef]

	



Lee, S.W.; Cho, B.H.; Park, S.G.; Kim, S. Aminoacyl-tRNA Synthetase Complexes: Beyond Translation. J. Cell Sci. 2004, 117, 3725–3734. [Google Scholar] [CrossRef]

	



Guo, M.; Schimmel, P. Essential Nontranslational Functions of tRNA Synthetases. Nat. Chem. Biol. 2013, 9, 145–153. [Google Scholar] [CrossRef]

	



Cela, M.; Théobald-Dietrich, A.; Rudinger-Thirion, J.; Wolff, P.; Geslain, R.; Frugier, M. Identification of Host tRNAs Preferentially Recognized by the Plasmodium Surface Protein tRip. Nucleic Acids Res. 2021, 49, 10618–10629. [Google Scholar] [CrossRef]

	



Bermudez-Santana, C.; Attolini, C.S.-O.; Kirsten, T.; Engelhardt, J.; Prohaska, S.J.; Steigele, S.; Stadler, P.F. Genomic Organization of Eukaryotic tRNAs. BMC Genom. 2010, 11, 270. [Google Scholar] [CrossRef] [PubMed]

	



DePristo, M.A.; Zilversmit, M.M.; Hartl, D.L. On the Abundance, Amino Acid Composition, and Evolutionary Dynamics of Low-Complexity Regions in Proteins. Gene 2006, 378, 19–30. [Google Scholar] [CrossRef] [PubMed]

	



Frugier, M.; Bour, T.; Ayach, M.; Santos, M.A.; Rudinger-Thirion, J.; Theobald-Dietrich, A.; Pizzi, E. Low Complexity Regions Behave as tRNA Sponges to Help Co-Translational Folding of Plasmodial Proteins. FEBS Lett. 2010, 584, 448–454. [Google Scholar] [CrossRef] [PubMed]

	



Verra, F.; Hughes, A.L. Biased Amino Acid Composition in Repeat Regions of Plasmodium Antigens. Mol. Biol. Evol. 1999, 16, 627–633. [Google Scholar] [CrossRef] [PubMed]

	



Hughes, A.L. The Evolution of Amino Acid Repeat Arrays in Plasmodium and Other Organisms. J. Mol. Evol. 2004, 59, 528–535. [Google Scholar] [CrossRef] [PubMed]

	



Karlin, S.; Brocchieri, L.; Bergman, A.; Mrázek, J.; Gentles, A.J. Amino Acid Runs in Eukaryotic Proteomes and Disease Associations. Proc. Natl. Acad. Sci. USA 2002, 99, 333–338. [Google Scholar] [CrossRef] [PubMed]

	



Rak, R.; Dahan, O.; Pilpel, Y. Repertoires of tRNAs: The Couplers of Genomics and Proteomics. Annu. Rev. Cell Dev. Biol. 2018, 34, 239–264. [Google Scholar] [CrossRef]

	



Dittmar, K.A.; Goodenbour, J.M.; Pan, T. Tissue-Specific Differences in Human Transfer RNA Expression. PLoS Genet. 2006, 2, e221. [Google Scholar] [CrossRef]








[image: Biomolecules 14 00046 g001] 





Figure 1. Phylogeny of Apicomplexa parasites. Most members of the Apicomplexa phylum are obligate parasites, some of which cause diseases in vertebrates. Their life cycle consists of three stages: sporozoite (infective stage), merozoite (asexual reproduction), and gametocyte (sexual reproduction). Apicomplexa are characterized by the presence of an apical complex responsible for the invasion of the parasite into the host cells and most of them possess an apicoplast, a plastid essential for their survival (reviewed in [18]). The phylum is divided into two classes: Aconoidasida and Conoidasida. On the one hand, the Conoisada include all species of Cryptosporidium: C. hominis, C. parvum, and C. muris, among others, as well as Neospora and Toxoplasma. On the other hand, the Aconoidasida can be classified into Haemosporida, consisting of Plasmodium species and Piroplasmida that include Theileria and Babesia species. This classification is the one used by the VEupathDB database (https://veupathdb.org (accessed on 22 November 2023)) [19]. Apicopmplexa species considered in this study are indicated in orange (Plasmodia) and blue (others). 
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Figure 2. Proteins potentially involved in GST-like driven complexes in Apicomplexa parasites. For each Apicomplexa genera, homologous proteins (blue) to Plasmodium GST-like-containing proteins (orange) were identified by BLAST. Their additional domains located at their C-terminus are shown, as well as the presence of a putative interface 2 in the GST-like domains (indicated by α7). GST-like domains are found exclusively in eukaryotes. They are most abundant in mammals where they are found fused to EPRS, MRS, AIMP2, and AIMP3, which are part of the MSC. The GST-like domains of VRS and Ef1-γ interact, and a GST-containing CRS is produced by alternative splicing in humans and also interacts with eEF1-γ (reviewed in [12]). Other domains appended to Apicomplexa aaRSs have been identified and are shown in (Table S1B). 
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Figure 3. Structure and oligomerization of GST-like domains in eukaryotic MSCs and EF1. (A) Topological diagram and cartoon representation of a GST-like domain. The drop shape represents the orientation of the GST-like domain with oligomerization interfaces 1, 1′, and 2 highlighted. All secondary structures (α-helices and β-strands), and the N- and C-terminal ends are indicated. The thioredoxin-like subdomain (β1-α1-β2-β3-β4-α2) is colored in green, and the C-terminal helical subdomain is shown in purple (helices α3 to α7). Additional α-helices observed in some Apicomplexa GST-like domains are in grey. The position of the N-capping box and hydrophobic staple motif in helix α5 is colored in light blue. The model depicted in cartoon corresponds to the GST-like domain of T. gondii MRS predicted with ColabFold v.1.5.3 in complex with Tg-p43 and ERS. (B) Interaction interfaces involved in homo- and hetero-dimerization of GST-like domains. In each case, the drop shape representation, and the topological diagram of the GST-like dimer are shown. Interacting helices are colored in green and their contact patterns are indicated with red arrows. Interface 1 corresponds to a classical GST dimer, the two monomers being related by a 2-fold axis and interacting mainly through helices α2 and α3 in a parallel orientation. Interface 1′ is only observed in the crystal structure of P. vivax tRip, in which the N-termini of the two monomers are located on the same side of the homodimer and the interacting helices α2 and α3 are oriented perpendicularly. Interface 2 involves helix α7 and the loop connecting helices α4 and α5. A stacking interaction between two arginines from helices α7 is essential for dimerization and these residues are conserved only in GST-like domains from EF1-β, EF1-γ, ERS, and AIMPs. 
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Figure 4. Predicted interactions between MSC GST-like domains in yeast and Apicomplexa parasites: (A) Pairwise interactions. Homo- and hetero-dimers were predicted with ColabFold using the sequences of the GST-like domains involved in yeast and Apicomplexa MSCs. For each combination of dimers, the occurrence of canonical GST-like interfaces 1, 1′, or 2 is indicated by a gradient of green, yellow, and blue, respectively. The score corresponds to the number of models displaying these interfaces (n = 5). (B) ColabFold predictions of heteromeric GST-like complexes are schematized with drop shape, with AIMP colored in grey, ERS in black, QRS in blue, and MRS in orange, and displaying interfaces 1, 1′, and 2. The S. cerevisiae, T. parva, and B. bovis MSCs contain 3 GST-like domains; AIMP binds MRS via interface 1 and ERS via interface 2. The 4 GST-like domains of P. berghei, T. gondii, and N. caninum share the same interaction network: AIMP and ERS heterodimerize through interface 2, QRS binds interface 1 of ERS, and MRS interface 1 of AIMP. However, it has been demonstrated that these domains form 2 independent complexes in Plasmodium [13,16] and that Tg-p43 is a dimer that belongs to a single MSC in solution [28]. 
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Figure 5. Composition and architecture of Apicomplexa MSC complexes. MSC models of (A) Plasmodia [13], (B) Theileria and Babesia, and (C) Toxoplasma and Neospora are shown. Color code is the same as in the legend of Figure 4. Schematic views of the complexes are built from GST-like domains (drops), minimal core enzymes (catalytic domain and the anticodon-binding domain), and additional RNA-binding domains. An EMAPII-like domain is appended to the C-terminus of MRSs (except in Theileria and Babesia complexes) and a positively charged helix is attached at the C-terminus of QRSs. These domains provide additional non-specific tRNA-binding properties to the aaRSs present in MSCs [13]. The EMAP-II like domain of AIMPs could be involved in the binding of different tRNAs, either host tRNAs in Plasmodium (A) or endogenous tRNAGlu and tRNAMet in Theileria and Babesia (B). In Toxoplasma and Neospora, for clarity, only one half of the MSC is shown. The YRS is a dimer with 2 N-terminal helical domains (black), but no interaction interface can be proposed. All endogenous tRNAs are now shown in grey and host tRNAs are in green. 
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Figure 6. tRNA gene content in the selected Apicomplexa genomes. The tRNA genes were retrieved directly from annotated genomes of Plasmodia, B. bovis, B. microti, T. orientalis, T. parva, C. hominis, C. muris, T. gondii, and N. caninum (EupathDB). There are indicated in black. The tRNA genes identified using the tRNAscan-SE in B. bigemina, T. annulata, and C. parvum are shown in green. Some “missing” tRNAs in the genomes of B. bigemina, B. microti, C. muris, and N. caninum were found manually by BLAST with a sequence from an organism of the same genus, and are indicated in red. The number of tRNA genes and genome sizes are shown in orange for Plasmodia and in blue for other Apicomplexa. 
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Figure 7. Comparison of tRNA usage in Apicomplexa parasites: (A) Correlation between proteome size and the number of tRNA genes in Plasmodia (orange) and other Apicoplexa (Blue). Data are from Figure 6. (B) tRNA usage displayed as amino acids decoded per tRNA gene (all isoacceptors together) in Plasmodia (orange) and other Apicomplexa parasites (blue). Some Plasmodia tRNAs (Asp, Ile, Lys, Asn, and Tyr) are potentially highly utilized during translation, compared to their homologues in other Apicomplexa parasites. (C) tRNA usage displayed as amino acid homorepeats decoded per tRNA gene (all isoacceptors together). 
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