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Abstract

:

As one of the model medicinal plants for exploration of biochemical pathways and molecular biological questions on complex metabolic pathways, Catharanthus roseus synthesizes more than 100 terpenoid indole alkaloids (TIAs) used for clinical treatment of various diseases and for new drug discovery. Given that extensive studies have revealed the major metabolic pathways and the spatial-temporal biosynthesis of TIA in C. roseus plant, little is known about subcellular and inter-cellular trafficking or long-distance transport of TIA end products or intermediates, as well as their regulation. While these transport processes are indispensable for multi-organelle, -tissue and -cell biosynthesis, storage and their functions, great efforts have been made to explore these dynamic cellular processes. Progress has been made in past decades on transcriptional regulation of TIA biosynthesis by transcription factors as either activators or repressors; recent studies also revealed several transporters involved in subcellular and inter-cellular TIA trafficking. However, many details and the regulatory network for controlling the tissue-or cell-specific biosynthesis, transport and storage of serpentine and ajmalicine in root, catharanthine in leaf and root, vindoline specifically in leaf and vinblastine and vincristine only in green leaf and their biosynthetic intermediates remain to be determined. This review is to summarize the progress made in biosynthesis, transcriptional regulation and transport of TIAs. Based on analysis of organelle, tissue and cell-type specific biosynthesis and progresses in transport and trafficking of similar natural products, the transporters that might be involved in transport of TIAs and their synthetic intermediates are discussed; according to transcriptome analysis and bioinformatic approaches, the transcription factors that might be involved in TIA biosynthesis are analyzed. Further discussion is made on a broad context of transcriptional and transport regulation in order to guide our future research.
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1. Introduction


Plant secondary metabolites are often produced either in certain tissues or cells under stress conditions or induced by various developmental, hormonal and environmental cues. The biosynthesis of secondary metabolites is often tightly regulated at transcriptional levels. Even in a plant cell where secondary metabolites are synthesized, the multiple enzymes and their reactions are often compartmentalized into various subcellular organelles, such as chloroplast, endoplasmic reticulum (ER), vacuoles, as well as apoplastic spaces. It is also often observed that the synthetic site of secondary metabolites is usually different from the site where these chemicals function, as defensive compounds against insects, bacteria or fungal pathogens. Thus, efficient transport of precursors, metabolic intermediates and the end products for biosynthesis, storage or function, are of critical in whole plant secondary metabolism and their biological significance. Many studies support the idea that transporters, either across membranes or intra-cellular trafficking, or inter-cellular long distance transport, provide another layer of regulation for metabolic flux [1,2]. Furthermore, these transmembrane transporters, vesicle trafficking components, as well as protein carriers are also regulated at transcriptional levels [3]. Therefore, transcriptional and transport regulation of secondary metabolite biosynthesis are critical research topics.



Catharanthus roseus (Madagascar periwinkle) is a perennial herb belonging to the family Apocynaceae. It produces over 100 different terpenoid indole alkaloids (TIAs), some of which exhibit strong pharmacological activities and are essentially used in clinical treatment of various diseases [4]. Vinblastine and vincristine, which have been used clinically to treat cancers since 1950s, are the most valuable dimeric TIAs in C. roseus [5]. These two dimeric TIAs are produced in trace amount in C. roseus by coupling vindoline and catharanthine, both of which have also been reported with anti-bacterial activities, anti-diabetic properties and diuretic actions [6]. Other TIAs from C. roseus such as ajmalicine and serpentine are used in anti-hypertensive and anti-neuro-inflammatory agents [6]. Due to extremely low yield of the highly valuable vinblastine and vincristine, substantial efforts in past decades have put on large-scale cell culture, bioreactor processing biotechnology and metabolic engineering to improve their production in order to meet the increasing demands from the market. However, the success is very limited. It has been realized that understanding of the TIA biosynthesis, transport and their regulation may empower our ability to apply new and robust molecular and genetic tools in metabolic engineering of the production of these valuable metabolites [7,8,9,10]. Several reviews were published about the organ-, tissue- and cell-specific as well as transcriptional regulation of TIA biosynthesis [8,11]. However, the breakthroughs made recently on TIA biosynthesis regulation and particularly, the intra- and inter-cellular TIA transport, from molecular biology, genomic and transcriptomics points of view have provided significant insights into these important dynamic cellular processes [12]. This review is to summarize these most recent progresses made on TIA biosynthesis, transcriptional regulation and their transport and to employ transcriptome analysis for further looking for TIA transcriptional regulators that are potentially involved in the TIA biosynthesis.




2. The Biosynthetic Pathway of the TIAs in Catharanthus roseus


In recent decades, C. roseus has been extensively studied for elucidating the complex biosynthetic pathways of TIAs and now it has become an ideal medicinal plant for in-depth investigating the complex molecular mechanisms for TIA biosynthesis and transport as well as their transcriptional regulation. All the TIAs in C. roseus are derived from the central precursor strictosidine, which is a condensed product of the tryptophan pathway-derived tryptamine and the seco-iridoid pathway-derived secologanin by strictosidine synthase (STR) (Figure 1). Studies on the biosynthetic pathways of tryptamine and secologain have been carried out for years. Two enzymes have been revealed for their critical roles in tryptamine biosynthesis, anthranilate synthase (AS) and tryptophan decarboxylase (TDC) [7,13], however, specific process remains to be determined. In seco-iridoid pathway, secologanin is finally generated through eight steps after the hydrolysis of geranyl diphosphate (GPP) to geraniol by geraniol synthase (GES) [14], in such pathway, all the enzymes involved have been identified and the reversible reaction from 10-oxogeranial to 7-deoxyloganetic acid has also been illuminated, while the recent study did not found the intermediate product iridotrial in this reaction [15,16,17]. Subsequently, the central precursor strictosidine is converted into strictosidine aglycoside by strictosidine β-d-glucosidase (SGD) [18], and strictosidine aglycoside can be used to synthesize various kinds of TIAs. Crystal structure studies detected two new cathenamine reductases (CRs), namely, heteroyohimbine synthase (HYS) and tetrahydroalstonine synthase (THAS). HYS reduces cathenamine into ajmalicine and 19-epi-ajmalicine, while THAS is predominantly responsible for the conversion of tetrahydroalstonine from strictosidine aglycon [19]. Alstonine and serpentine are the oxidation products of tetrahydroalstonine and ajmaline respectively. Although the specialized oxidation enzyme has not been isolated, the oxidation conversion from ajmaline to serpentine present has been observed in plant vacuoles and is mainly accumulated in roots [20]. Vindoline is an important biosynthetic precursor of vincristine and vinblastine. Since the cytochrome P450 enzyme CYP71D1V2 tabersonine3-oxygenase (T3O) and an alcohol dehydrogenase (ADHL), tabersonine3-reductase (T3R) have been identified, the biosynthesis process from tabersonine to vindoline is well understood. However, the enzymes converting the strictosidine-aglycone into tabersonine remain to be identified. On the other hand, the whole biosynthesis of another precursor catharanthine remains to be revealed, although its putative intermediate, stemmadenine, has been identified for a long time [21]. After the biosynthesis of vindoline and catharanthine, they are coupled into dimeric alkaloids, a-3′,4′-anhydrovinblastine (AVLB), with the peroxidase a-3′,4′-anhydrovinblastine synthase (PRX1) [22]. The valuable TIAs in C. roseus, vinblastine and vincristine, were eventually derived from AVLB through multiple steps, which remain to be undetermined.




3. Transcriptional Regulation of TIA Biosynthesis


Plenty of evidence indicates that the synthesis of TIAs is strictly regulated by transcription factors that target on the key structural genes. Elicitors such as yeast, jasmonate (JA) and related oxylipins, hormones such as auxins as well as environmental cues can stimulate TIA biosynthesis in C. roseus [23,24]. It has been revealed that these stimuli-promoted TIA biosyntheses happen via transcriptional regulation of TIA synthetic genes, such as STR, TDC, G10H. The mechanisms for regulating the biosynthesis of different TIA end products are complicated and diversified; many transcription factors have been characterized for their regulatory functions and some of them have been successfully applied for TIA production [24].



There are many examples that applied different transcription factors to improve the content of plant secondary metabolites. Overexpression of TSAR1 or TSAR2 in basic helix-loop-helix (bHLH) gene family in Medicago truncatula hairy roots caused the up-regulation of triterpene saponin biosynthetic genes and increased accumulation of triterpene saponins [24]. A novel APETALA2/Ethylene Response Factors (AP2/ERF) family transcription factor PsAP2 from Papaver somniferum was overexpressed in tobacco, which showed improved resistance to both abiotic and biotic stresses [25]. After expressing seven MYB transcription factors (Dof1.1, IQD1-1, MYB28, MYB29, MYB34, MYB51 and MYB122) involved in aliphatic and indolic glucosinolate (GSL) biosynthesis in Chinese cabbage, the aliphatic and indolic GSL contents are changed [26]. Overexpression of AaERF1 and AaERF2 from Artemisia annua could increase the accumulation of artemisinin and artemisinic acid in transgenic A. annua plants [27]. Thus, it is an effective way to apply effective transcription factors for plant secondary metabolic engineering.



Two AP2/ERF family transcription factors ORCA2 and ORCA3 were characterized as the critical regulators for TIA biosynthesis. They could specifically bind to the JERE (jasmonate and elicitor-responsive element) in STR promoter and can be up-regulated by JA [28]. In C. roseus hairy roots, the up-regulated expression of ORCA2 significantly changed the transcripts of many structural genes in TIA biosynthesis, such as AS, TDC, G10H, LAMT, STR, T16H, PRX1, D4H, SGD and DAT; moreover, the induced ORCA2 also caused the changes of the expressions of several TF encoding genes, such as ORCA3, ZCT1, ZCT2, ZCT3 and CrMYC2 (Figure 2). Accordingly, the accumulation of catharanthine, ajmalicine, serpentine and tabersonine were also changed dramatically after ORCA2 induction [29]. Another study found that vindoline in the ORCA2 transgenic hairy roots could be significantly increased compared to the control lines [30]. Therefore, ORCA2 plays an important role in the regulation of TIA metabolism. Another AP2/ERF factor ORCA3 was isolated by T-DNA activation tagging approach, which could also regulate the expressions of many TIA synthetic genes [31]. In C. roseus cell suspension cultures, overexpressing ORCA3 caused the up-regulation of TDC, STR, SLS, CPR, D4H, AS and DXS, variable expression of SGD, as well as unaffected expression of G10H and DAT. Therefore, overexpression of ORCA3 significantly induced tryptamine in shikimate pathway, while it did not cause secologanin in seco-iridoid pathway. Also, feeding loganin to ORCA3-overexpressed lines significantly increase TIA production [31]. Partly different from the results of C. roseus cell suspension cultures, overexpression of ORCA3 and, along with JA elicitation in hairy root, induced the expression levels of AS, DXS, SLS and STR, decreased the expression of SGD, but not affected TDC, G10H, CPR, GBFs and ORCA2. The differences may result from different regulatory mechanisms between two types of tissue culture systems [32]. Therefore, the overexpression of ORCA3 alone in two types of tissue cultures could not cover all the pathway genes, such as G10H, SGD and DAT. Another study shows that co-overexpression of ORCA3 and SGD in C. roseus hairy roots resulted in a significant increase of many TIAs [33]. Co-overexpression of G10H and ORCA3 in C. roseus plant and hairy roots both increased the accumulation of TIAs, indicating that co-overexpression of regulator and critical synthetic gene is an efficient way to increase metabolite production [34]. Besides JA, other ORCA3 inducers are found recently. Feeding artemisinic acid to C. roseus meristematic cells resulted in the increase of the transcript level of ORCA3, which indicated that artemisinic acid may be another way to induce ORCA3 [35]. Another study shows that inoculation of fungal endophytes in C. roseus could up-regulate the expression of ORCA3 and enhance the accumulation of vindoline [36].



The fact that ORCAs can be induced by not only JA but also other elicitor implies the expressions of two ORCAs are regulated by more transcription factors, such as CrMYC2. As a positive regulator for the expressions of ORCAs, CrMYC2 was initially isolated through a yeast one-hybrid screening system using a tetramer of G-box from the STR promoter as bait, while it cannot control the active of the STR promoter [37]. CrMYC2 can regulate the expression ORCA3 gene via binding to a specific sequence in the jasmonate-responsive element (JRE) from ORCA3 promoter [38]. Overexpression or knockdown of CrMYC2 significantly changed the expression of ORCAs and also had a strong effect on the accumulation of catharanthine and tabersonine, but showed no influence on STR and TDC expression, which indicated that CrMYC2 is critical for the expression of MeJA-responsive ORCAs and the accumulation of alkaloid but it could not regulate such structural genes as STR and TDC [39]. A bHLH transcription factor BIS1 from clade IVa isolated from C. roseus could regulate the expression of structural genes that ORCA3 cannot cover [40]. Overexpression of BIS1 in C. roseus cells and hairy roots caused a significant increase in the expression of the seco-iridoid pathway genes up stream of LAMT and the 2-C-methyl-d-erythritol-4-phosphate (MEP) pathway genes. Meanwhile, loganic acid, secologanin and strictosidine were highly accumulated in the BIS1-overexpressing cells. However, the accumulation of TIAs in transgenic hairy roots was not increased, which may be resulted from the down-regulation of ORCA3 target genes LAMT, SLS, TDC, and SGD. Decreased expression of the ORCA3 target genes was not caused by decreased expression of ORCA2 or ORCA3, nor of any other known C. roseus TF encoding gene previously linked with regulation of the MIA pathway, and thus involves other, yet unknown, regulatory mechanisms. Another bHLH transcription factor BIS2 was identified recently, which is the homolog of BIS1 that can form homo- or heterodimers with BIS1. Same with BIS1, overexpressing BIS2 in C. roseus suspension cells could also up-regulate MEP as well as seco-iridoid pathway genes, knockdown of BIS2 completely abolished the JA-induced up-regulation of the seco-iridoid pathway genes and the accumulation of TIAs. The expression of BIS2 could be regulated by BISs, while the BISs-binding sites of BIS2 promoter remain to be determined. BIS1 and BIS2 could both regulate the structural genes that ORCA2 and ORCA3 cannot affect, such as G10H [41]. Therefore, BISs together with ORCAs may control the whole upstream pathway of TIA biosynthesis and support sufficient synthetic precursor of TIAs.



Two AP2/ERF proteins form a cluster with ORCA3, ORCA4 and ORCA5 were cloned, which are homologous to ORCA3. The expression of ORCA4 and ORCA5 can be also induced by JA like ORCA3. However, unlike ORCA3, ORCA4 and ORCA5 cannot be directly regulated by CrMYC2, they may be regulated by other transcription factors. Moreover, overexpression of ORCA4 in C. roseus hairy roots significantly increased the transcripts levels of genes in both tryptophan pathway and seco-iridoid pathway, and also increased several TIAs, especially tabersonine. Therefore, ORCA4 is functionally overlapping but divergent with ORCA3 [42].



CrWRKY1, belonging to the group III WRKY superfamily, was identified in C. roseus, which can be induced by several phytohormones and preferentially expresses in roots [43]. Studies found CrWRKY1 regulates TDC by binding W box element in TDC promoter. Overexpression of CrWRKY1 in C. roseus hairy roots increased several key pathway genes, such as AS, DXS, SLS, SGD, especially TDC; as well as TF encoding genes, such as ZCTs, while it represses the transcriptional activators ORCA2, ORCA3, and CrMYC2. Moreover, the accumulation of serpentine was significantly increased, while catharanthine was decreased. Therefore, CrWRKY1 is an ideal candidate to regulate serpentine branch to produce more ajmalicine and serpentine.



CrBPF1 is a kind of MYB transcription factor that binds to BA region in STR promoter. Overexpressing CrBPF1 in C. roseus hairy roots changed the expression of many pathway genes. As for regulatory genes, overexpressing CrBPF1 increased the transcripts of ORCA3, CrMYC1, CrMYC2, BIS1, GBF2 and ZCTs, but little affected the expressions of ORCA2 and CrWRKY1. Although overexpression of CrBPF1 could not obviously increase the accumulation of TIAs and even caused the decrease of serpentine, it could extensively regulate TIA pathway genes and increase the expression of TIA transcriptional repressors, which may be a good direction to the research of TIA biosynthesis [44].



It has been reported that using G-box element in the STR promoters as bait to screen C. roseus yeast expression library resulted in identification of G-box binding factors CrGBF1 and CrGBF2 [37,45]. Both CrGBF1 and CrGBF2 act as transcriptional repressors of the STR via binding to the NR element in STR promoter, which indicated that GBFs may play an important role in the regulation of the expression of STR and the accumulation of TIAs.



Three Cys2/His2-type zinc finger transcription factors from C. roseus, ZCT1, ZCT2 and ZCT3, were isolated through a yeast one-hybrid screening system using an elicitor-responsive DB element in TDC promoter as bait [46]. All of them repress the activities of STR and TDC promoters in trans-activation assays, which may probably be resulted from the existence of a potent repression domain, LxLxL motif in the C-terminal region of ZCTs. In addition, the ZCT proteins can also repress the transcriptional activating activation of the ORCAs, and are found to be induced by yeast extract (YE) and JA. However, there are several differences between ZCT1, ZCT2 and ZCT3. The STR and TDC promoters binding sites of ZCT1, ZCT2 are different from one of ZCT3, and the structures of ZCT1, ZCT2 and ZCT3 are also different [46]. Furthermore, the functions of them are partially different. ZCT1 and ZCT2 act as repressors of hydroxymethylbutenyl 4-diphosphate synthase (HDS) while ZCT3 has no effect on HDS [47]. A recent study shows that silencing ZCT1 was not sufficient to increase TIA production or the expression of the TIA biosynthetic genes, which may be resulted from the remained elevated expression level of ZCT3. These results reveal that the ZCTs may play overlapping but distinct functions in TIA biosynthesis [48].




4. Transport of TIAs in and between Organs, Tissues, Cells and Subcellular Compartments


Tissue, cell-specific and multi-organelle-participated synthesis of specific TIAs have been extensively studied with various techniques, including in situ hybridization, immunoblot, transcriptomic analysis and GFP-fusion of metabolic enzymes or transporters. Highly complicated regulation of various regulatory and structural genes, translocation of metabolic enzymes and transport of metabolic intermediates through different tissues, cells and subcellular compartments are required for efficient biosynthesis of TIAs upon various hormonal and environmental cues [49]. Three modes of transport of alkaloids in plants have been reported: inter-organ, inter-cellular and intra-cellular [50].



The typical inter-organ alkaloids transports are for berberine and nicotine: berberine is synthesized in the root of Coptis japonicais and then transported to the rhizome through a long distance [51]; nicotine is produced only in the root of Nicotiana tabacum and transported to the leaves of the plant via the xylem [52]. In C. roseus, synthesis of some TIAs such as vindoline and catharanthine, mainly takes place in young leaves and stems, whereas synthesis of others such as ajmalicine and serpentine mainly occurs in roots. They also display complex inter-cellular and intra-cellular transport.




5. Inter-Cellular Transport Is Required for Biosynthesis of TIAs


Studies have revealed that TIA biosynthetic pathway in aerial organs of C. roseus occurs in four cell types: internal phloem-associated parenchyma (IPAP), epidermal cells, laticifers and idioblasts [53,54]. The IPAP cells exist in the periphery of stem pith or in traxylary on the upper part of the vascular bundles in leaves and are full of chloroplast with the plastid-located MEP pathway enzymes [53,55]. MEP pathway, which is required for the development and function of chloroplast, happens mostly in young green tissues [56]. The early step of seco-iridoid pathway, geraniol conversion into 10-oxogeranial via geraniol 10-hydroxylase (G10H) are co-localized in the IPAP cells of young tissues such as leaves and roots [11,57]. Iridoid oxidase (IO), 7-deoxyloganetic acid glucosyltransferase (7-DLGT) and 7-deoxyloganic acid hydroxylase (DL7H) are also localized to the IPAP cells and their transcripts, which are four times more abundant in the whole leaf than in the epidermis, while loganic acid methyl-transferase (LAMT) and secologanin synthase (SLS) are preferentially expressed in the leaf epidermis. Loganic acid, as the intermediate, is assumed to move from the IPAP cells to the epidermis to convert into secologain under the catalyzing of LAMT and SLS [58,59,60,61,62]. Tryptamine and secologanin are condensed to form strictosidine in epidermal cell of young developing shoots and leaves, meanwhile, STR- and SGD- catalyzed central steps also happen in the epidermis (Figure 3) [63]. Strictosidine is the central precursor of TIAs, some of which are directly formed in epidermis, such as ajmaline and catharanthine. Ajmaline is mainly accumulated in root epidermis, while catharanthine is mainly secreted to the surface of leaves by the ATP Binding cassette (ABC) transporter CrTPT2 to transport it from the epidermis to the leaf surface in the wax exudates (Figure 3) [64]. As for vindoline, the late precursor desacetoxyvindoline for vindoline biosynthesis is formed in epidermis, the enzymes tabersonine 16-hydroxylase 2 (T16H2), 16-hydroxytabersonine-16-O-methyltransferase (16OMT), T3O/T3R and N-methyltransferase (NMT) are preferentially localized in epidermis [31,32]. However, Desacetoxyvindoline 4-hydroxylase (D4H) and acetyl-CoA:4-O-deacetylvindoline 4-O-acetyltransferase (DAT), catalyzing the last two steps are confirmed to localize idioblasts and laticifers of leaves, stems and flowers [65]. Therefore, the intermediates desacetoxyvindoline or other accessory products need to be transported from epidermis to idioblasts or laticifers for a two-step collaboration to form vindoline [66], but whether it is necessary or how vindoline is transported out of idioblasts and laticifers remains unknown. Whether some stages of the translocation are accomplished passively through the symplasm or are controlled by plasmodesmata-localized proteins is still an open question.




6. Intra-Cellular Transport of TIA Intermediates and End Products


The MEP pathway primarily takes place in the stroma of plastids or stromules in IPAP cells [11,67]. However, isopentenyl diphosphate isomerase (IDI), which catalyzes the interconversion of isopentenyl diphosphate (IPP) and dimethylally diphosphate (DMAPP) to produce plenty of isoprenoids, was targeted to plastids, mitochondria and peroxisome [68]. Therefore, geraniol needs to be exported from the stroma by uncharacterized plastid inner or outer envelope transporter or some efficient metabolic flux into the cytosol of IPAP cells [69]. Geraniol is the substrate of the vacuolar membrane- or endoplasmic reticulum (ER)-associated G10H in the production of 10-hydroxygeraniol [70], which is further converted into the loganic acid by an ER-associated P450 DL7H. 10-hydroxygeraniol dehydrogenase (10HGO) and 7-DLGT are found in the cytosol in IPAP cells. Loganic acid and secologanin are synthesized in the cytosol of epidermal cells, since LAMT and ER-anchored P450 SLS have been ensured to locate in the cytosol of the epidermis [71]. TDC involved in the shikimate pathway is localized to the cytosol of the epidermis. Tryptamine and secologanin are transported by unidentified transporters from cytosol into the vacuole, in which STR condenses them into strictosidine [63]. The vacuole-accumulated strictosidine or its hydrolyzed product aglycon needs to be transported out of the vacuole into the cytosol. SGD was a highly stable supramolecular complex within the nucleus, indicating that transportation of strictosidine across the tonoplast by unidentified transporter plays a critical role in controlling TIA biosynthesis [63]. Strictosidine aglycone is converted into TIAs, such as catharanthine and tabersonine in the cytosol of epidermis. The conversion of tabersonine to vindoline occurs in various compartments. The first two steps catalyzed by T16H and 16OMT were localized in the cytosol [72]. T16H is an ER-anchored P450 and can release 16-hydroxytabersonine to the cytosol via its exposing catalytic site toward the cytosol [73,74]. NME is likely to be localized in the leaf epidermis in association with chloroplast thylakoid membranes [75,76,77] (Figure 4).



Laticifers and idioblasts are the cells located in stems and leaves where tabersonine derivative converts into vindoline. The last two vindoline synthetic enzymes DAT and D4H are localized in cytoplasm and nucleus of the laticifers and idioblasts cells [74]. Vindoline is formed in the cytosol of laticifers and idioblasts and transported into the vacuole by a specific proton antiporter, which is energized by the V-H+-ATPase. Catharanthine and AVLB are also taken up into the vacuole of epidermal cells by an uncharacterized antiporter through an H+-dependent mechanism (Figure 4) [78]. Since catharanthine and vindoline are not in the vacuole of the same cells in C. roseus leaves, they are coupled to form bisindole alkaloids vinblastine and vincristine, only because stimulation from external environment could break down the spatial separation. However, as long as bisindole alkaloid forms, they are transported and accumulated in the vacuoles.




7. The Biochemical, Molecular Biological Aspects of TIA Transporters


TIAs present in C. roseus tissues for many physiological functions. Catharanthine can inhibit the growth of fungal zoospores and shows insect toxicity at physiological concentrations on the surface of C. roseus leaves. The complex developmental, environmental, hormonal, organ- and cell-specific cues regulate the genes involved in the biosynthesis of TIAs [77]. Protein kinase cascade- or calcium-mediated signaling is important for the regulation of methyl jasmonate-dependent and yeast elicitor-induced TIA biosynthesis in C. roseus cells [79,80,81]. These factors-induced de novo biosynthesis and active secretion of TIAs cost lots of energy. The long-distance transport of end products or secretion of TIAs to the target sites also requires energy [64]. The vacuolar sequestration of these TIAs more likely depends on secondary transporters, such as MATE or multidrug resistance transporter [78].



The biosynthesis of intermediates as well as end-products of TIAs happens in different tissues and organs, and they are subsequently transported to the sites for the next reactions, storage, or for their physiological functions. Therefore, the efficient long-distance transport is essentially required. Usually, three basic transport or trafficking processes exist for organic compounds in plant cells, membrane vesicle trafficking of substances, protein-aided transport/subcellular trafficking and membrane transporters-mediated across-membrane transport [3,82].



Although great attention was paid to the transport of TIAs long time ago, now it is recognized that a passive diffusion is usually impossible for transport of highly charged TIAs, likewise for an unspecific ion-trap mechanism [20,83]. Plenty of evidence indicates that many alkaloids such as berberine in Coptis japonica, nicotine in tobacco, or terpenoids are transported across the plasma membrane by ABC transporters. For example, CjMDR1 expressed in the xylem of the rhizome [51] and CjABCB2 expressed in cells around the xylem of the rhizome [84] are involved in the transport of berberine to the place where berberine is synthesized; NtNUP—a plasma membrane nicotine—acts as a proton symporter of nicotine [85]; multidrug and toxic compound extrusion (MATE) transporters act as vacuolar sequestration of nicotine [86,87]; NpPDR1—a plasma membrane pleiotropic drug resistance-type ABC transporter in Nicotiana plumbaginifolia—transports diterpene sclareol antifungal compound [88]. Overexpression of CjMDR1 in C. roseus cell cultures promoted a significant uptake and accumulation of ajmalicine and tetrahydroalstonine compared with control lines after feeding these alkaloids [89]. These results suggest that TIAs can be transported by such type of ABC transporter. Proteomic study on two independent cell lines with different TIAs metabolism reveal that some differentially expressed transporters possibly involved in the transport of TIAs, including seven ABCG proteins, three multidrug resistance pumps, two multidrug resistance-associated proteins, three soluble ABC transporters (ABCE and ABCF subfamilies) and one for each MATE and peptide transporter [90].



In C. roseus, TIAs are proved to be accumulated in the vacuoles by various techniques [78,91,92]. One study indicates that a specific proton antiport system could trap TIAs in the vacuoles of C. roseus mesophyll cells. The uptake of vindoline into the isolated tonoplast vesicles was dependent on ATP and H+ gradient across vacuolar membrane, since it was sharply suppressed by H+ gradient dissipators but unaffected by ABC transporter inhibitor [78]. Interestingly, catharanthine and anhydrovinblastine are also incorporated into the vacuole through an H+-dependent mechanism. These indicate that secondary multidrug antiporters, such as MATE, may also be involved in the vacuolar sequestration of TIAs [12].



However, little is known about the molecular identification of transporters involved in the transport of TIAs in Catharanthus roseus. Secretion of catharanthine is accomplished by a unique catharanthine efflux transporter (CrTPT2) [64], which is mainly expressed in the epidermis of young leaves and deposit onto leaf surfaces with wax cubicula [77]. Interestingly, CrTPT2 is reported to be closely homologous to key transporters involved in cuticle assembly by phylogenetic analysis, such as Arabidopsis AtPDR4, rice OsPDR6 and barley HvPDR6 ABC transporters [93,94]. When the plasma membrane-localized CrTPT2 was expressed in yeast cells, the yeast cell accumulated much less catharanthine than the control cells, while decreased accumulation of vindoline, tabersonine and strictosidine was not observed, which indicated that CrTPT2 is a plasma membrane catharanthine-specific efflux transporter. More interestingly, the VIGS of CrTPT2 in plants reduced the catharanthine levels in leaf surface of emerging leaves compared to the control, while the unchanged vindoline level was observed in the CrTPT2-silenced C. roseus seedlings and the levels of 3’,4’-anhydrovinblastine increased by 30% in CrTPT2-silenced compared with control seedlings [64]. These data suggest that repression of catharanthine secretion out of epidermal cells could increase catharanthine levels in leaf epidermal cells and trigger an increase of dimers coupled from catharanthine-vindoline in leaves. The sequences of transporter proteins are usually conserved for their specific activities in transport of certain groups of organic compounds.




8. Transcriptomic Data Mining for Exploration of Putative Transcription Factors Involved in TIA Biosynthesis


MeJA is identified as an important signaling molecule in TIA biosynthetic pathway in many plants [95]. In order to excavate and identify transcription factors that are involved in TIA biosynthesis, we collected leaves from one month old solid plant at different time points after MeJA treatment for transcriptome analysis. According to the results of RNA-seq (Figure 5), large number of genes in C. roseus show differential expression after MeJA treatment, with more up-regulated genes than down-regulated expression genes. It can be inferred that there are more genes playing positive roles in MeJA-induced signal pathway than that playing negative roles.



In order to excavate potential transcription factors, which regulate the genes in TIA biosynthetic pathway, we further analyzed the expression patterns of different transcription factor families in C. roseus after MeJA treatment (Figure 6, Figure 7 and Figure 8). The results indicate that the expressions of several AP2/ERF transcription factors are significantly changed after MeJA treatment: the transcript of Unigene1189_All showed obviously increased at one hour and four hours after treatment, while the latter is slightly lower than the former, which suggested that this gene is intensively induced by MeJA in a short time and its expression can be returned to normal level slowly; the expression of Unigene2253_All gradually increased along with MeJA treatment; conversely, the expression of Unigene9835_All gradually reduced along with MeJA treatment. The three genes showing different response patterns after MeJA treatment, may encode potential transcription factors for the regulation of TIAs accumulation in C. roseus. Subsequently, a phylogenetic tree of the three candidate transcription factors was built with known AP2/ERF transcription factors, which are found to be involved in secondary metabolite biosynthetic pathway. Phylogenetic analysis shows the three candidates are homologous with the known AP2/ERF transcription factors involved in secondary metabolite biosynthetic pathway (Figure 9). This result further confirms the functional involvement to TIA biosynthesis of the three candidate transcription factors. Figure 7 shows the response patterns of bHLH transcription factors in C. roseus to MeJA. Two potential candidates that may be involved in TIA biosynthesis are revealed through this result. Unigene5241_All showed gradually increased expression while Unigene14325_All showed sharply decreased expression after MeJA treatment. The functional identification of these two bHLH transcription factors is now being carried out. As for WRKY transcription factors, most members were down-regulated by MeJA, only Unigene16454_All showed obviously increased expression after MeJA treatment (Figure 8). The role of Unigene16454_All in TIA biosynthesis as well as the functional difference between Unigene16454_All and other members in WRKY need to be studied in our future work.




9. Perspectives and Future Directions


As an ideal model medicinal plant, C. roseus actively synthesizes at least three major types of plant secondary metabolites in large amounts. Extensive studies for understanding biosynthetic pathways, regulations and subcellular and inter-cellular compartmentation of these metabolic processes so far have paved solid road toward in-depth understanding of TIA biosynthesis, transport, storage and regulation mechanisms, as well as for obtaining both basic science and application breakthroughs. Future studies may be focused on the discovery of unidentified transporters with experimental and bioinformatics methods. Those transporters may include: transporters that control the export of post tabersonine TIA intermediates from the leaf epidermis to specialized internal leaf cells where vindoline is assembled; transporters involved in the trafficking of secoiridoid precursors from specialized IPAP cells to the place where they are synthesized to the LE; transporters involved in transport of secologanin for assembly of MIAs; transporters that are involved in transport of secologanin and tryptamine into the vacuole to achieve strictosidine biosynthesis. Many outstanding questions about intra-cellular and inter-cellular transport of TIA intermediates and end products are open. Using various approaches to functionally characterize these transporters will substantially illustrate the dynamic synthesis and trafficking processes in C. roseus cells, which may help to draw a whole picture of subcellular and inter-cellular TIA biosynthesis.



In addition, the availability of several C. roseus transcriptomic databases, such as Medicinal Plant Genomics Resource (http://medicinalplantgenomics.msu.edu/) [12] and PhytoMetaSyn (http://www.phytometasyn.ca/index.php/) [96,97] could also significantly promote the research on either molecular biology or biochemical pathways in C. roseus. Based on these available transcriptomic databases, a genome assembly for C. roseus was generated to provide a near-comprehensive representation of the genic space, revealing the genomic context of key points in the TIA biosynthetic pathways, including physically clustered genes, tandem gene duplication, expression sub-functionalization and putative neo-functionalization. In addition, extensive proteomic analysis and transcriptome sequencing of C. roseus have been conducted recently by several groups, which provides numerous insights into the understanding of biosynthesis of complex TIAs [90,98]. These comprehensive datasets and data mining may facilitate revealing more potential regulatory networks and critical transporters for our understanding the dynamic TIA production processes in C. roseus.
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Figure 1. Schematic biosynthetic pathways for terpenoid indole alkaloids (TIAs) in Catharanthus roseus. The updated TIA biosynthetic pathways are presented by incorporating the most recently published results. Question marks in red indicate unknown process or enzymes for the reactions. Abbreviations are: DXS, 1-deoxy-d-xylulose 5-phosphate synthase; DXR, 1-deoxy-d-xylulose 5-phosphate reductoisomerase; MCT, MEP cytidyltransferase; CMK, 4-(cytidine 5′-diphospho)-2-C-methyl-d-erythritol kinase; MECS, 2-C-methylerythritol 2,4-cyclodiphosphate synthase; HDS, hydroxymethylbutenyl 4-diphosphate synthase; HDR, hydroxymethylbutenyl 4-diphosphate reductase; IDI, isopentenyl diphosphate isomerases; IPP isomerase; GPPS, geranyl diphosphate synthase; GES, geraniol synthase; CPR, cytochrome P450 reductase; G10H, geraniol 10-hydroxylase; 10HGO, 10-hydroxygeraniol dehydrogenase; IS, iridoid synthase; IO, iridoid oxidase; 7-DLGT, 7-deoxyloganetic acid glucosyltransferase; DL7H, 7-deoxyloganic acid hydroxylase; LAMT, loganic acid methyltransferase; SLS, secologanin synthase; AS, anthranilate synthase; TDC, tryptophan decarboxylase; STR, strictosidine synthase; SGD, strictosidine β-d-glucosidase; T16H2, tabersonine 16-hydroxylase 2; 16OMT, 16-hydroxytabersonine-16-O-methyltransferase; T3O, tabersonine 3-oxygenase; T3R, tabersonine 3-reductase; NMT, N-methyltransferase; D4H, desacetoxyvindoline 4-hydroxylase; DAT, acetyl CoA: deacetylvindoline 4-O-acetyltransferase; CR, cathenamine reductases; THAS, tetrahydroalstonine synthase; HYS, heteroyohimbine synthase; PRX1, a-3′,4′-anhydrovinblastine synthase; PER, putative peroxidase. 
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Figure 2. Regulation of TIA biosynthetic pathways by transcription factors in Catharanthus roseus. Various structural genes (marked in blue) in TIA biosynthetic pathway are regulated by different transcription factors (TFs). ORCAs are believed to be key regulators that directly bind to the promoters of structural genes involved in TIA biosynthesis. Several TFs such as WRKYs not only control the expression of structural genes but also regulate the expression of other TFs including MYC2, ORCAs, ZCTs, etc. Some TFs such as MYC2 could not directly regulate the expression of structural genes in biosynthetic pathways. Therefore, these TFs form a transcriptional regulatory network for TIA biosynthetic pathways. Among them, some TFs, such as BIS2, ZCT2 and WRKY2 (marked in green), are negative regulators, whereas most TFs (marked in red) are positively regulate TIA biosynthesis. DXS, 1-deoxy-d-xylulose 5-phosphate synthase; G10H, geraniol 10-hydroxylase; CPR, cytochrome P450 reductase; LAMT, loganic acid methyltransferase; SLS, secologanin synthase; STR, strictosidine synthase; SGD, strictosidine β-d-glucosidase; CR, cathenamine reductases; T16H2, tabersonine 16-hydroxylase 2; 16OMT, 16-hydroxytabersonine-16-O-methyltransferase; T3O, tabersonine 3-oxygenase; T3R, tabersonine 3-reductase; NMT, N-methyltransferase; D4H, desacetoxyvindoline 4-hydroxylase; DAT, acetyl CoA: deacetylvindoline 4-O-acetyltransferase. 
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Figure 3. Tissue-specific biosynthesis and inter-cellular transport of TIAs through known and unknown transporters in Catharanthus roseus. The main TIA-biosynthesizing cells in the leaf of C. roseus include palisade and spongy mesophyll cells, internal phloem-associated parenchyma (IPAP), epidermal cells, laticifers and idioblasts. So far, most transporters possibly involved in transport of TIA intermediates or end products between these cells are unknown. The symbol “?” indicates the unknown transportation system of inter-cellular transport. The only identified transporter responsible for releasing of catharanthine out of upper epidermal cells onto cuticle is an ABC transporter TPT2. Whether plasmodesmata, symbolized in blue balls, are also involved in TIA intermediate transport between different types of cells remain to be determined. 
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Figure 4. Subcellular compartmentation of TIA biosynthesis and inter- or intra-cellular transport of TIAs in Catharanthus roseus. TIA biosynthetic pathway in aerial organs of C. roseus occurs in four cell types: internal phloem-associated parenchyma (IPAP), epidermal cells, laticifers and idioblasts. An ATP-binding cassette transporters TPT2 can transport catharanthine from epidermal cells to deposit on cuticle. The transporters transport TIA intermediates between these cells, such as desacetoxyvindoline from epidermal cells to laticifers and idioblasts for vindoline biosynthesis and loganic acid communicates between the epidermal cells and IPAP cells, remain unknown, as indicated by question marks. In each type of cells, primarily, the epidermal cells, the vacuole, the chloroplast and possibly, the nucleus, are involved in the TIA biosynthesis. However, transporters or transport mechanisms for cross-membrane communication of these intermediates are largely unknown. How do two important precursors secolognain and tryptamine are transported into the vacuole for their condensation into strictosidine by vacuole-localized STR? Are they transported by MATE transporters? What is it necessary for SGD localization in the nucleus, as reported, since aglycon is still need to be transported out of the nucleus? How the product of T3O/T3R is transported into the chloroplast for methylation by the granule-localized NMT? All these questions need to be answered to give a clear scenario of intermediate transport or trafficking during the TIA biosynthesis. Abbreviations are: SGD, strictosidine β-d-glucosidase; STR, strictosidine synthase; TDC, tryptophan decarboxylase; DXS, 1-deoxy-d-xylulose 5-phosphate synthase; DXR, 1-deoxy-d-xylulose 5-phosphate reductoisomerase; MCT, MEP cytidyltransferase; CMK, 4-(cytidine 5’-diphospho)-2-C-methyl-d-erythritol kinase; MECS, 2-C-methylerythritol 2,4-cyclodiphosphate synthase; HDS, hydroxymethylbutenyl 4-diphosphate synthase; HDR, hydroxymethylbutenyl 4-diphosphate reductase; IDI, IPP isomerase; GPPS, geranyldiphosphate synthase; GES, geraniol synthase; G10H, geraniol 10-hydroxylase; 10HGO, 10-hydroxygeraniol dehydrogenase; IDS, iridoid synthase; 7DLS, 7-deoxyloganetic acid synthase; DLGT, 7-deoxyloganetic acid glucosyltransferase; DL7H, 7-deoxyloganic acid 7-hydroxylase; LAMT, loganic acid methyltransferase; SLS, secologanin synthase; T16H2, tabersonine 16-hydroxylase 2; 16OMT, 16-hydroxytabersonine-16-O-methyltransferase; T3O, tabersonine 3-oxygenase; T3R, tabersonine 3-reductase; NMT, N-methyltransferase; D4H, desacetoxyvindoline 4-hydroxylase; DAT, acetyl CoA: deacetylvindoline 4-O-acetyltransferase. 
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Figure 5. Response of the genes in C. roseus to MeJA treatment. (A) Expression of the genes at one hour after MeJA treatment; (B) expression of the genes at four hours after MeJA treatment. 
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Figure 6. Expression patterns (log2 of FPKM) of AP2/ERF family in C. roseus after one-hour (s1h.s0h) and four-hour (s4h.s0h) treatments with MeJA. 
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Figure 7. Expression patterns (log2 of FPKM) of bHLH family in C. roseus after one-hour (s1h.s0h) and four-hour (s4h.s0h) treatments with MeJA. 
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Figure 8. Expression patterns (log2 of FPKM) of WRKY family in C. roseus after one-hour (s1h.s0h) and four-hour (s4h.s0h) treatments with MeJA. 
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Figure 9. Phylogenetic analysis of three potential APETALA2/Ethylene Response Factors (AP2/ERF) transcription factors with known AP2/ERF transcription factors involved in secondary metabolite biosynthetic pathway. 
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