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Abstract

:

Farnesyl pyrophosphate synthase (FPPS) catalyzes the synthesis of C15 farnesyl diphosphate (FPP) from C5 dimethylallyl diphosphate (DMAPP) and two or three C5 isopentenyl diphosphates (IPPs). FPP is an important precursor for the synthesis of isoprenoids and is involved in multiple metabolic pathways. Here, farnesyl pyrophosphate synthase from Sporobolomyces pararoseus NGR (SpFPPS) was isolated and expressed by the prokaryotic expression system. The SpFPPS full-length genomic DNA and cDNA are 1566 bp and 1053 bp, respectively. This gene encodes a 350-amino acid protein with a predicted molecular mass of 40.33 kDa and a molecular weight of 58.03 kDa (40.33 kDa + 17.7 kDa), as detected by SDS-PAGE. The function of SpFPPS was identified by induction, purification, protein concentration and in vitro enzymatic activity experiments. Structural analysis showed that Y90 was essential for chain termination and changing the substrate scope. Site-directed mutation of Y90 to the smaller side-chain amino acids alanine (A) and lysine (K) showed in vitro that wt-SpFPPS catalyzed the condensation of the substrate DMAPP or geranyl diphosphate (GPP) with IPP at apparent saturation to synthesize FPP as the sole product and that the mutant protein SpFPPS-Y90A synthesized FPP and C20 geranylgeranyl diphosphate (GGPP), while SpFPPS-Y90K hydrolyzed the substrate GGPP. Our results showed that FPPS in S. pararoseus encodes the SpFPPS protein and that the amino acid substitution at Y90 changed the distribution of SpFPPS-catalyzed products. This provides a baseline for potentially regulating SpFPPS downstream products and improving the carotenoid biosynthesis pathway.
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1. Introduction


Isoprenoids, a family of natural molecules with high chemical diversity, with over 80,000 known isoprenoids [1], are involved in the synthesis of secondary metabolites, such as carotenoids and sterols, in microorganisms, demonstrating promising commercial prospects for industrial production [2,3]. All isoprenoids are derived from a simple C5 structural unit: isoprenyl diphosphate (IPP) and its isomer dimethylallyl diphosphate (DMAPP) [4], which are synthesized from or modified by isoprenyl diphosphate synthases (IPPSs or IDSs), also known as prenyltransferases (PTs) [5]. PTs are involved in the biosynthesis of isoprenoids and regulate the production of secondary metabolites. According to the characteristics of the carbon chain lengths of the biosynthetic products, isoprenyl diphosphate synthases (IPPSs) are classified as follows: short-chain isoprenyl diphosphate synthases (SCIPPSs, C10–C25), medium-chain isoprenyl diphosphate synthases (MCIPPSs, C30–C35) and long-chain isoprenyl diphosphate synthases (LCIPPSs, C40–C50) [6], all of which are classified as trans types, according to the stereochemistry of the double bonds from IPP condensation [7]. By contrast, the product of cis-polypentenyl diphosphate synthase is polyisoprenoid (>C50), which catalyzes the synthesis of a double bond with an all-cis stereoisomeric configuration [8].



Farnesyl pyrophosphate synthase (known variously as FPPS, FPS, FDPS, FDS and EC 2.5.1.10), key enzyme in the metabolic pathway of isoprenoids, belong to the trans-SCIPPS family and catalyze the sequential irreversible 1’-4 condensation of DMAPP with IPPs to synthesize the finial product (2E,6E)-farnesyl diphosphate (FPP, C15). FPPS lead to an electron-deficient substrate carbon atom due to the loss of the diphosphate group and attack of the double-bonded electron-rich carbon atom on the IPP molecule [9]. In 1975, Eberhardt et al. [10] purified a homologous prenyltransferase from Saccharomyces cerevisiae, and in 1994 the first X-ray structure of the IPPSs was solved [11]. These results provided a basis to model homologous IPPs found in different species [12].



FPPSs are IPPSs that function as soluble homodimers, with each subunit weighing 32–44 kDa, and exist as single copies in the cytoplasm of microorganisms [13]. The FPPS catalyzing all-trans stereoisomerism consists mainly of α-helices [11], which form a large reaction cavity in the middle of the protein and contain two aspartic acid-rich motifs, designated as the First Asp-Rich Motif (FARM) and the Second Asp-Rich Motif (SARM). These two motifs are typical IPPS active site domains and binding sites for the diphosphate moieties of IPPs and allylic substrates [14]. Previous studies have suggested that the fifth amino acid upstream of FARM is key for FPPS enzymatic activity [15].



Sporobolomyces pararoseus NGR is unconventional and can yield high levels of carotenoids [16]. Carotenoids are lipid-soluble isoprenoids with antioxidant activity and are precursors of vitamin A synthesis. Carotenoids are used therapeutically to improve immunity and prevent cancer and many chronic diseases and have great commercial value in cosmetics, as food additives and in the animal feed industries [17,18]. In addition to carotenoids, the functional diversity of terpenoids enables them to play different roles in nature, such as hormones (gibberellins), photosynthetic pigments (phytol and carotenoids) and electronic carriers (ubiquinone and plastid quinone), as well as toxins, insect repellents, etc. [19]. FPPSs are located upstream of the carotenoid biosynthesis pathway. They are responsible for the synthesis of C15 FPP, which is condensed with a molecule of IPP to form C20 GGPP, and via head-to-head condensation of two GGPPs forms the pigment synthesis intermediate C40 phytoene [20]. Changes in FPPS activity affect the flux of FPP to downstream metabolites, which means that the enzyme plays a vital role in regulating downstream metabolites [21,22,23]. Previous studies on FPPSs have been mostly centered on plants and insects, but studies on the encoding of the FPPS gene in pigment-producing fungus have rarely been reported. In this study, the FPPS gene from S. pararoseus (SpFPPS) was successfully isolated and characterized for a better understanding of the role of SpFPPS, the tyrosine 90 (Y90) of FPPS, which plays an important role in affecting the activity of SpFPPS, as is described in this report.




2. Materials and Methods


2.1. Materials


Unlabeled isopentenyl diphosphate, dimethylallyl diphosphate, geranyl diphosphate, farnesyl diphosphate, geraniol, farnesol and geranylgeraniol were purchased from Sigma-Aldrich (Sigma-Aldrich, St. Louis, MO, USA). All other chemicals were of analytical grade.




2.2. Strains and Growth Conditions


Sporobolomyces pararoseus NGR was isolated from strawberries [20]. This strain was deposited as CGMCC 2.5280 in the China General Microbiological Culture Collection Center (CGMCC), inoculated in 250 mL Erlenmeyer baffle flasks containing 100 mL of liquid YPD medium (yeast extract 10 g/L, peptone 20 g/L, dextrose 20 g/L, pH 6.0) and cultured in a constant-temperature shaking incubator at 28 °C for 72 h. Escherichia coli DH5α and BL21 (DE3) strains (Tiangen, Beijing, China) were cultured in Luria–Bertani (LB) medium (yeast extract 5 g/L, peptone 10 g/L, NaCl 10 g/L, pH 7.0) at 37 °C for 12 h.




2.3. Cloning of Genes Encoding the FPPS Enzymes from S. pararoseus NGR


The activated NGR was inoculated in YPD for 72 h and centrifuged at 13,523× g for 2 min at 4 °C, and the genomic DNA was extracted using the Rapid Yeast Genomic DNA Isolation Kit (Sangon, Shanghai, China). The total RNA was extracted using the Spin Column Fungal Total RNA Purification Kit (Sangon, Shanghai, China), and cDNA was synthesized using the PrimeScriptTM II 1st Strand cDNA Synthesis Kit (TaKaRa, Dalian, China), according to the manufacturer’s instructions. Genomic DNA and cDNA were stored at −20 °C for subsequent experiments.



We obtained the putative SpFPPS (comp9430) sequence from the NGR transcriptome data (register number: SRP131948). Premier 5.0 was used to design specific primers (Table S1), and the restriction enzymes were SacI and BamHI.



The genomic DNA and cDNA of SpFPPS in NGR were amplified by 2 × High fidelity PCR mix premix (Sangon, Shanghai, China). The amplification procedure was as follows: 1 cycle of 95 °C for 3 min and 35 cycles of 95 °C for 15 s, 53 °C for 15 s, 72 °C for 1 min and 72 °C for 5 min. The PCR product was purified and ligated into the pMD18-T cloning vector (TaKaRa, Dalian, China) and transformed into E. coli DH5α, and the plasmid pMD18-T-FPPS was extracted using the Plasmid Extraction Mini Kit (Solarbio, Beijing, China) and sent away for sequencing verification (GeneCreate, Wuhan, China).




2.4. Bioinformatic Analysis of Putative FPPS from S. pararoseus


The genomic DNA and cDNA of SpFPPS were aligned using DNAMAN to verify exons and introns. ProtParam 3.0 (https://web.expasy.org/protparam/, accessed on 25 February 2024) was used to predict the molecular weight, amino acid composition and theoretical pI of SpFPPS. ProtScale (https://web.expasy.org/protscale/) was used to predict protein hydrophobicity. The transmembrane domain was predicted by the TMHMM Server v.2.0 (https://www.cbs.dtu.dk/services/TMHMM/). The PredictProtein tool (https://www.predictprotein.org/) was used to predict the secondary structure of the SpFPPS protein. SWISS-MODEL (https://www.swissmodel.expasy.org/interactive) was used to construct a 3D model. The three-dimensional structure of the protein was visualized using Pymol (The PyMOL Molecular Graphics System, Version 2.3.0 Schrödinger, LLC, New York, NY, USA).



The FPPS sequences of different species were obtained from the NCBI and compared by the ClustalW algorithm. A phylogenetic tree was constructed by MEGA 11.0 using the neighbor-joining method [24].




2.5. Construction of Expression Vectors


pMD18-T-FPPS and the expression vector pET-32a (+) were digested with restriction endonuclease SacI and BamHI at 37 °C for 4.5 h. The linearized expression vector pET-32a (+) and the target fragment were recovered and ligated by T4 DNA ligase to construct the recombinant plasmid pET32a-FPPS. The plasmids mentioned are shown in Table S2. The ligation product was transformed into E. coli DH5α and BL21(DE3), and PCR was used to verify that the plasmid was transformed into E. coli. The Plasmid Extraction Mini Kit (Solarbio, Beijing, China) was used to extract plasmids, and the inserted fragments in pET32a-FPPS were sequenced to ensure that no mutations were introduced during PCR.




2.6. Protein Expression and Purification


E. coli BL21(DE3) transformed with pET32a-FPPS were inoculated in 50 mL LB medium containing 50 μg/mL Amp at 37 °C for 12 h, and empty pET-32a (+) was used as a control. The cells were inoculated in LB medium at a ratio of 1:25, 1 mM isopropyl β-D-thiogalactoside (IPTG) was added and the cells were cultured at 37 °C for 1–2 h. Protein expression was induced at 20 °C, 23 °C, 26 °C and 28 °C. The cells were cultured for about 4–5 h and centrifuged at 13,523× g for 1 min. The cells were washed three times with PBS; then, they were fully suspended with 1.5 mL lysis buffer (50 mM NaH2PO4, 300 mM NaCl, 10 mM Imidazole, pH 8.0), and 1 mM phenylmethylsulfonyl fluoride (PMSF, Yuanye Bio-Technology, Shanghai, China) was added immediately.



The treated cells were ultrasonically broken for 20 min in 6 s−1 pulses with 4 s between pulses on ice (the power was selected at a level slightly below the bubble generation of the solution [40%]). The cell lysate was centrifuged at 14,000× g for 30 min at 4 °C, the supernatant was collected in a new tube, the precipitate was fully resuspended with the lysis buffer equal to the supernatant, and the supernatant and the precipitate were both analyzed by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE, 12% separate gel, 5% concentrated gel) with Coomassie Brilliant Blue staining for their expression. Lightly stained for 1 h with a solution of 25% isopropanol and 10% acetic acid containing 0.1% (w/v) Coomassie Brilliant Blue R250, they were then decolored with a solution of 10% acetic acid and 5% anhydrous ethanol until the electrophoresis band was clear.



Recombinant protein pET32a-FPPS was purified using a 1 mL HisTrap HP column (Cytiva, Marlborough, MA, USA), and the supernatant obtained was filtered through a 0.22 μm membrane and added to a nickel column to collect the effluent. The wash buffer (50 mM NaH2PO4, 300 mM NaCl, 20 mM Imidazole, pH 8.0) was filtered through a 0.22 μm filter membrane and added to a nickel column; the enzyme run was performed five times using the Ni column by reloading the effluent, and the effluent was collected separately. The elution buffer (50 mM NaH2PO4, 300 mM NaCl, 500 mM Imidazole, pH 8.0) was used in the same way as the wash buffer, and the purification of the target protein was analyzed by SDS-PAGE.




2.7. Determination of Enzymatic Activity


The target proteins were collected using Amicon Ultra-0.5 Centrifugal Filter (10 kDa) ultrafiltration tubes (Millipore, Billerica, MA, USA), with 100 mM HEPES buffer (contain 5 mM MgCl2, pH 7.5) used as the exchange buffer, and the procedure was repeated twice. The collected proteins were concentrated and stored at 4 °C.



In order to verify the reaction product of FPPS, 10 ng FPPS protein, 50 μM IPP and 50 μM substrate (DMAP, GPP, FPP or GGPP) were added to the enzyme activity system, HEPES buffer was added to 200 μL, and the reaction was carried out at 28 °C for 2 h. A quantity of 200 μL 0.2 M Tris-HCl (pH 9.5) buffer containing 2 U Shrimp alkaline phosphatase (SAP, TaKaRa, Dalian, China) and 2 U Thermostable inorganic pyrophosphatase (TIPP, NEB, USA) was added, reacted at 30 °C for 12 h and stopped on ice. This step was performed to dephosphorylate the product of the enzymatic reaction. Then, 400 μL n-hexane was added for extraction, which was performed three times, after which the extract organic fractions were combined and reduced to 100 μL under a stream of nitrogen gas for thin-layer chromatography (TLC) analysis.



All the collected products were analyzed by TLC Silica gel 60 F254 (Merck, Darmstadt, Germany). A mixture of geraniol (GOH), farnesol (FOH) and geranylgeraniol (GGOH) was used as the standard, and the mobile phase was toluene/acetonitrile/ethyl acetate/acetic acid (35:5:15:0.15, v/v/v/v). The products were visualized using iodine vapor and detected using the Bio-image analyzer KH-3100 (KEZHE, Shanghai, China).




2.8. Preparation and Activity Assays of FPPS Mutants


FPPS was mutated by overlap extension PCR. The mutagenic primer sequence is listed in Table S1. Based on the amplification procedure described above, the mutated PCR product was obtained and purified.



The plasmids pMD18-T-SpFPPS-Y90A and pMD18-T18-SpFPPS-Y90K were constructed and transformed into DH5α. The plasmids pET32a-SpFPPS-Y90A and pET32a-SpFPPS-Y90K were constructed and transformed into the expression strain BL21(DE3). All mutations were confirmed by DNA sequencing.



The recombinant proteins pET32a-SpFPPS-Y90A and pET32a-SpFPPS-Y90K were induced to express in strain BL21(DE3) at 28 °C and purified by the nickel column. The expression and purification of the mutant recombinant proteins were analyzed by SDS-PAGE.



After the concentration and collection of the mutant recombinant proteins, the reaction products were verified. The enzyme assays contained 10 ng of protein, 50 μM substrate (DMAPP, GPP, FPP or GGPP) and 50 μM IPP as the common substrate at apparent saturation [24], made up to 200 μL by adding HEPES buffer, and the reaction was carried out at 28 °C for 2 h. The IPP product obtained was depyrophosphorylated, extracted by n-hexane, concentrated under nitrogen and stored at −80 °C, as described earlier.



GOH, FOH and GGOH were mixed as standards. All collected products were analyzed by TLC and visualized by iodine vapor. Their distribution was detected by the Bio-image analyzer KH-3100 (KEZHE, Shanghai, China).





3. Results


3.1. Putative FPPS Gene Cloning and Sequence Analysis


Based on the transcriptome data, specific primers were designed to amplify the FPPS gene in NGR, and 1566 bp genomic DNA and 1053 bp cDNA (Figure S1) were obtained and named as SpFPPS.



Genomic DNA and cDNA alignment revealed that the gene contains eight exons and seven introns, with all splicing sites following the GT-AG rule (Figure S2). The nucleic acid sequence and the amino acid sequence of SpFPPS determined in this experiment are available in the GenBank databases under the accession number ON220551.1.




3.2. Sequence Analysis of SpFPPS Protein


The molecular weight of SpFPPS was calculated to be 40.33 kDa using the ProtParam 3.0. The theoretical pI value is 5.11, encoding a protein of 350 amino acids. The sequence includes 55 negatively and 42 positively charged amino acids. The protein instability index is 43.55, suggesting that SpFPPS is an unstable protein. ProtScale indicated that the protein is a hydrophilic protein (Figure S3A). The TMHMM Server (v.2.0) predicted that the protein has no transmembrane structure.



The secondary structure of SpFPPS predicted by PredictProtein included α-helixes (63.43%), β-sheets (2.86%), extended strands (7.43%) and random coils (26.29%) (Figure S3B). The main structure is an α-helix, which forms a cavity, and FARM and SARM are located on the two α-helixes opposite. SWISS-MODEL was used to construct a 3D model [25,26]. Based on the prediction of the X-ray and homologous proteins, the SpFPPS model has a sequence similarity of 51.17% with the template protein (PDB:1FPS1); it was visualized using Pymol (Figure S4).



To further explore the molecular characteristics of the expressed SpFPPS gene expression products, we used DNAMAN to compare SpFPPS with FPPSs obtained from different species in the NCBI databank (Figure 1A). The results indicated that the structure contains five conserved regions; regions II and VI are aspartate acid-rich motifs designated FARM and SARM, respectively. The two conserved motifs are located on opposite walls of the central cavity facing each other (Figure S4). The FARM sequence is DDX (2–4) D (where X is any amino acid), which is defined further by upstream residues, while the SARM (DDXXD) is not. The FARM and the upstream five amino acids form a chain-length determination domain (CLD) [27]. According to the CLD sequence, FPPS is divided into three types. Type I FPPS, derived from eukaryote FPPS, has a FARM motif (DDXXD) and two aromatic amino acid residues at the fourth and fifth positions upstream of FARM. Type II FPPS (eubacterial) has a four-amino acid insertion in FARM (DDXXXXD) and a single aromatic amino acid at the fifth site upstream of FARM. Type III FPPS, the FARM motif, has a DDXXD with only one aromatic amino acid that is located at the fifth position [27]. In SpFPPS, a type I FPPS, phenylalanine (F) and Y residues are located at the fourth and fifth positions upstream of FARM, respectively; the X amino acids are M (Figure 1A).



The SpFPPS protein sequence was compared with the FPPS protein sequences of 19 different species identified in the NCBI database to construct a phylogenetic tree. The results showed that the FPPS of S. pararoseus had the highest sequence similarity to that of Rhodotorula toruloides (79.02%) and belonged to the same group as the FPPSs of fungi (Figure 1B).




3.3. Expression and Purification of Recombinant Protein pET32a-SpFPPS


To characterize SpFPPS, the recombinant plasmid pET32a-SpFPPS was constructed, and the SpFPPS gene in E. coli was verified by agarose gel electrophoresis. The recombinant protein pET32a-SpFPPS was induced to express at different temperatures. SDS-PAGE analysis showed that the proteins induced at 28 °C were expressed in the supernatant, and the expression level in the precipitate was the lowest and the band was the faintest (Figure S5). pET32a-SpFPPS was induced to express at 28 °C, and the recombinant protein with three tags (one Trx·tag, one His·tag and one S·tag) was obtained. The molecular weight of the recombinant protein was 58.03 kDa (40.33 kDa + 17.7 kDa) (Figure 2). A band of about 60 kDa was eluted from the nickel column purification (Figure 3), indicating that the recombinant protein of the correct size was expressed.




3.4. Analysis of In Vitro Activity of SpFPPS


SpFPPS was incubated with IPP at apparent saturation and DMAPP or GPP as co-substrates to biocatalyze FPP; then, the products were hydrolyzed to the corresponding alcohols by incubating them overnight with an alkaline phosphatase [28], and no other chain length products were detected by TLC (Figure 4 Lane 2, 4). In addition, the product (FPP) visualized on TLC by iodine staining that was identified in the reaction between IPP and DMAPP was less intense compared to the stained products made in the reaction between IPP and GPP. The above results suggested that the SpFPPS gene encodes a functional farnesyl pyrophosphate synthase.




3.5. Design of Mutant SpFPPS


The tertiary structure of wt-SpFPPS and the predicted mutant proteins were visualized using Pymol, and the fourth and fifth amino acid residues upstream of FARM were labeled. It was observed that Y90 was located below the FPP chain, which was been identified in earlier works as hindering the extension of the FPP chain (Figure 5). In addition, Y is an aromatic amino acid with a large side-chain volume, and the 3D model presented for the mutated FPP may indicate that the replacement due to A and K renders the enzyme capable of synthesizing products longer than FPP (Figure 5). Therefore, we chose alanine (A) and lysine (K), which have small side-chain volumes, to replace Y and detected the effect of the replaced amino acids on the continued elongation of the FPP chain.




3.6. Construction, Expression and Purification of SpFPPS Mutants


Two mutant enzymes were constructed to determine whether the amino acid residue at the fifth position before FARM was associated with the length of the product chain. The mutant enzymes SpFPPS-Y90A and SpFPPS-Y90K were expressed in and purified from E. coli for in vitro assays (Figure S6A,B). In addition, the carbon chain length of the enzyme-catalyzed product varied with the reaction conditions in vitro. Therefore, the same enzyme assay conditions and methods used in the previous section were used for SpFPPS, SpFPPS-Y90A and SpFPPS-Y90K.




3.7. Mutant SpFPPS Enzymatic Activity Analysis


The results for the in vitro SpFPPS and mutant protein enzyme activity are shown in Figure 6. SpFPPS, DMAPP, GPP and FPP were used separately as substrates with the IPP co-substrate. The product pool contained FPP, and GGPP was unaffected by SpFPPS, indicating that SpFPPS had the catalytic activity of FPP. The enzyme activity results for SpFPPS-Y90A showed that when DMAPP or GPP was used as a substrate, the products were FPP and GGPP, and that when FPP was used as a substrate, the product was GGPP. DMAPP, GPP, FPP and GGPP were converted by SpFPPS-Y90K extracts into a C15 allyl pyrophosphate that was detected as a C15 alcohol after dephosphorylation. This phenomenon indicated that the SpFPPS-Y90K protein hydrolyzes the substrate C20 GGPP to C15 FPP. Lao et al. identified an HpGGPP in Haematococcus pluvialis, which hydrolyzed C10 GPP or C15 FPP for C5 IPP to synthesize C20 GGPP, and this may be a mechanism for carotenoid accumulation for resistance to environmental stress [29].



The above results indicated that the substitution of the fifth amino acid upstream of FARM in SpFPPS changed the enzyme activity. According to the product distribution on TLC, SpFPPS-Y90A had FPPS/GGPPS bifunctional activity and synthesized C15 FPP and C20 GGPP simultaneously. SpFPPS-Y90K can hydrolyze GGPP or condense DMAPP or GPP with IPP to form C15 FPP.





4. Discussion


S. pararoseus is an unconventional fungus that produces a high yield of carotenoids, which are fat-soluble isoprenoids. Our previous study showed that it accumulates three carotenoids: β-carotene, torulene and torularhodin [16,20,30]. Humans cannot synthesize carotenoids by themselves, and the demand for natural anti-radiation and anti-aging products is increasing. Therefore, it is necessary to study the carotenoid synthesis pathway. The product FPP, catalyzed by FPPSs, is used as a constituent of primary metabolism compounds such as carotenoids and steroids [24]. Research on FPPSs has been pursued for many years, but the synthesis and mechanism of FPPS in S. pararoseus remain unclear.



We cloned a novel cDNA (SpFPPS) from S. pararoseus. TLC analysis showed that SpFPPS had activity in vitro. SpFPPS synthesized the sole product FPP regardless of the allylic substrate (DMAPP or GPP) that was utilized. The functions of FPP synthases had previously been used to study Anthonomus grandis, and the major product of AgFPPS was found to be FPP using DMAPP with IPP as substrates [31]. In fungus, FPP accounts for 75% of FPPS final products in Saccharomyces cerevisiae [32]. In Xanthophyllomyces dendrorhous, extracts of XdFPPS formed C10 and C15 allylic pyrophosphates [33]. Consistent with SpFPPS, they can use DMAPP or GPP as substrates, but in Mycobacterium tuberculosis, only geranyl diphosphate served as the MtFPPS acceptor [34]; the difference is that the enzyme activity product of SpFPPS is only FPP.



FPP provided a precursor for downstream synthesis of GGPP and other metabolic pathways, and most SCIPPSs catalyzed one specific product. However, some SCIPPSs have been reported to have two or even three enzyme activities (Table 1), and their products are also different. Perhaps the functional diversity of enzymes is to be attributed to their structural differences or is related to their long-term evolution. Furthermore, the reason why multifunctional enzymes prefer the above species to other organisms is still unclear and needs further exploration.



Comparing the CLD of SpFPPS with that of other species, it was shown that the structural characteristics of SpFPPS were consistent with the FPPSs of birds and humans (Figure 1A). According to the characteristics of CLD, SpFPPS was classified as a type I FPPS. The phylogenetic tree of SpFPPS with the FPPSs of other organisms obtained from the NCBI was constructed by the neighbor-joining method (Figure 1B). The tree had two branches, involving two independent non-homologous isoprenoid biosynthesis metabolic pathways: the mevalonate pathway (MVA) and the 1-deoxy-D-xylulose 5-phosphate/2-C-methyl-D-erythritol 4-phosphate pathway (DOXP/MEP) [43,44,45]. A branch of the phylogenetic tree was type I FPPSs, where the Rhodotorula toruloides FPPS was most similar to SpFPPS. SpFPPS had significant homology with R. toruloides, Phaffia rhodozyma and Sanghuangporus baumii, all of which belonged to the type I FPPSs. They had similar characteristics and mechanisms of chain length determination. Another branch contained type II and type III FPPSs. The FPPSs in E. coli and Bacillus stearothermophilus are type II FPPSs. Dhiman et al. identified a type III ω,E,E-farnesyl pyrophosphate synthase from M. tuberculosis, and they reported that the ω,E,E-farnesyl pyrophosphate synthase seems to be most similar to the type I GGPPSs from archaea, both containing the DDXXD motif [34]. The characteristic similarity between type I GGPPSs and type III FPPSs indicated that there is a probable evolutionary relationship between the two enzymes.



The length of the isoprenoid chain synthesized by SCIPPS is determined by the depth of the hydrophobic pocket inside the protein [46]. In NGR SpFPPS, an aromatic ring from Y forms the base of the pocket, which is located before FARM (Figure S4). Therefore, we hypothesized that the fifth amino acid residue upstream of FARM in SpFPPS was an aromatic amino acid (Y90), which is an important residue that blocks the extension of the FPP chain (Figure S4). In addition, the Y aromatic ring was replaced with a mutation of the smaller side chain to assess whether it would lead to the formation of longer chain products. Yan et al. [47] isolated and identified the GGPPS from NGR, which was classified as a type III GGPPS according to its CLD characteristics; the fifth amino acid upstream of FARM was A. Previous studies reported that the FPPS in Toxoplasma gondii has FPPS/GGPPS bifunctional activity. Li et al. [48] mutated the upstream fifth cysteine (C) to Y, which converted the enzyme into absolute FPPS to generate only FPP; they determined that the C at the fourth position is vital for TgFPPS bifunctionality, and the C corresponded to Y in SpFPPS. Therefore, we replaced the 90th Y with A and K, and the mutant recombinant proteins SpFPPS-Y90A and SpFPPS-Y90K were obtained.



The in vitro enzyme activity results showed that IPP reacted with the substrate DMAPP or GPP, that the enzyme activity product was FPP and that no other chain length product was produced in the enzyme activity system containing SpFPPS. The mutants showed different properties. SpFPPS-Y90A produced FPP and GGPP with DMAPP or GPP as the substrate and had FPP/GGPPS bifunctional enzyme activity. Interestingly, the only product of SpFPPS-Y90K was FPP. However, when C20 GGPP was used as the substrate, the product of SpFPPS-Y90K was C15 FPP. Therefore, we considered that the mutation changed the structure of the protein so that it had the function of hydrolyzing the substrate. The reaction mechanism needs further exploration. As the biosynthetic pathway of S. pararoseus isoprenoids is elucidated more fully, it will be possible to further explore the detailed mechanism of FPPSs and to construct engineering strains.




5. Conclusions


In this study, we cloned the SpFPPS of S. pararoseus, identified the function of its gene expression products, explored the relationship between the SpFPPS protein structure and its evolution, and tracked the enzymatic activity mechanism of the SpFPPS protein deeply. An obtained mutant bifunctional FPPS/GGPPS showed the biochemical properties of individual FPPSs and GGPPSs from other species. However, other organisms typically contain characteristic FPPSs and GGPPSs, which provide a reference for the next step of gene modification to regulate enzyme activity and for further exploration of the carotenoid synthesis pathway in S. pararoseus, providing a molecular basis for further study of the regulation of the pigment synthesis yield and the pigment synthesis pathway mechanism in S. pararoseus. Further studies are needed to define and elucidate SpFPPS and its encoded enzyme features precisely.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/cimb46040195/s1, Figure S1: Electrophoresis results of SpFPPS gene in S. pararoseus NGR. (M: marker; 1: genomic DNA; 2: cDNA); Figure S2: Sequence comparison of cDNA and genomic DNA of S. pararoseus NGR SpFPPS; Figure S3: Bioinformatic analysis of the S. pararoseus NGR SpFPPS protein; Figure S4: Model of the three-dimensional structure of the S. pararoseus NGR SpFPPS; Figure S5: SDS-PAGE analysis of recombinant protein; Figure S6: SDS-PAGE analysis of protein; Table S1: Primers used in this study; Table S2: Plasmids used in this study and their main characteristics.





Author Contributions


Conceptualization, investigation, writing—original draft, writing—review and editing, Y.W.; methodology, visualization, J.Y.; software, N.Z. (Nan Zeng); validation, N.Z. (Ning Zhang); formal analysis, D.W. and Z.L.; data curation C.L.; resources, funding acquisition, project administration, B.L.; supervision, Y.A. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the National Natural Science Foundation of China (31271818); the International Cooperation Project of Universities in Liaoning Province (2023-01); the Liaoning Province Rural Science and Technology Special Action Project (2022030673-JH5/104); and the Shenyang Science and Technology Project (22-319-2-13). This project was funded by the China Scholarship Council (CSC202208850002).




Data Availability Statement


All relevant data can be found within the article and the Supplementary Materials and are available from the corresponding author upon request.




Acknowledgments


We thank Sangon Biotechnology Co., Ltd. (Shanghai, China) and GeneCreate Co., Ltd. (Wuhan, China) for assisting in the sequencing.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Christianson, D.W. Structural and Chemical Biology of Terpenoid Cyclases. Chem. Rev. 2017, 117, 11570–11648. [Google Scholar] [CrossRef] [PubMed]

	



Daletos, G.; Katsimpouras, C.; Stephanopoulos, G. Novel Strategies and Platforms for Industrial Isoprenoid Engineering. Trends Biotechnol. 2020, 38, 811–822. [Google Scholar] [CrossRef] [PubMed]

	



Karst, F.; Plochocka, D.; Meyer, S.; Szkopinska, A. Farnesyl diphosphate synthase activity affects ergosterol level and proliferation of yeast Saccharomyces cerevisae. Cell Biol. Int. 2004, 28, 193–197. [Google Scholar] [CrossRef] [PubMed]

	



Ruzicka, L. The isoprene rule and the biogenesis of terpenic compounds. Experientia 1953, 9, 357–367. [Google Scholar] [CrossRef] [PubMed]

	



Swiezewska, E.; Danikiewicz, W. Polyisoprenoids: Structure, biosynthesis and function. Prog. Lipid Res. 2005, 44, 235–258. [Google Scholar] [CrossRef]

	



Ogura, K.; Koyama, T. Enzymatic Aspects of Isoprenoid Chain Elongation. Chem. Rev. 1998, 98, 1263–1276. [Google Scholar] [CrossRef] [PubMed]

	



Vandermoten, S.; Haubruge, É.; Cusson, M. New insights into short-chain prenyltransferases: Structural features, evolutionary history and potential for selective inhibition. Cell. Mol. Life Sci. 2009, 66, 3685–3695. [Google Scholar] [CrossRef] [PubMed]

	



Liang, P. Reaction Kinetics, Catalytic Mechanisms, Conformational Changes, and Inhibitor Design for Prenyltransferases. Biochemistry 2009, 48, 6562–6570. [Google Scholar] [CrossRef] [PubMed]

	



Chappell, J.U.O.K. Biochemistry and molecular biology of the isoprenoid biosynthetic pathway in plants. Annu. Rev. Plant Physiol. Plant Mol. Biol. 1995, 46, 521–547. [Google Scholar] [CrossRef]

	



Eberhardt, N.L.; Rilling, H.C. Prenyltransferase from Saccharomyces cerevisiae. Purification to homogeneity and molecular properties. J. Biol. Chem. 1975, 250, 863–866. [Google Scholar] [CrossRef]

	



Tarshis, L.C.; Yan, M.; Poulter, C.D.; Sacchettini, J.C. Crystal Structure of Recombinant Farnesyl Diphosphate Synthase at 2.6-.ANG. Resolution. Biochemistry 1994, 33, 10871–10877. [Google Scholar] [CrossRef] [PubMed]

	



Winkelblech, J.; Fan, A.; Li, S. Prenyltransferases as key enzymes in primary and secondary metabolism. Appl. Microbiol. Biotechnol. 2015, 99, 7379–7397. [Google Scholar] [CrossRef]

	



Nürenberg, G.; Volmer, D.A. The analytical determination of isoprenoid intermediates from the mevalonate pathway. Anal. Bioanal. Chem. 2012, 402, 671–685. [Google Scholar] [CrossRef] [PubMed]

	



Ochocka, A.S.A.D. Farnesyl diphosphate synthase; regulation of product specificity. Acta Biochim. Pol. 2005, 52, 45–55. [Google Scholar]

	



Ohnuma, S.; Narita, K.; Nakazawa, T.; Ishida, C.; Takeuchi, Y.; Ohto, C.; Nishino, T. A Role of the Amino Acid Residue Located on the Fifth Position before the First Aspartate-rich Motif of Farnesyl Diphosphate Synthase on Determination of the Final Product. J. Biol. Chem. 1996, 271, 30748–30754. [Google Scholar] [CrossRef]

	



Li, C.; Li, B.; Zhang, N.; Wei, N.; Wang, Q.; Wang, W.; Xie, Y.; Zou, H. Salt stress increases carotenoid production of Sporidiobolus pararoseus NGR via torulene biosynthetic pathway. J. Gen. Appl. Microbiol. 2019, 65, 111–120. [Google Scholar] [CrossRef] [PubMed]

	



Eggersdorfer, M.; Wyss, A. Carotenoids in human nutrition and health. Arch. Biochem. Biophys. 2018, 652, 18–26. [Google Scholar] [CrossRef] [PubMed]

	



Meléndez Martínez, A.J. An Overview of Carotenoids, Apocarotenoids, and Vitamin A in Agro-Food, Nutrition, Health, and Disease. Mol. Nutr. Food Res. 2019, 63, 1801045. [Google Scholar] [CrossRef] [PubMed]

	



Ajikumar, P.K.; Tyo, K.; Carlsen, S.; Mucha, O.; Phon, T.H.; Stephanopoulos, G. Terpenoids: Opportunities for Biosynthesis of Natural Product Drugs Using Engineered Microorganisms. Mol. Pharm. 2008, 5, 167–190. [Google Scholar] [CrossRef]

	



Li, C.; Zhang, N.; Song, J.; Wei, N.; Li, B.; Zou, H.; Han, X. A single desaturase gene from red yeast Sporidiobolus pararoseus is responsible for both four- and five-step dehydrogenation of phytoene. Gene 2016, 590, 169–176. [Google Scholar] [CrossRef]

	



Csernetics, Á.; Nagy, G.; Iturriaga, E.A.; Szekeres, A.; Eslava, A.P.; Vágvölgyi, C.; Papp, T. Expression of three isoprenoid biosynthesis genes and their effects on the carotenoid production of the zygomycete Mucor circinelloides. Fungal Genet. Biol. 2011, 48, 696–703. [Google Scholar] [CrossRef] [PubMed]

	



Daudonnet, S.; Karst, F.; Tourte, Y. Expression of the farnesyldiphosphate synthase gene of Saccharomyces cerevisiae in tobacco. Mol. Breed. 1997, 3, 137–145. [Google Scholar] [CrossRef]

	



Han, J.; Liu, B.; Ye, H.; Wang, H.; Li, Z.; Li, G. Effects of Overexpression of the Endogenous Farnesyl Diphosphate Synthase on the Artemisinin Content in Artemisia annua L. J. Integr. Plant Biol. 2006, 48, 482–487. [Google Scholar] [CrossRef]

	



Koyama, T.; Obata, S.; Osabe, M.; Takeshita, A.; Yokoyama, K.; Uchida, M.; Ishino, T.; Ogura, T. Thermostable Farnesyl Diphosphate Synthase of Bacillus stearothermophilus: Molecular Cloning, Sequence Determination, Overproduction, and Purification. J. Biochem. 1993, 113, 263–355. [Google Scholar] [CrossRef] [PubMed]

	



Bienert, S.; Waterhouse, A.; de Beer, T.A.P.; Tauriello, G.; Studer, G.; Bordoli, L.; Schwede, T. The SWISS-MODEL Repository—New features and functionality. Nucleic Acids Res. 2017, 45, D313–D319. [Google Scholar] [CrossRef] [PubMed]

	



Waterhouse, A.; Bertoni, M.; Bienert, S.; Studer, G.; Tauriello, G.; Gumienny, R.; Heer, F.T.; De Beer, T.A.P.; Rempfer, C.; Bordoli, L.; et al. SWISS-MODEL: Homology modelling of protein structures and complexes. Nucleic Acids Res. 2018, 46, W296–W303. [Google Scholar] [CrossRef]

	



Bouvier, F.; Rahier, A.; Camara, B. Biogenesis, molecular regulation and function of plant isoprenoids. Prog. Lipid Res. 2005, 44, 357–429. [Google Scholar] [CrossRef] [PubMed]

	



Fujii, H.; Koyama, T.; Ogura, K. Efficient enzymatic hydrolysis of polyprenyl pyrophosphates. Biochim. Biophys. Acta 1982, 712, 716–718. [Google Scholar]

	



Lao, Y.M.; Jin, H.; Zhou, J.; Zhang, H.J.; Zhu, X.S.; Cai, Z.H. A Novel Hydrolytic Activity of Tri-Functional Geranylgeranyl Pyrophosphate Synthase in Haematococcus pluvialis. Plant Cell Physiol. 2018, 59, 2536–2548. [Google Scholar] [CrossRef]

	



Li, C.; Zhang, N.; Li, B.; Xu, Q.; Song, J.; Wei, N.; Wang, W.; Zou, H. Increased torulene accumulation in red yeast Sporidiobolus pararoseus NGR as stress response to high salt conditions. Food Chem. 2017, 237, 1041–1047. [Google Scholar] [CrossRef]

	



Taban, A.H.; Tittiger, C.; Blomquist, G.J.; Welch, W.H. Isolation and characterization of farnesyl diphosphate synthase from the cotton boll weevil, Anthonomus grandis. Arch. Insect Biochem. 2009, 71, 88–104. [Google Scholar] [CrossRef] [PubMed]

	



Grabińska, K.; Palamarczyk, G. Dolichol biosynthesis in the yeast Saccharomyces cerevisiae: An insight into the regulatory role of farnesyl diphosphate synthase. Fems Yeast Res. 2002, 2, 259–265. [Google Scholar] [CrossRef] [PubMed]

	



Alcaino, J.; Romero, I.; Niklitschek, M.; Sepúlveda, D.; Rojas, M.C.; Baeza, M.; Cifuentes, V. Functional characterization of the Xanthophyllomyces dendrorhous farnesyl pyrophosphate synthase and geranylgeranyl pyrophosphate synthase encoding genes that are involved in the synthesis of isoprenoid precursors. PLoS ONE 2014, 9, e96626. [Google Scholar] [CrossRef] [PubMed]

	



Dhiman, R.K.; Schulbach, M.C.; Mahapatra, S.; Baulard, A.R.; Vissa, V.; Brennan, P.J.; Crick, D.C. Identification of a novel class of ω,E,E-farnesyl diphosphate synthase from Mycobacterium tuberculosis. J. Lipid Res. 2004, 45, 1140–1147. [Google Scholar] [CrossRef] [PubMed]

	



Cervantes-Cervantes, M.; Gallagher, C.E.; Zhu, C.; Wurtzel, E.T. Maize cDNAs Expressed in Endosperm Encode Functional Farnesyl Diphosphate Synthase with Geranylgeranyl Diphosphate Synthase Activity. Plant Physiol. 2006, 141, 220–231. [Google Scholar] [CrossRef] [PubMed]

	



Vandermoten, S.; Charloteaux, B.; Santini, S.; Sen, S.E.; Béliveau, C.; Vandenbol, M.; Francis, F.; Brasseur, R.; Cusson, M.; Haubruge, E. Characterization of a novel aphid prenyltransferase displaying dual geranyl/farnesyl diphosphate synthase activity. FEBS Lett. 2008, 582, 1928–1934. [Google Scholar] [CrossRef] [PubMed]

	



Hsiao, Y.; Jeng, M.; Tsai, W.; Chuang, Y.; Li, C.; Wu, T.; Kuoh, C.; Chen, W.; Chen, H. A novel homodimeric geranyl diphosphate synthase from the orchid Phalaenopsis bellina lacking a DD(X)2–4D motif. Plant J. 2008, 55, 719–733. [Google Scholar] [CrossRef] [PubMed]

	



Schmidt, A.; Gershenzon, J. Cloning and characterization of two different types of geranyl diphosphate synthases from Norway spruce (Picea abies). Phytochemistry 2008, 69, 49–57. [Google Scholar] [CrossRef] [PubMed]

	



Schmidt, A.; Wa Chtler, B.; Temp, U.; Krekling, T.; SeݩGuin, A.; Gershenzon, J. A Bifunctional Geranyl and Geranylgeranyl Diphosphate Synthase Is Involved in Terpene Oleoresin Formation in Picea abies. Plant Physiol. 2010, 152, 639–655. [Google Scholar] [CrossRef]

	



Hayato Ueoka, K.S.T.M.; Hirobumi Yamamoto, N.S.H.S. A Cytosol-Localized Geranyl Diphosphate Synthase from Lithospermum erythrorhizon and Its Molecular Evolution. Plant Physiol. 2020, 182, 1933–1945. [Google Scholar] [CrossRef]

	



Jordão, F.M.; Gabriel, H.B.; Alves, J.M.; Angeli, C.B.; Bifano, T.D.; Breda, A.; de Azevedo, M.F.; Basso, L.A.; Wunderlich, G.; Kimura, E.A.; et al. Cloning and characterization of bifunctional enzyme farnesyl diphosphate/geranylgeranyl diphosphate synthase from Plasmodium falciparum. Malar. J. 2013, 12, 184. [Google Scholar] [CrossRef] [PubMed]

	



Ling, Y.; Li, Z.; Miranda, K.; Oldfield, E.; Moreno, S.N.J. The Farnesyl-diphosphate/Geranylgeranyl-diphosphate Synthase of Toxoplasma gondii Is a Bifunctional Enzyme and a Molecular Target of Bisphosphonates. J. Biol. Chem. 2007, 282, 30804–30816. [Google Scholar] [CrossRef] [PubMed]

	



Navale, G.R.; Dharne, M.S.; Shinde, S.S. Metabolic engineering and synthetic biology for isoprenoid production in Escherichia coli and Saccharomyces cerevisiae. Appl. Microbiol. Biotechnol. 2021, 105, 457–475. [Google Scholar] [CrossRef] [PubMed]

	



Lombard, J.; Moreira, D. Origins and Early Evolution of the Mevalonate Pathway of Isoprenoid Biosynthesis in the Three Domains of Life. Mol. Biol. Evol. 2010, 28, 87–99. [Google Scholar] [CrossRef] [PubMed]

	



Chang, W.; Song, H.; Liu, H.; Liu, P. Current development in isoprenoid precursor biosynthesis and regulation. Curr. Opin. Chem. Biol. 2013, 17, 571–579. [Google Scholar] [CrossRef] [PubMed]

	



Kellogg, B.A.; Poulter, C.D. Chain elongation in the isoprenoid biosynthetic pathway. Curr. Opin. Chem. Biol. 1997, 1, 570–578. [Google Scholar] [CrossRef] [PubMed]

	



Yan, J.; Li, C.; Zhang, N.; Li, C.; Wang, Y.; Li, B. Functional verification and characterization of a type-III geranylgeranyl diphosphate synthase gene from Sporobolomyces pararoseus NGR. Front. Microbiol. 2022, 13, 1032234. [Google Scholar] [CrossRef]

	



Li, Z.; Cintrón, R.; Koon, N.A.; Moreno, S.N.J. The N-Terminus and the Chain-Length Determination Domain Play a Role in the Length of the Isoprenoid Product of the Bifunctional Toxoplasma gondii Farnesyl Diphosphate Synthase. Biochemistry 2012, 51, 7533–7540. [Google Scholar] [CrossRef]








[image: Cimb 46 00195 g001] 





Figure 1. Sequence analysis of FPPS proteins. (A) Sequence comparison of FPPSs from seven species. The red box represents FARM and SARM, and the yellow box represents CLD; (B) Construction of a phylogenetic tree based on FPPS amino acid sequences of different species using the neighbor-joining method. Red dots marked the SpFPPS in this study. 
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Figure 2. Expression of pET32a-SpFPPS. (M: marker; 1 and 2: supernatants of BL21 (DE3) strains carrying plasmids pET32a and pET32a-SpFPPS after fragmentation; 3 and 4: precipitation of BL21(DE3) strain carrying plasmids pET32a and pET32a-SpFPPS after fragmentation). 
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Figure 3. Purification of pET32a-SpFPPS. (M: marker; 1–5: sequential elution with elution buffer). 
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Figure 4. TLC analysis of in vitro enzyme activity reaction products of SpFPPS. (S: GOH, FOH and GGOH standard mix; 1, 3, 5 and 7: reaction system assay without SpFPPS protein using DMAPP, GPP, FPP and GGPP as substrates, respectively; 2, 4, 6 and 8: enzymatic reaction system containing SpFPPS protein with DMAPP, GPP, FPP and GGPP as substrates, respectively, 9: SpFPPS without substrates). 
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Figure 5. Visualization of FARM and the upstream fourth and fifth residues in the protein structure and sequences. Red represents SpFPPS, purple represents SpFPPS-Y90A, and gray represents SpFPPS-Y90K. 






Figure 5. Visualization of FARM and the upstream fourth and fifth residues in the protein structure and sequences. Red represents SpFPPS, purple represents SpFPPS-Y90A, and gray represents SpFPPS-Y90K.



[image: Cimb 46 00195 g005]







[image: Cimb 46 00195 g006] 





Figure 6. TLC analysis of in vitro enzyme activity reaction products of wild-type SpFPPS and mutant SpFPPSs. (A–D) Allyl diphosphate substrates were DMAPP, GPP, FPP and GGPP (S: GOH, FOH and GGOH standard mix). 
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Table 1. Functional diversity of isoprenyl diphosphate synthases.
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	Enzymes
	Organism
	Products
	Reference





	FPPS
	Zea mays L.
	FPP, GGPP
	[35]



	FPPS
	Myzus persicae
	GPP, FPP
	[36]



	GPPS
	Phalaenopsis bellina
	GPP, FPP
	[37]



	GPPS
	Picea abies (Norway spruce)
	GPP, FPP, GGPP
	[38]



	GPPS
	Picea abies
	GPP, GGPP
	[39]



	GPPS
	Lithospermum erythrorhizon
	GPP, FPP
	[40]



	FPPS
	Plasmodium falciparum
	FPP, GGPP
	[41]



	FPPS
	Toxoplasma gondii
	FPP, GGPP
	[42]



	GGPPS
	Haematococcus pluvialis
	GPP, FPP, GGPP
	[29]



	SpFPPS-Y90A
	S. pararoseus
	FPP, GGPP
	This study
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2024 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file4.png





nav.xhtml


  cimb-46-00195


  
    		
      cimb-46-00195
    


  




  





media/file2.png
