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Abstract

:

As an indispensable essential amino acid in the human body, lysine is extremely rich in edible mushrooms. The α-aminoadipic acid (AAA) pathway is regarded as the biosynthetic pathway of lysine in higher fungal species in Agaricomycetes. However, there is no deep understanding about the molecular evolutionary relationship between lysine biosynthesis and species in Agaricomycetes. Herein, we analyzed the molecular evolution of lysine biosynthesis in Agaricomycetes. The phylogenetic relationships of 93 species in 34 families and nine orders in Agaricomycetes were constructed with six sequences of LSU, SSU, ITS (5.8 S), RPB1, RPB2, and EF1-α datasets, and then the phylogeny of enzymes involved in the AAA pathway were analyzed, especially homocitrate synthase (HCS), α-aminoadipate reductase (AAR), and saccharopine dehydrogenase (SDH). We found that the evolution of the AAA pathway of lysine biosynthesis is consistent with the evolution of species at the order level in Agaricomycetes. The conservation of primary, secondary, predicted tertiary structures, and substrate-binding sites of the enzymes of HCS, AAR, and SDH further exhibited the evolutionary conservation of lysine biosynthesis in Agaricomycetes. Our results provide a better understanding of the evolutionary conservation of the AAA pathway of lysine biosynthesis in Agaricomycetes.
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1. Introduction


Lysine is an essential amino acid required for normal growth and development in the human body [1,2]. Lack of lysine will not only impair protein synthesis but also seriously affect the organismal immune and central nervous systems [3,4]. Lysine exhibits promising application prospects in the food, chemical synthesis, cosmetic, and pharmaceutical industries. Edible wild fungi in Agaricomycetes are important sources of amino acids and serve as excellent food sources of lysine for humans [5,6]. There are three perspectives recognized in the origin and evolution of lysine metabolic pathways, including the retro-evolution hypothesis, forward development hypothesis, and enzymatic recruitment hypothesis [7,8,9]. The enzymatic recruitment hypothesis of lysine biosynthesis is widely accepted based on the available research. Lysine is the only amino acid among protein-derived amino acids that is involved in two different synthetic pathways in organisms [2,10]. In bacteria, lower fungi, and green plants, the diaminopimelate (DAP) pathway of lysine biosynthesis begins with aspartate semialdehyde and pyruvate. The α-aminoadipate (AAA) pathway of lysine biosynthesis is found in higher fungi and euglenoids with α-ketoglutarate from citric acid cycle as the precursor [2,9]. Moreover, the intermediates in the AAA pathway are incorporated into secondary metabolites with biological activities such as penicillin, slaframine, and swainsonine [10]. There are seven intermediates and eight enzymes involved in the AAA pathway from the precursor to the generation of lysine in Agaricomycetes [10] (Figure 1). These intermediates and enzymes are not only an important basis for exploring lysine biosynthesis but are also significant targets for the development of antifungal drugs [11,12].



The origin and evolution of the lysine biosynthetic pathway is a key step in cellular evolution because it changes the dependence of primitive cells on the external environment [9]. Based on the conservation of the amino acid sequences of specific enzymes in the pathways, Velasco and colleagues showed that the enzymes in the DAP pathway are related to arginine metabolism, and the enzymes in the AAA pathway are involved in leucine metabolism [13]. This is the first simple description of the evolutionary relationships of the lysine biosynthetic pathway, but this study does not cover the relationship between the lysine biosynthesis pathway and the evolution of species in Basidiomycota [13]. Torruella et al. explained the evolutionary history of lysine in eukaryotes based on the phylogenetic relationship between α-aminoadipate reductase (AAR) and LysA genes, and confirmed that the AAR gene is a molecular synapomorphy of fungi and protist Corallochytrium limacisporum [14]. However, the study only involves the homology of AAR from four species in Basidiomycota. Among the eight enzymes in the AAA pathway, homocitrate synthase (HCS) catalyzes the first step in lysine biosynthesis. The condensation of acetyl-CoA and α-ketoglutarate to form homocitrate is considered to be the rate-limiting step in the biosynthesis of lysine [2]. AAR catalyzes the reduction of α-aminoadipate to a semialdehyde, which is the most striking transformation in the biosynthesis of lysine in fungi. It is considered to be a completely unique mechanism in the primary metabolism of fungi [10]. The last step of the AAA pathway of lysine biosynthesis is a key step catalyzed by saccharopine dehydrogenase (SDH) in higher fungi. SDH catalyzes the cleavage of saccharopine with the aid of NAD+ to generate α-ketoglutarate and L-lysine. [10]. In recent years, the number of Agaricomycetes species whose genomes and transcriptomes have been sequenced is increasing, providing us with indispensable sequences with which to study the evolution of lysine biosynthesis in Agaricomycetes [15,16].



To date, the evolutionary relationship of lysine biosynthesis in Agaricomycetes is unclear. In this study, the phylogenetic relationship of lysine biosynthesis in Agaricomycetes was analyzed based on the reported sequences of the enzymes involved in the AAA pathway, especially HCS, AAR, and SDH, and the structural characteristic of proteins and the binding sites in predicted spatial structures. There is evolutionary conservation of lysine biosynthesis with evolution at the order level in Agaricomycetes.




2. Materials and Methods


2.1. Differential Expression Analysis of Genes by RNA-seq


The expression values of the eight genes of the enzymes in the AAA pathway of Coprinopsis cinerea #326 (GEO accession: GSE125184) and Lentinus tigrinus RLP-9953 (GEO accession: GSE125190) at different developmental stages by RNA-seq were downloaded from the GEO database in NCBI (https://www.ncbi.nlm.nih.gov/geo/ (accessed on 12 December 2021)). The transcriptome data were obtained from JGI database (https://jgi.doe.gov/ (accessed on 12 December 2021)) [16]. GraphPad 8.01 software was used for statistical analysis of expression level of genes.




2.2. Collection and Assembly of Sequences


The amino acid sequences of eight enzymes in the AAA pathway were downloaded from the NCBI database (www.ncbi.nim.nih.gov (accessed on 9 October 2021)). BLASTP analysis was done with the reported amino acid sequences of HCS (AGG53996.1) from F. velutipes, AAR (XP_001879618.1) from Laccaria bicolor, and SDH (QCX08356.1) from F. velutipes, and the homologous amino acid sequences from Agaricomycetes and Tremellomycetes were downloaded from the NCBI database for phylogenetic analysis [1,14,17]. This sequence information is listed in Tables S1–S3. The nucleotide sequences of six genes, including LSU, SSU, ITS (5.8S), RPB1, RPB2, and EF1-α, were downloaded and used to construct the phylogenetic tree of species (Table S4) [18,19].




2.3. Phylogenetic Analysis of Species and Enzymes Involved in the AAA Pathway


Sequence Matrix 1.7.8 was used to splice the above combination of six genes to construct the phylogenetic tree of the species. The amino acid sequences of HCS, AAR, SDH, HAH, HIDH, AAT, and SDR were aligned by MEGA 6.06 software, and then were manually adjusted. Phylogenetic trees of HCS, AAR, SDH, HAH, HIDH, AAT, and SDR were constructed by RAxML 1.3.1 software. The default PROTGAMMA (DAYHOFF) was selected for the amino acid replacement model and the maximum likelihood (ML) method was used for clustering. The nucleotide substitution model selected the default GTRGAMMA, and clustering was performed by the ML method with other parameters identical to the above constructions [18]. The strains of Tremellomycetes were regarded as the outgroup, and the reliability of internal branch was evaluated with 1000 bootstrap resampling. The phylogram was viewed and modified with FigTree (version 1.4.4).




2.4. Conservative Analysis of the Primary and Secondary Structures of HCS, AAR, and SDH


The conserved domains in the primary structures of HCS, AAR, and SDH in each species were analyzed by NCBI’s Conserved Domain Database (http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi (accessed on 9 October 2021). The secondary structures analysis of the enzymes were predicted with SOPMA (https://npsa-prabi.ibcp.fr/cgi-bin/npsa_automat.pl?page=npsa_sopma.html (accessed on 9 October 2021) [20].




2.5. 3-D Structure Predictions of HCS, AAR, and SDH


The amino acid sequences of HCS (AGG53996.1), AAR (XP_001879618.1), and SDH (QCX08356.1) were submitted to I-TASSER webserver (https://zhanggroup.org/I-TASSER/ (accessed on 18 November 2021)) to predict the three-dimensional (3-D) structures [21,22]. The 3-D structures of these proteins were visualized in the Pymol 2.5 software package. All of the parameters were default.




2.6. Conservative Motif Analysis of Binding Sites in 3-D Structures of HCS, AAR, and SDH


The binding sites of substrate or cofactor in the 3-D structures of HCS, AAR, and SDH were then attained by sequence alignment based on the binding sites of the known homologous proteins in the PDB database. The conservative motifs analysis of the substrates or cofactor binding sites in homologous sequences of the three proteins were queried in MEME 5.4.1 (Multiple EM for Motif Elicitation, https://meme-suite.org/meme/tools/meme (accessed on 18 November 2021)) [23]. The search parameters were as follows: number of different motifs with 20, minimum motif width with 6, maximum motif width with 16, and other parameters were default.





3. Results


3.1. RNA-seq Analysis of the Genes of the Eight Enzymes Involved in the AAA Pathway


RNA-seq analysis showed significant differences in the expression levels of genes of the eight enzymes in the AAA pathway at different development stages and in different species [16]. The expression of genes in C. cinerea and L. tigrinus is shown in Figure S1. The results showed that HCS is almost at a higher level of expression at all of the development stages in the two strains, the expression levels of genes of HCS, AAT, AAR, and SDH are at a higher level in C. cinerea, and the expression levels of genes of HCS, HAH, HIDT, AAR, SDR, and SDH are at a higher level in L. tigrinus. Genes expression at the transcriptional level reflected the production of lysine at the different development stages. There was a correlation between Fvhcs gene expression and lysine production in the different developmental stages of F. velutipes based on the transcripmental analysis [1]. Our previous study also shows that the field of lysine achieves the high peak of production at the earlier stage in fermentation [24].




3.2. Phylogenetic Analysis of HCS in Agaricomycetes


Phylogenetic analysis of FvHCS in F. velutipes and other homocitrate synthase proteins from diverse fungal species in Agaricomycotina is congruent with the current fungal systematics, and these orthologous sequences may be used as DNA bar codes to assist in classifying fungi relationships [1]. To examine the molecular evolutionary mechanism of lysine biosynthesis in Agaricomycetes, we firstly performed a phylogenetic analysis of HCS, and then compared the phylogenetic relationships of species in Agaricomycetes. The 43 species having orthologous HCS sequences were distributed in 19 families and seven orders in Agaricomycetes (Table S1). These strains belong to the Agaricales, Polyporals, Russulales, Hymenochaetales, Auriculariales, Gomphales, and Cantharellales, and have a robust phylogenetic framework at the order level. However, there was some confusion at the family level, including species in families of Omphalotaceae and Pluteaceae. Horizontal gene transfer (HGT) could occur among multiple species at the family level during the long evolutionary process. The results showed the phylogenetic relationship between species and HCS at the order level (Figure 2A,B). This indicated that the evolution of HCS was consistent with the evolution of species at the order level, but there were some differences at the family level in Agaricomycetes.




3.3. Phylogenetic Analysis of AAR in Agaricomycetes


The reaction catalyzed by AAR is arguably the key step in the fungal lysine biosynthesis pathway, and is an essential mechanism in primary metabolism [10,25]. AAR is regarded as a key enzyme in the evolution of fungal lysine synthase [26]. Analyzing the phylogeny of AAR can help to understand how lysine biosynthesis evolved in fungi. The AAR homologous sequences of 41 strains in Agaricomycetes with sequences of outgroup species in Tremellomycetes were used. These 41 species with reported AAR belonged to 25 families and six orders in Agaricomycetes (Table S2). However, not all of the homologous sequences of AAR in the strains having HCS sequence were obtained from the NCBI database. There may be two reasons for it. On the one hand, there is a branch pathway in the AAA pathway of lysine synthesis which is located upstream of the AAR enzyme. The five enzymes LysX, LysZ, LysY, LysJ, and LysK sequentially catalyze the conversion of α-aminoadipate to lysine. This branch pathway typically exists in bacteria and archaea [10]. On the other hand, some enzymes with highly homologous sequences may be involved in the synthesis of other molecules. With the exception of Pholiota molesta, Crucibulum laeve and Cyathus striatus, other species have a robust phylogenetic framework at the order level. The evolutionary types of the phylogeny of AAR with Agaricales, Polyporales, Russulales, and Cantharellales were consistent with those of HCS. The phylogenetic tree shows the phylogenetic relationship between species and AAR at the order level in Agaricomycetes (Figure 3A,B). The results indicated that the evolution of AAR was consistent with the evolution of species at the order level.




3.4. Phylogenetic Analysis of SDH in Agaricomycetes


SDH catalyzes the final step of lysine biosynthesis in the AAA pathway [10]. Overexpression of Fvsdh can improve lysine biosynthesis in F. velutipes [27]. The phylogenetic analysis of SDH indicated that 53 species with outgroup species in Tremellomycetes were members of 22 families and three orders in Agaricomycetes. The majority of the species containing SDH in Agaricomycetes existed in Agaricales and Boletales, and had a robust phylogenetic framework at the order level. The phylogenetic structure was disorganized at the family level (Figure 4A,B). This result was consistent with the results of a previous analysis of HCS and AAR.




3.5. Phylogenetic Analysis of Other Enzymes in the AAA Pathway


In addition to the previously analyzed enzymes, the AAA pathway includes another five enzymes—HCD, HAH, HIDH, AAT, and SDR [2,10] (Figure 1). Since the function of HCD was confirmed in 1964, there have been only a few homologous sequences of Agaricomycetes in the NCBI database, including homologous sequences of HCD from Grifola frondose (OBZ73766.1), Trametes pubescens (OJT09835.1), Hypsizygus marmoreus (RDB23442.1) and Sparassis crispa (XP_027609096.1). Thus, it is difficult to probe the conservation and molecular evolution of Agaricomycetes. Eight homologous sequences of AAT were identified in four species in Agaricomycetes in the NCBI database that are members of MocR family based on a BLASTP analysis of AAT (XP_002910512.1) in C. cinerea [28]. Phylogenetic analysis of the homology of AAT showed that they are clustered into two different branches, namely PLP-dependent transferase and TdiD protein (Figure S3). They were predicted to be kynurenine/alpha-aminoadipate aminotransferase and to be involved in transcription and amino acid transport. They have the same conserved domains of AAT and can catalyze the reversible exchange of the amino group on one molecule and the ketone group on the other molecule, which suggests that they could have descended from a common ancestor. Moreover, BLASTP analysis of these three enzymes in the AAA pathway was conducted based on the sequences of HAH (PBL03870.1) in Armillaria gallica [29], HIDH (XP_001836919.1) in C. cinerea [28], and SDR (KIY66865.1) in Cylindrobasidium torrendii [30]. There are 72 homologous sequences of HAH, 86 homologous sequences of HIDH, and 31 homologous sequences of SDR in the NCBI database. The phylogenetic analysis of HCS, AAR, and SDH also showed that all of them are more highly conserved at the order level in Agaricomycetes (Figures S2, S3, and S5).




3.6. Conservation of Domains in the Primary Structures of HCS, AAR, and SDH


The conservation of amino acid sequences of proteins is affected by their restriction of molecular function and by molecular evolution. Typically, one protein is composed of several different domains with varying evolutionary origins and functions. The functional characteristic conservative domains of HCS, AAR, and SDH were analyzed using the NCBI Conserved Domain Database (Figure 5). Firstly, 43 HCS homologous sequences were analyzed in Agaricomycetes. Although the composition of amino acid sequences was distinctly different in HCS, AAR, and SDH. Their common features indicated that they are members of the DRE_TIM_HCS metallolyase superfamily. Since members of this family have similar structural features of the proteins, they can perform similar functions, such as catalyzing the condensation of acetyl-CoA with α-ketoglutarate to form homocitrate. There is a motif syntapomorphic to the Agaricomycotina, which revealed the conserved nature of HCS that could aid in identifing homocitrate synthase in other species of Agaricomycotina [1]. Our data indicated that HCS has been highly conserved, which is conducive to the evolution of a more perfect pathway for lysine synthesis in higher fungi (Table S1).



Secondly, 42 homologous sequences of AAR in strains of Agaricomycetes were analyzed. The amino acid sequences of AAR were significantly longer than the amino acid sequences of HCS, and they were all members of the alpha_am_amid superfamily (Figure 5). The results indicate that the characteristics of domains in the primary structures of AAR are also highly conserved (Table S2). Alternatively, the amino acid sequences of SDH from 66 species in Agaricomycetes and Tremellomycetes were analyzed. The amino acid sequences of SDH with approximately 0 and 400 residues were predicted to be part of the NADB_Rossman superfamily. Only SDHs in the NADB_Rossman superfamily can catalyze the cleavage of saccharine to produce lysine and α-ketoglutarate. Therefore, we compared the members of the NADB_Rossman in the 66 strains. The results showed that the amino acid sequences of SDHs are highly conserved and do not change significantly owing to the differences in the species (Table S3). The domains in the primary structures of HCS, AAR, and SDH provide additional evidence that the AAA pathway of lysine biosynthesis was highly conserved in Agaricomycetes.




3.7. High Conservation of the Secondary Structures of HCS, AAR, and SDH


The secondary structure of protein is primarily composed of alpha helices, extended strands, beta turns, and random coils. Based on the homologous sequences of HCS, AAR, and SDH in Agaricomycetes species, characteristics of the secondary structure of these homologous sequences were analyzed (Table S5). Alpha helices and random coils are the dominant forms in the secondary structures of HCS, AAR, and SDH. The ranges of variation of the alpha helices of proteins in different species were 8.20%, 3.99%, and 5.53%, respectively. For the extended strand, the ranges of variation of HCS, AAR, and SDH in different species were 3.50%, 2.17%, and 3.18%, respectively. The ranges of variation of the beta turns of HCS, AAR, and SDH in different species were 2.49%, 1.58%, and 2.91%, respectively. Finally, for the random coil, the ranges of variation of HCS, AAR, and SDH in different species were 8.46%, 1.91%, and 6.79%, respectively (Figures S6–S8). These results indicated that the secondary structures of HCS, AAR, and SDH do not differ conspicuously in different species. In addition, the main reason for these subtle differences could be that there is not a remarkable difference at the boundary of secondary structures. The large number of alpha helices and random coils lays the foundation for maintenance of the stability and complexity of the protein conformation. The characteristics of secondary structures of HCS, AAR, and SDH have a high degree of similarity and conservation. HCS, AAR, and SDH are derived from their own ancestors in different species. Thus, lysine biosynthesis is inseparable with the evolution of HCS, AAR, and SDH. The evolutionary conservation of HCS, AAR, and SDH at the secondary structures also further reflects the evolutionary trend of lysine biosynthesis in Agaricomycetes.




3.8. 3-D Structures of HCS, AAR, and SDH and the High Conservation of Binding Sites


The three-dimensional (3-D) structure of FvHCS in F. velutipes was predicted by I-TASSER (Figure 6A). The result showed that FvHCS is composed of both an N-terminal catalytic domain and a C-terminal hybrid domain, in which the C-score was −1.41 Å. The TM-score was 0.54 ± 0.15 Å, and the RMSD was 10.4 ± 4.6 Å. These data truly reflected the tertiary structure of FvHCS. Ten structural analogues of FvHCS were identified by conducting comparisons in the PDB database, including with members of the archaea (6ktqA), bacteria (6e1jA, 3figB, 4ov4A, 3bliA, 3a9iA, 3rmjA and 6ndsA), fungi (3ivtB), and Metazoa (2cw6A) (Table S7). The homology between FvHCS and 3ivtB in Schizosaccharomyces pombe was 69.4%. The results indicated that HCS is widely distributed in different species and extremely highly conserved in fungi. We deduced the substrate-binding sites of FvHCS based on the catalytic function of 3ivtB (Figure 6B) [31]. The substrate-binding pocket of FvHCS is in the classical (α/β) 8 TIM barrel, and the substrate molecule is fixed in the center of the β-barrel through hydrogen bonds and salt bridges that interact with the surrounding amino acid residues. The amino acid residues of Glu-68, His-248, and His-250 interacted with the substrate by binding divalent Zn2+, and Arg-67,Thr-221, His-127, Arg-187, and Ser-189 which bind to the specific groups in the substrate through hydrogen bonding and catalyze the condensation of α-ketoglutarate with acetyl-CoA to form homocitrate (Figure 6B). The conservative motifs of substrate-binding sites of HCS were identified in 30 species in Agaricomycetes by MEME. There were eight amino acid residues highly conserved and widely distributed in the orders of Agaricales, Polyporales, Russulales, Hymenochaetales, Gomphales, Auriculariales, Cantharellales, Trichosporonales, and Cystofilobasidiales (Figure 6C).



The 3-D structure of LbAAR with 1420 amino acid residues in L. bicolor was predicted by I-TASSER. It consists of four domains, including the condensation (C) domain (residues 10–116), adenylation (A) domain (residues 288–862), peptidyl carrier protein (PCP) (residues 885–951), and extended (e) SDRs (residues 1013–1317) (Figure 6D). LbAAR was predicted to be a non-ribosomal peptide synthetase (NRPS), in which the C-score was −1.61 Å, the TM-score was 0.52 ± 0.15 Å, and the RMSD was 13.8 ± 3.9 Å. NRPS is generally considered to be one type of enzyme in secondary metabolic synthesis, and it is also indispensable in lysine synthesis. The reaction catalyzed by AAR is thought to be a unique reaction mechanism that involves both adenylation and reduction in primary metabolism [10]. Ten structural analogues of LbAAR were identified by comparison in PDB database, including bacteria (4zxhA, 6mfzA, 2vsqA, 6n8eA, 4zxjA, 5u89A, 1amuA, and 1mdbA), fungi (1ry2A) and metazoa (2d1rA) with relatively low homology (Table S7). 1ry2A in Saccharomyces cerevisiae was identified as acetyl-coenzyme A synthetase. The 3–D structure of 1ry2A was only similar to the A domain in LbAAR and had no connection with other domains [32]. The catalytic reaction by LbAAR is a three-step process from α-aminoadipate to semialdehyde. ATP and NAD(P)H play roles in the first step of adenylation and the second step of reduction, respectively, and there are no cofactors involved in the third step [2]. Based on the catalytic function of AAR in bacteria, the binding sites of cofactors and substrates in LbAAR were deduced (Figure 6E,G,I) [33]. There is one bigger N-terminal domain and one smaller C-terminal domain in the A domain, and AMP is combined on the interfaces of these two domains. The binding sites in A domain consist of 15 amino acid residues, including Thr-462, Ser-463, Gly-577, Asp-578, Asn-599, Met-600, Tyr-601, Gly-602, Thr-603, Thr-604, Ala-634, Asp-727, Cys-739, Arg-742, and Lys-856 (Figure 6E). The conservative motifs of binding sites of AMP in AAR were identified in 27 species in Agaricomycetes by MEME. There were 15 amino acid residues highly conserved and widely distributed in the orders of Agaricales, Boletales, Gloeophyllales, Polyporales, Russulales, and Cantharellales (Figure 6F). The core structure of extended (e) SDRs contains the conserved Rossmann-fold structure with a TGXXGXXG cofactor binding motif (TGATGFLG) and a YXXXK active site motif (YGQTK). There were 21 amino acid residues of binding sites with NAD(P) as cofactor in LbAAR, and, in 27 species, all of these amino acid residues were conserved except for Phe-1022, Ala-1047, Ala-1125, Pro-1219, and Val-1222 (Figure 6H). The amino acid residues as binding sites of substrates in extended (e) SDRs were predicted to contain Ser-1150, Tyr-1193, Tyr-1221, Phe-1236, and Leu-1247 (Figure 6I). These five amino acid residues are high conserved in Agaricomycetes (Figure 6J). Alternatively, the three amino acid residues of Ser-1150, Tyr-1193, and Tyr-1221 are involved in binding sites in both NAD(P) and substrate molecules. Moreover, the Ser residue in the PCP domain is usually an important active site to load aminoyl-AMP. Ser-915 in the PCP domain of LbAAR is hypothesized to exercise this function, and it is also conserved in Agaricomycetes (Figure S9). The functional analysis of these amino acid residues as binding sites in NRPS reveals the conservative property of AAR in the reduction of α-aminoadipate.



The 3-D structure of FvSDH with 368 amino acid residues in F. velutipes was pre-dicted by I-TASSER. FvSDH consists of two domains with similar size, namely an N-terminal domain (Domain I, 4–136 residues, 331–368 residues) and a C-terminal domain (Domain II, 137–330 residues) (Figure 6K). Domain I has the main binding sites of the substrate saccharopine. It contains one α/β fold and is similar to the topology of dinucleotide binding domains [34]. Domain II has the main binding sites of cofactor NAD, and it contains one typical Rossmann fold (α-β-α-β-α-β). The substrate primarily binds in the crack between the two domains, and the enzyme has broad substrate specificity [35]. Ten structural analogues of FvSDH were identified by comparison in the PDB database, including fungi (2qrlA), bacteria (1pjcA, 1f8gA, 1m2wA, and 1gcaA), metazoa (1gz3A, 1p0fA, 1hrkA, 1pl6A), and viridiplantae (1u1uA) (Table S7). The homology between FvSDH and 2qrlA in S. cerevisiae was 54.3%, which showed that the SDH analogues are widely distributed and highly conserved in fungal species. Based on the catalytic function of SDH in S. cerevisiae, the substrate-binding sites of FvSDH were predicated (Figure 6L). The substrate-binding sites of FvSDH are in the interface of domain I. Arg-18 interacts with the two carboxyl groups of saccharopine, and Glu-121 forms hydrogen bonds with the imine part of saccharopine. Lys-98 interacts with the amino acid tail of saccharopine at the edge of the binding site of substrate. Both side chains of Lys-77 and His-95 are suitable as acid−base catalysts in the reaction [36]. The Asp-219 residue is not a binding site of the substrate, but it could play a key role in binding the ribose portion of the AMP molecule (Figure 6M). These key substrate binding sites are highly conserved in Agaricomycetes, which suggests that the catalytic function of SDHs on substrate saccharopine is also highly conserved in functional evolution.





4. Discussion


Lysine is one of the essential amino acids for human growth and development, and it is prevalent in mushrooms of Agaricomycetes [37]. Our understanding of lysine biosynthesis at the molecular level has enormously in-creased with the growth of genomic information [1,27]. Therefore, phylogeny of the ly-sine biosynthetic pathway will help to reveal the evolutionary course of lysine biosyn-thesis. The AAA pathway is responsible for the production of lysine in Agaricomycetes species [1,27,38]. Eight enzymes involved in AAA pathway, including HCS, HCD, HAH, HIDH, AAT, AAR, SDR, and SDH, are primarily involved in the biosynthesis of lysine in higher fungi [10,39]. In addition, the phylogenetic relationship of the three enzymes of HCS, AAR and SDH in the AAA pathway is consistent with the evolution-ary relationship of species in Agaricomycetes [18,40]. The homologous sequences of HCS, AAR, and SDH are known only in 70 species of 10 orders in Agaricomycetes, which confirms the widespread existence of lysine in Agaricomycetes, and further up-dates the number of lysine-producing species in Agaricomycetes [13]. Owing to the limited resources of strains contained known sequences of HCS, AAR and SDH, we have not identified the existence of these three enzymes in other orders of Agaricomy-cetes. Even so, our results could only reflect the phylogenetic relationships of the mi-nority of strains reported in Agaricomycetes. It provides concepts to reveal the phylo-genetic relationships of lysine biosynthesis in Basidiomycota fungi in more detail. The phylogenetic relationships of other enzymes in AAA pathway were analyzed in Agaricomycetes based on the known enzymes of homologous sequences. The results showed that the enzymes involved in AAA pathway of lysine biosynthesis are more higer conserved at the order level in Agaricomycetes in addition to HCD and AAT. There are no adequate numbers of homologous sequences of them to construct a phylogenetic analysis.



The phylogenetic relationships of HCS, AAR, and SDH are similar at the order level in Agaricomycetes. But the species with each enzyme used in the phylogenetic tree had very obvious differences. In all of the phylogenetic trees, there were only eight species, including A. gallica, A. solidipes, Coprinellus angulatus, L. tigrinus, Polyporus brumalis, Dichomitus squalens, Russula ochroleuca, and R. emetic, and there were only one or two known enzymes in other species. There may be three possible reasons for this: (1) the homologous enzymes in other species have not been identified; (2) the enzymes in other species have evolved to have an unrecognizable primary structure; or (3) the enzymes that are lacking in other species may be supplemented by enzymes with low specificity in other metabolic pathways [39,41]. Moreover, the evolutionary relationship between Pholiota molesta, C. laeve, and C. striatus was chaotic in the phylogeny of AAR, and it was not consistent with the evolutionary relationship of HCS and SDH. We hypothesized that the AAR from these three species may be undergone horizontal gene transfer from other species during the evolution process [39].



The 3-D structure of proteins largely determine the biological functions of enzymes, and the binding sites of substrate are the important factor in studying the functional evolution of proteins. Therefore, understanding of the 3-D structure of proteins and the conservation of binding sites is highly significant for revealing the functional evolution of enzymes. Crystal structures of HCS and SDH in yeast provide the basis for predicting their 3-D structures in fungi [31,34]. There was a high degree of homology of the 3-D structures between HCS and SDH in F. velutipes and 3ivtB in S. pombe and 2qrlA in S. cerevisiae. The results revealed the high degree of conservation of 3-D structures between HCS and SDH in Agaricomycetes, even in fungi. Moreover, our sequence alignment revealed that the binding sites in HCS and SDH are highly conserved in Agaricomycetes. The 3-D structural analysis of FvAAR in F. velutipes revealed that it is a member of NRPS, which catalyzes one unique reaction mechanism in the primary metabolism in fungi. The results of our prediction showed that the binding sites with AMP, NAD(P), and the substrate are highly conserved expect for five binding sites (Phe-1022, Ala-1047, Ala-1125, Pro-1219, and Val-1222) with NAD(P) in Agaricomycetes. There is no crystal structure of AAR homology of the enzymes to predict the AAR in fungi. The lower degree of homology between FvAAR and other homologous sequences of AAR in the PDB database could be the primary cause of the poor conservation in NAD(P) binding sites. We retrieved the 3-D structure of AAR (Login number: P07702) in S. cerevisiae S288c predicted by AlphaFold in UniProt database (https://www.uniprot.org/ (accessed on 18 November 2021)). Thus, it is necessary to study the complex model of interactions between LbAAR and substrates or cofactors through AlphaFold and molecular docking to reveal the molecular mechanism of the evolution of lysine biosynthesis. Furthermore, there is one conservative Ser site in the PCP domain of AAR in both S. cerevisiae and Agaricomycetes species [42]. The Ser site is an important target to study the interactions between NRPS and small molecules. The conservation of this Ser site provides additional evidence that reveals the preservation of the catalytic mechanism of AAR in fungi.




5. Conclusions


In this work, we revealed the phylogenetic relationship of lysine biosynthesis in Agaricomycetes with the enzymes involved in the AAA pathway, particularly HCS, AAR, and SDH. The results indicate that the evolution of lysine biosynthesis evolved in parallel with the evolution of species at the order level in Agaricomycetes. HCS, AAR, and SDH are highly conserved in their primary, secondary, tertiary structures, and the binding sites of substrates. The degree of structure homology of enzymes reflects the degree of conservation of the lysine biosynthesis pathway in Agaricomycetes during the evolutionary process. Based on analysis of 3-D structure of the three enzymes of HCS, AAR, and SDH in the AAA pathway and the conservation of catalytic residues of the binding sites, the catalytic function of these enzymes was highly conserved in evolution in Agaricomycetes. Lysine biosynthesis could have served as an evolutionary precursor to more biosynthesis of other essential amino acids.








Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/jof8010037/s1, Table S1: The homologous sequences of HCS used to construct the phylogenetic tree in this study. Table S2: The homologous sequences of AAR used to construct the phylogenetic tree in this study. Table S3: The homologous sequences of SDH used to construct the phylogenetic tree in this study. Table S4: The sequences used to construct the phylogenetic tree of species in this study. Table S5: Characteristics of the predicted secondary structures of HCS, AAR, and SDH in Agaricomycetes. Table S6: Sequences used for 3-D structure prediction and conservation analysis of binding sites of HCS, AAR, and SDH. Table S7: The proteins with similar 3-D structures to the reported proteins of HCS, AAR, and SDH in the PDB database. Figure S1: Expression levels of the genes of eight enzymes involved in the AAA pathway in different development stages by RNA-seq analysis in Coprinopsis cinerea and Lentinus tigrinus. Figure S2: Phylogenetic tree of HAH in Agaricomycetes with Tremellomycetes as outgroup. Figure S3: Phylogenetic tree of HIDH in Agaricomycetes with Tremellomycetes as outgroup. Figure S4: Phylogenetic tree of AAT in Agaricomycetes. Figure S5: Phylogenetic tree of SDR in Agaricomycetes with Tremellomycetes as outgroup. Figure S6: Characteristics of the secondary structure of HCS in Agaricomycetes. Figure S7: Characteristics of the secondary structure of AAR in Agaricomycetes. Figure S8: Characteristics of the secondary structure of SDH in Agaricomycetes. Figure S9: Multiple sequence alignment analysis of PCP domain in AAR from S. cerevisiae with PCP domains from 27 species in Agaricomycetes.





Author Contributions


W.-B.Y. and W.L. designed the idea of manuscript. Z.S., R.Z., M.H., L.Q. and G.C. performed sequences data. W.L. and Z.S. analyzed the data and drafted the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the National Key Research and Development Program of China (2018YFD0400200 and 2018YFD0400201). We also thank the Program of Provincial Distinguished Researcher, HNAS (200505006).




Institutional Review Board Statement


This study does not contain any studies with human or animal subjects.




Data Availability Statement


The data presented in this study are available in this manuscript, and constructs can be requested from the corresponding author.




Acknowledgments


This research is supported by the National Key Research and Development Program of China (2018YFD0400200 and 2018YFD0400201). We thank the Program of Provincial Distinguished Researcher, HNAS (200505006). We thank Heng Zhao (Beijing Forestry University) for the discussion about the phylogenetic analysis, and Yinglu Cui (Institute of Microbiology, CAS) for the helpful suggestion about the molecular docking analysis of 3-D protein structure.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Liu, F.; Wang, W.; Chen, B.Z.; Xie, B.G. Homocitrate synthase expression and lysine content in fruiting body of different developmental stages in Flammulina velutipes. Curr. Microbiol. 2015, 70, 821–828. [Google Scholar] [CrossRef]

	



Xu, H.; Andi, B.; Qian, J.; West, A.H.; Cook, P.F. The α-aminoadipate pathway for lysine biosynthesis in fungi. Cell Biochem. Biophys. 2006, 46, 43–64. [Google Scholar] [CrossRef]

	



Yin, J.; Li, Y.Y.; Han, H.; Zheng, J.; Wang, L.J.; Ren, W.K.; Chen, S.; Wu, F.; Fang, R.J.; Huang, X.G.; et al. Effects of lysine deficiency and Lys-Lys dipeptide on cellular apoptosis and amino acids metabolism. Mol. Nutr. Food Res. 2017, 61, 1600754. [Google Scholar] [CrossRef]

	



Astrom, S.; Vonderdecken, A. Lysine deficiency reduces transcription activity and concentration of chromatin proteins reversibly in rat-liver. Acta Physiol. Scand. 1983, 117, 519–525. [Google Scholar] [CrossRef]

	



Beluhan, S.; Ranogajec, A. Chemical composition and non-volatile components of Croatian wild edible mushrooms. Food Chem. 2011, 124, 1076–1082. [Google Scholar] [CrossRef]

	



Manninen, H.; Rotola-Pukkila, M.; Aisala, H.; Hopia, A.; Laaksonen, T. Free amino acids and 5 ‘-nucleotides in Finnish forest mushrooms. Food Chem. 2018, 247, 23–28. [Google Scholar] [CrossRef] [PubMed]

	



Schmidt, S.; Sunyaev, S.; Bork, P.; Dandekar, T. Metabolites: A helping hand for pathway evolution? Trends Biochem. Sci. 2003, 28, 336–341. [Google Scholar] [CrossRef]

	



Cunchillos, C.; Lecointre, G. Ordering events of biochemical evolution. Biochimie 2007, 89, 555–573. [Google Scholar] [CrossRef]

	



Fondi, M.; Brilli, M.; Emiliani, G.; Paffetti, D.; Fani, R. The primordial metabolism: An ancestral interconnection between leucine, arginine, and lysine biosynthesis. BMC Evol. Biol. 2007, 7 (Suppl. 2), S3. [Google Scholar] [CrossRef] [PubMed]

	



Zabriskie, T.M.; Jackson, M.D. Lysine biosynthesis and metabolism in fungi. Nat. Prod. Rep. 2000, 17, 85–97. [Google Scholar] [CrossRef] [PubMed]

	



Amich, J.; Bignell, E. Amino acid biosynthetic routes as drug targets for pulmonary fungal pathogens: What is known and why do we need to know more? Curr. Opin. Microbiol. 2016, 32, 151–158. [Google Scholar] [CrossRef] [PubMed]

	



Schobel, F.; Jacobsen, I.D.; Brock, M. Evaluation of lysine biosynthesis as an antifungal drug target: Biochemical characterization of Aspergillus fumigatus homocitrate synthase and virulence studies. Eukaryot. Cell 2010, 9, 878–893. [Google Scholar] [CrossRef] [PubMed]

	



Velasco, A.M.; Leguina, J.I.; Lazcano, A. Molecular evolution of the lysine biosynthetic pathways. J. Mol. Evol. 2002, 55, 445–459. [Google Scholar] [CrossRef]

	



Miyauchi, S.; Kiss, E.; Kuo, A.; Drula, E.; Kohler, A.; Sanchez-Garcia, M.; Morin, E.; Andreopoulos, B.; Barry, K.W.; Bonito, G.; et al. Large-scale genome sequencing of mycorrhizal fungi provides insights into the early evolution of symbiotic traits. Nat. Commun. 2020, 11, 5125. [Google Scholar] [CrossRef]

	



Liu, J.; Wang, J.; Zhang, D.; Shang, X.; Tan, Q. Analysis of genes related to lysine biosynthesis based on whole genome of Flammulina velutipes. Microbiol. China 2016, 43, 2225–2233. [Google Scholar] [CrossRef]

	



Krizsan, K.; Almasi, E.; Merenyi, Z.; Sahu, N.; Viragh, M.; Koszo, T.; Mondo, S.; Kiss, B.; Balint, B.; Kues, U.; et al. Transcriptomic atlas of mushroom development reveals conserved genes behind complex multicellularity in fungi. Proc. Natl. Acad. Sci. USA 2019, 116, 7409–7418. [Google Scholar] [CrossRef] [PubMed]

	



Martin, F.; Aerts, A.; Ahren, D.; Brun, A.; Danchin, E.G.J.; Duchaussoy, F.; Gibon, J.; Kohler, A.; Lindquist, E.; Pereda, V.; et al. The genome of Laccaria bicolor provides insights into mycorrhizal symbiosis. Nature 2008, 452, 88–92. [Google Scholar] [CrossRef]

	



He, M.-Q.; Zhao, R.-L.; Hyde, K.D.; Begerow, D.; Kemler, M.; Yurkov, A.; McKenzie, E.H.C.; Raspé, O.; Kakishima, M.; Sánchez-Ramírez, S.; et al. Notes, outline and divergence times of Basidiomycota. Fungal Divers. 2019, 99, 105–367. [Google Scholar] [CrossRef]

	



Li, G.J.; Zhao, R.L.; Zhang, C.L.; Lin, F.C. A preliminary DNA barcode selection for the genus Russula (Russulales, Basidiomycota). Mycology 2019, 10, 61–74. [Google Scholar] [CrossRef]

	



Geourjon, C.; Deleage, G. SOPMA: Significant improvements in protein secondary structure prediction by consensus prediction from multiple alignments. Comput. Appl. Biosci. 1995, 11, 681–684. [Google Scholar] [CrossRef]

	



Yang, J.; Zhang, Y. I-TASSER server: New development for protein structure and function predictions. Nucleic Acids Res. 2015, 43, W174–W181. [Google Scholar] [CrossRef]

	



Zhang, C.; Freddolino, P.L.; Zhang, Y. COFACTOR: Improved protein function prediction by combining structure, sequence and protein-protein interaction information. Nucleic Acids Res. 2017, 45, W291–W299. [Google Scholar] [CrossRef]

	



Bailey, T.L.; Williams, N.; Misleh, C.; Li, W.W. MEME: Discovering and analyzing DNA and protein sequence motifs. Nucleic Acids Res. 2006, 34, W369–W373. [Google Scholar] [CrossRef] [PubMed]

	



Song, Z.; Zhao, R.; Zhang, H.; Wei, P.; Qi, L.; Chen, G.; Yin, W.B.; Li, W. Rapid and accurate screening of lysine-producing edible mushrooms via the homocitrate synthase gene as a universal molecular marker. ACS Omega 2021, 6, 26910–26918. [Google Scholar] [CrossRef] [PubMed]

	



Kalb, D.; Lackner, G.; Hoffmeister, D. Functional and phylogenetic divergence of fungal adenylate-forming reductases. Appl. Environ. Microbiol. 2014, 80, 6175–6183. [Google Scholar] [CrossRef] [PubMed]

	



Nishida, H.; Nishiyama, M. What is characteristic of fungal lysine synthesis through the alpha-aminoadipate pathway? J. Mol. Evol. 2000, 51, 299–302. [Google Scholar] [CrossRef]

	



Liu, J.; Li, Q.; Jiang, P.; Xu, Z.; Zhang, D.; Zhang, L.; Zhang, M.; Yu, H.; Song, C.; Tan, Q.; et al. Overexpression of the saccharopine dehydrogenase gene improves lysine biosynthesis in Flammulina velutipes. J. Basic Microbiol. 2019, 59, 890–900. [Google Scholar] [CrossRef]

	



Stajich, J.E.; Wilke, S.K.; Ahren, D.; Au, C.H.; Birren, B.W.; Borodovsky, M.; Burns, C.; Canback, B.; Casselton, L.A.; Cheng, C.K.; et al. Insights into evolution of multicellular fungi from the assembled chromosomes of the mushroom Coprinopsis cinerea (Coprinus cinereus). Proc. Natl. Acad. Sci. USA 2010, 107, 11889–11894. [Google Scholar] [CrossRef]

	



Sipos, G.; Prasanna, A.N.; Walter, M.C.; O’Connor, E.; Balint, B.; Krizsan, K.; Kiss, B.; Hess, J.; Varga, T.; Slot, J.; et al. Genome expansion and lineage-specific genetic innovations in the forest pathogenic fungi Armillaria. Nat. Ecol. Evol. 2017, 1, 1931–1941. [Google Scholar] [CrossRef]

	



Floudas, D.; Held, B.W.; Riley, R.; Nagy, L.G.; Koehler, G.; Ransdell, A.S.; Younus, H.; Chow, J.; Chiniquy, J.; Lipzen, A.; et al. Evolution of novel wood decay mechanisms in Agaricales revealed by the genome sequences of Fistulina hepatica and Cylindrobasidium torrendii. Fungal Genet. Biol. 2015, 76, 78–92. [Google Scholar] [CrossRef]

	



Bulfer, S.L.; Scott, E.M.; Couture, J.F.; Pillus, L.; Trievel, R.C. Crystal structure and functional analysis of homocitrate synthase, an essential enzyme in lysine biosynthesis. J. Biol. Chem. 2009, 284, 35769–35780. [Google Scholar] [CrossRef]

	



Jogl, G.; Tong, L. Crystal structure of yeast acetyl-coenzyme A synthetase in complex with AMP. Biochemistry 2004, 43, 1425–1431. [Google Scholar] [CrossRef]

	



Drake, E.J.; Miller, B.R.; Shi, C.; Tarrasch, J.T.; Sundlov, J.A.; Allen, C.L.; Skiniotis, G.; Aldrich, C.C.; Gulick, A.M. Structures of two distinct conformations of holo-non-ribosomal peptide synthetases. Nature 2016, 529, 235–238. [Google Scholar] [CrossRef]

	



Andi, B.; Xu, H.; Cook, P.F.; West, A.H. Crystal structures of ligand-bound saccharopine dehydrogenase from Saccharomyces cerevisiae. Biochemistry 2007, 46, 12512–12521. [Google Scholar] [CrossRef]

	



Burk, D.L.; Hwang, J.; Kwok, E.; Marrone, L.; Goodfellow, V.; Dmitrienko, G.I.; Berghuis, A.M. Structural studies of the final enzyme in the alpha-aminoadipate pathway-saccharopine dehydrogenase from Saccharomyces cerevisiae. J. Mol. Biol. 2007, 373, 745–754. [Google Scholar] [CrossRef]

	



Kumar, V.P.; Thomas, L.M.; Bobyk, K.D.; Andi, B.; Cook, P.F.; West, A.H. Evidence in support of lysine 77 and histidine 96 as acid-base catalytic residues in saccharopine dehydrogenase from Saccharomyces cerevisiae. Biochemistry 2012, 51, 857–866. [Google Scholar] [CrossRef]

	



Krittanawong, C.; Isath, A.; Hahn, J.; Wang, Z.; Fogg, S.E.; Bandyopadhyay, D.; Jneid, H.; Virani, S.S.; Tang, W.H.W. Mushroom consumption and cardiovascular health: A systematic review. Am. J. Med. 2021, 134, 713–720. [Google Scholar] [CrossRef] [PubMed]

	



Storts, D.R.; Bhattacharjee, J.K. Properties of revertants of Lys2 and Lys5 mutants as well as alpha-aminoadipate-semialdehyde dehydrogenase from Saccharomyces cerevisiae. Biochem. Biophys. Res. Commun. 1989, 161, 182–186. [Google Scholar] [CrossRef]

	



Torruella, G.; Suga, H.; Riutort, M.; Pereto, J.; Ruiz-Trillo, I. The evolutionary history of lysine biosynthesis pathways within eukaryotes. J. Mol. Evol. 2009, 69, 240–248. [Google Scholar] [CrossRef] [PubMed]

	



Garnica, S.; Riess, K.; Schön, M.E.; Riess, K.; Schön, M.E. Divergence times and phylogenetic patterns of Sebacinales, a highly diverse and widespread fungal lineage. PLoS ONE 2016, 11, e0149531. [Google Scholar] [CrossRef] [PubMed]

	



Irvin, S.D.; Bhattacharjee, J.K. A unique fungal lysine biosynthesis enzyme shares a common ancestor with tricarboxylic acid cycle and leucine biosynthetic enzymes found in diverse organisms. J. Mol. Evol. 1998, 46, 401–408. [Google Scholar] [CrossRef] [PubMed]

	



Ehmann, D.E.; Gehring, A.M.; Walsh, C.T. Lysine biosynthesis in Saccharomyces cerevisiae: Mechanism of alpha-aminoadipate reductase (Lys2) involves posttranslational phosphopantetheinylation by Lys5. Biochemistry 1999, 38, 6171–6177. [Google Scholar] [CrossRef] [PubMed]








[image: Jof 08 00037 g001 550] 





Figure 1. The α−aminoadipate (AAA) pathway of lysine biosynthesis in higher fungi. 
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Figure 2. Phylogenetic relationship of both species and HCS homologous sequences in Agaricomycetes. (A) Maximum likelihood tree showing the relationships among different orders of Agaricomycetes based on LSU, SSU, RPB1, RPB2, ITS (5.8S), and EF1-α genes with species in Tremellomycetes as the outgroup. (B) Maximum likelihood tree showing the relationships among different orders of Agaricomycetes based on HCS amino acid sequences with species in Tremellomycetes as the outgroup. MP bootstrap values (≥50%) of each clade are indicated at nodes. Scale bar in the upper left indicates substitutions per site. (Clade I: Agaricales, Clade II: Polyporales, Clade III: Russulales, Clade IV: Hymenochaetales, Clade V: Gomphales, Clade VI: Auriculariales, Clade VII: Cantharellals, and Clade VIII: Tremellomycetes). 






Figure 2. Phylogenetic relationship of both species and HCS homologous sequences in Agaricomycetes. (A) Maximum likelihood tree showing the relationships among different orders of Agaricomycetes based on LSU, SSU, RPB1, RPB2, ITS (5.8S), and EF1-α genes with species in Tremellomycetes as the outgroup. (B) Maximum likelihood tree showing the relationships among different orders of Agaricomycetes based on HCS amino acid sequences with species in Tremellomycetes as the outgroup. MP bootstrap values (≥50%) of each clade are indicated at nodes. Scale bar in the upper left indicates substitutions per site. (Clade I: Agaricales, Clade II: Polyporales, Clade III: Russulales, Clade IV: Hymenochaetales, Clade V: Gomphales, Clade VI: Auriculariales, Clade VII: Cantharellals, and Clade VIII: Tremellomycetes).



[image: Jof 08 00037 g002]







[image: Jof 08 00037 g003 550] 





Figure 3. Phylogenetic relationship both species and AAR homologous sequences in Agaricomycetes. (A) Maximum likelihood tree showing the relationships among different orders of Agaricomycetes based on LSU, SSU, RPB1, RPB2, ITS (5.8 S), and EF1-α genes with species in Tremellomycetes as the outgroup. (B) Maximum likelihood tree showing the relationships among different orders of Agaricomycetes based on AAR amino acid sequence with species in Tremellomycetes as outgroup. MP bootstrap values (≥50%) of each clade are indicated at nodes. Scale bar in the upper left indicates substitutions per site (Clade I: Agaricales, Clade II: Boletales, Clade III: Gloeophyllales, Clade IV: Polyporales, Clade V: Russulales, Clade VI: Cantharellals, and Clade VII: Tremellomycetes). 
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Figure 4. Phylogenetic relationship both species and SDH homologous sequences in Agaricomycetes. (A) Maximum likelihood tree showing the relationships among different orders of Agaricomycetes based on LSU, SSU, RPB1, RPB2, ITS (5.8 S), and EF1-α genes with species in Tremellomycetes as the outgroup. (B) Maximum likelihood tree showing the relationships among different orders of Agaricomycetes based on SDH amino acid sequence with species in Tremellomycetes as the outgroup. MP bootstrap values (≥50%) of each clade are indicated at nodes. Scale bar in the upper left indicates substitutions per site (Clade I: Agaricales, Clade II: Boletales, Clade III: Polyporales, and Clade IV: Tremellomycetes). 
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Figure 5. Conserved domains in the primary structures of HCS, AAR, and SDH in Agaricomycetes. (A) Agaricales, (B) Boletales, (C) Gloeophyllales, (D) Polyporales, (E) Russulales, (F) Hymenochaetales, (G) Gomphales, (H) Auriculariales, (I) Cantharellals, and (J) Tremellomycetes. Abbreviations: “TIM superfamily”: These members share a conserved triose-phosphate isomerase (TIM) barrel domain consisting of a core beta(8)-alpha (8) motif with the eight parallel beta strands forming an enclosed barrel surrounded by eight alpha helices. The domain has a catalytic center containing a divalent cation-binding site formed by a cluster of invariant residues that cap the core of the barrel; “alpha_am_amid superfamily”: Members of this protein family are L-aminoadipate-semialdehyde dehydrogenase (EC 1.2.1.31). It is also called alpha-aminoadipate reductase. Lysine is synthesized via aminoadipate in higher fungi; “NADB Rossmann superfamily”: Lysine-ketoglutarate reductase/saccharopine dehydrogenase. “﹏”: It represents at least 331 amino acids. 
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Figure 6. Prediction of 3-D structures and interdomain interactions of substrate molecules trapped in enzymatic progress of HCS, AAR, and SDH. (A) 3-D structure of FvHCS in F. velutipes, (B) interactional binding sites of substrate molecule in HCS, (C) conservative motif of interactional binding sites in homologous sequences of HCS by MEME, (D) 3-D structure of LbAAR in L. bicolor, (E) interactional binding sites of AMP molecule in AAR, (F) conservative motif of interactional binding sites of AMP in homologous sequences of AAR by MEME, (G) interactional binding sites of NAD(P) in AAR, (H) conservative motif of interactional binding sites of NAD(P) in homologous sequences of AAR by MEME, (I) interactional binding sites of putative substrate molecule in AAR, (J) conservative motif of interactional binding sites of putative substrate molecule in homologous sequences of AAR by MEME, (K) 3-D structure of FvSDH in F. velutipes, (L) interactional binding sites of substrate saccharopine in SDH, and (M) conservative motif of interactional binding sites in homologous sequences of SDH by MEME. Abbreviations: “N-term”: N-terminal, the starting site for protein synthesis. “C-term”: C-terminal, the termination site of protein synthesis. “C domain”: Condensation domain in NRPS. “A domain”: Adenylation domain in NRPS. “PCP domain”: Peptidyl carrier protein in NRPS. “R domain”: extended (e) SDRs domain in NRPS. “Domain I”: N-terminal domain in SDH, substrate-bound domains. “Domain II”: C-terminal domain in SDH, NAD bound domain. 






Figure 6. Prediction of 3-D structures and interdomain interactions of substrate molecules trapped in enzymatic progress of HCS, AAR, and SDH. (A) 3-D structure of FvHCS in F. velutipes, (B) interactional binding sites of substrate molecule in HCS, (C) conservative motif of interactional binding sites in homologous sequences of HCS by MEME, (D) 3-D structure of LbAAR in L. bicolor, (E) interactional binding sites of AMP molecule in AAR, (F) conservative motif of interactional binding sites of AMP in homologous sequences of AAR by MEME, (G) interactional binding sites of NAD(P) in AAR, (H) conservative motif of interactional binding sites of NAD(P) in homologous sequences of AAR by MEME, (I) interactional binding sites of putative substrate molecule in AAR, (J) conservative motif of interactional binding sites of putative substrate molecule in homologous sequences of AAR by MEME, (K) 3-D structure of FvSDH in F. velutipes, (L) interactional binding sites of substrate saccharopine in SDH, and (M) conservative motif of interactional binding sites in homologous sequences of SDH by MEME. Abbreviations: “N-term”: N-terminal, the starting site for protein synthesis. “C-term”: C-terminal, the termination site of protein synthesis. “C domain”: Condensation domain in NRPS. “A domain”: Adenylation domain in NRPS. “PCP domain”: Peptidyl carrier protein in NRPS. “R domain”: extended (e) SDRs domain in NRPS. “Domain I”: N-terminal domain in SDH, substrate-bound domains. “Domain II”: C-terminal domain in SDH, NAD bound domain.



[image: Jof 08 00037 g006]













	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 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/).






media/file4.png
A

50

Species phylogeny

Lentinula edodes
Gymnopus androsaceus
Pterula gracilis
Gymnopilus junonius

100

Armillaria gallica
Armillaria solidipes
Cylindrobasidium torrendii
Flammulina velutipes
Cortinarius glaucopus
Coprinopsis cinerea
Coprinopsis marcescibilis
Coprinellus micaceus
Coprinellus angulatus
Pholiota molesta
Mycena galopus
Tricholoma matsutake
Pluteus cervinus

Ganoderma boninense
Dichomitus squalens
Trametes coccinea
Trametes versicolor

@ o o))
oS S o ©
~ © ~ ~
~ W © w

Lentinus tigrinus
51 Polyporus brumalis

Polyporus arcularius

Peniophora sp.
81 Russula emetica

=

o
-]
o

Stereum hirsutum
9 Russula ochroleuca
Lactarnius quietus
Rickenella mellea
Pyrrhoderma noxium
Fomitiporia mediterranea
Sanghuangporus baumii
Schizopora paradoxa
Ramaria rubella
g9 — Auricularia subglabra

P

74

L— Exidia glandulosa
Clavufina sp.

Saitozyma sp.
Cutaneotrichosporon oleaginosum

100

00 Trichosporon asahii
Phaffia rhodozyma

B HCS phylogeny

Lentinula edodes

Mycena galopus

Pluteus cervinus
Pholiota molesta
Gymnopilus junonius
Coprinopsis marcescibilis
Coprinopsis cinerea
Coprinellus micaceus
Coprinellus angulatus
Tricholoma matsutake
Cortinarius glaucopus
Pterula gracilis
Gymnopus androsaceus
Flammulina velutipes
Cylindrobasidium torrendii
Armilfaria solidipes

Armillaria gallica
Ganoderma boninense

86

93

Clade I

95

62

Polyporus brumalis
Polyporus arcularius
Dichomitus squalens

Trametes versicolor

Trametes coccinea

Lentinus tigrinus
Peniophora sp.
Stereum hirsutum

Clade I

56

Russula emetica
Russula ochroleuca
Lactarius quietus
Rickenella mellea
Sanghuangporus baumii
Pyrrhoderma noxium
Fomitiporia mediterranea
Schizopora paradoxa
Ramaria rubella
Auricularia subglabra
Exidia glandulosa
Clavulina sp.

Clade Il

CladelV

i Clade V

I Clade VI
B Clade V]

100

79

69

100

Cantharellus anzutake
Phaffia rhodozyma
CladeVll Trichosporon asahii
Cutaneotrichosporon oleaginosum
Saitozyma sp.

12.5

10

75

25





nav.xhtml


  jof-08-00037


  
    		
      jof-08-00037
    


  




  





media/file2.png
COO COO COO

COO"  Homocitrate Homocitrate Homoaconitate Homoisocitrate
— - synthase dehydratase hydratase dehydrogenase
Citric Acid (Hcs) ~ 00C (HCD) o0 (HAH) ~ Q0C (HIDH)
Cycle \ N HO' N \ s H ™
co, O Acetyl-CoA  CoA-SH H.0 A H wapt  CO:
? ) 2 "O0C™ = NADH+H*
COO "00C O0C OH
o~-Ketoglutarate Homocitrate cis-Homoaconitate Homoisocitrate
+
o-Aminoadipate Saccharopine Saccharopine HsN
olele} COO"  reductase CHO  reductase dehydrogenase
a-Aminoadipate (AAR) (SDR) (SDH)
aminotransferase ATP PPi, AMP NADPH H+  NADP+ NAD* NADH H*
(AAT) vg'
/ \ -~
o L—C.;Iu(x_KetoquJtarate A +H3 NADPH, H+ NADP+ \ KIHS L Glu H,O - Ketoglutarate R ;1H3
-00C* -ooc"' ooc‘ “00C*
"00C H H
o-Ketoadipate a-Aminoadipate a-Aminoadipic acid- Saccharopine L-Lysine

d-semialdehyde





media/file5.jpg





media/file3.jpg
A Spacies phylogeny B HCS phylogeny






media/file1.jpg
£99 bomoctrne

iy e e Pt
Thes) oo, WD) _ oo (TN "o
oo Yed P T o
wkotogluarate Homocirte cisHomoscaritte Homoisociuate
\, 500
whninoadpate Ssccharopne N Sscchaopon
o0 ratucms e Pt
AR ) o
R R - o T
wKetoadpate whminoadpus  cAmInoadiic acid- Saccharopine Ltysine

fopicirpun sy





media/file7.jpg





media/file10.png
Armillaria gallica
illaria solidipes
Cyathus striatus
inellus angulatus
ellus micaceus
opsis cinerea
sis marcescibilis
rius glaucopus
anita rubescens
dibulicybe gibba
piota fuliginosa
Pluteus cervinus
Crucibulum laeve
porium funariophilum
grocybe pediades
Flammula alnicola
1 ulina velutipes
robasidium torrendii
Pterula gracilis
opilus junonius
pus androsaceus
oliota conissans
Pholiota molesta
'S papilionaceus
Laccaria bicolor

DSizygus marmoreus
ophyllum atratum
richoloma matsutake
Lepista nuda

Mycena indigotica
Mycena chlorophos

Marasmius fiardii
Pleurotus ostreatus
Pleurotus pulmonarius
doniliophthora roreri
Leucoagaricus sp.
agaster necrorhizus

s paluster
occidentalis

Suillus bovinus
Suillus variegatus
Suillus tomentosus
Suillus hirtellus
Suillus discolor
Suillus plorans
Suillus fuscotomentosus
Boletus reticuloceps
Paxillus involutus
Paxillus ammoniavirescens
Neolentinus lepideus
Heliocybe sulcata
Gloeophyllum trabeum
Laetiporus sulphureus
Daedalea quercina
Lentinus tigrinus
Polyporus arcularius
Polyporus brumalis
Trametes coccinea
Trametes versicolor
Trametes pubescens
Ganoderma boninense
Dichomitus squalens

'Russula ochroleuca
Russula emetica
Lactarius quietus
Peniophora sp.
Rickenelia mellea
Pyrrhoderma noxium
Fomitiporia mediterranea
Sanghuangporus baumii
Schizopora paradoxa
Ramaria rubella
Auricularia subglabra
Exidia glandulosa
Cantharellus anzutake
Clavulina sp.
Cryptococcus wingfieldii
Cryptococcus neoformans
Cryptococcus gattii
Saitozyma podzolica
Naematelia encephala
oniella mangroviensis
Kwoniella bestiolae

Lentinula edodes ~~~L.

I.

s TIM superfamily

J
400 (aa)

g
5
g
8
g

s alpha_am_amid superfamily s NADB_Rossmann superfamily





media/file12.png
H248

sto §b

R187

H127

N-term
C-term
A domain

C domaik
N-term

PCP domain

C-term

R domain
Domain | Domain Il
C-term

N-term

L1023E - >
vinas ‘TIO2ONAL o
-f?g ' G018

R1046 A1 '“:‘97

V1222
G1220
Y122

P1219

R18

A1047 N1109
V1148 G1110 Y1193
A1125 51149
S$1150
k L1247
S$1150
/5 Y1193
K98
ﬁ E121
1o § N

D219

57 68

SRR

187 189

EFERRD i
MDE LT

kil

598 600 601 602 603 604

L
AR

1018 1020 1021 1022 1023

%JFI.TGATG‘I.GA

1109 1110 1111

C

P
gt
g

oamw&
bits
D= WS

bits

4
®n3
52
1
0

o.amua

4
a3l
£ 82
1
0

bits

bits

%MMWM

g
AN,

578
+

)
1)

-
o

—

QAN W

634
+

R
;

ezl

bit:
QAN Wwa

=

bits
=N wR

Pk
LN
R FVSSTSA

il
i






media/file9.jpg





media/file0.png





media/file8.png
A Species phylogeny

Leucoagaricus sp.
Lepista nuda

Armillaria sofidipes
Guyanagaster necrorhizus
Armillaria gaflica

S
g
86
Gymnopilus junonius
Trichofoma matsutake
Mycena galopus
72 Panaeolus papilionaceus
Coprinopsis marcescibilis
Macrolepiota fuliginosa
&5 100 Hypsizygus marmoreus
50 Crucibulum laeve
Crassisporium funariophifum
100 1_+:

Flammulina velutipes
Pleurotus ostreafus
L Pleurotus pulmonarius
Monifiophthora roreri
Suiltus discolor
Suillus plorans

Suillus fuscotomentosus
Suillus tomentosus
Suillus hirteflus
Suillus variegatus
Suillus bovinus

100 —— Suillus decipiens
L— Suillus spraguei

81 Suillus subalutaceus
1_+: Suillus americanus

]_E Suillus cothurnatus
Suillus subaureus

— Suillus placidus

— Suiltus Iakei
— Suillus occidentalis

L— Suillus brevipes

100 Suillus paluster
96 l_+: Suillus ampliporus
| I

Suillus clintonianus

Rhizopogon vinicolor

100 Paxillus ammoniavirescens
100 Paxillus involutus
Gyrodon fividus

100 Boletus reficuloceps
Xerocomus badius
Daedalea quercina
Pycnoporus coccineus

98 Trametes pubescens
Trametes versicolor
Dichomitus squalens
Lentinus tigrinus

100 Polyporus brumalis
Polyporus arcularius

Ca

a3 yma podzolica
911_+ﬂ+: Saitozyma pseudofiava
Naematelia encephala

Apiotrichum porosum
Kwoniella dejecticola

86 Kwoniella bestiofae

99 Kwoniefla mangrovensis

Kwoniella heveanensis
Cryptococcus gatiri
Filobasidiella neoformans
Cryptococcus neoformans
Tsuchiyaea wingfieldii
Trichasporon asahi
Cryptococcus podzolicus
Saitozyma sp.

Tremella encephala

Phaffia rhodozyma

B

Clade I

Clade 11

Clade lll

CladelV

SDH phylogeny

Crassisporium funariophilum
Crucibulum laeve
Gymnopilus junonius
Fanaeolus papilionaceus
Guyanagaster necrorhizis
Armillaria solidipes
Armillaria galfica
Flammulina velutipes
Macrolepiota fuliginosa
Coprinopsis marcescibilis
Tricholoma matsufake
Pleurotus ostreatus
Pleurotus pulmonarius
Lepista nuda
Hypsizygus marmoreus
Mycena galopus
Leucoagaricus sp.
Moniliophthora roreri
Marasmius fiardii
Paxillus involufus
Paxiflus ammoniavirescens
Gyrodon lividus
Xerocomus badius
Suillus plorans

Suillus hirtellus

Suillus fuscotomentosus
Suillus tomentosus
Suillus variegafus
Suilus discolor

Suillus spraguei

Suillus occidentalis
Suiflus brevipes

Suillus subalutaceus
Suillus lakei

Suillus cothurnatus
Suillus bovinus

Suillus ampliporus
Suillus paluster
Rhizopogon vinicolor
Suillus decipiens

Suillus clinfonianus
Suillus subaureus
Suillus placidus

Suillus americanus
Boletus reticuloceps
Boletus reticuloceps
Pycnoporus coccineus
Trametes pubescens
Trametes versicolor
Dichomitus squalens
Lentinus tigrinus
Polyporus brumalis
Polyporus arcufarius
Daedalea quercina
Cryptococcus wingfieldii
Cryptococcus gattii
Cryptococcus neoformans
Kwoniella dejecticola
Kwoniella heveanensis
Kwonielfa bestiolae
Kwoniella mangrovensis
Saitozyma podzolica
Saitozyma sp.
Naematelia encephala
Apiotrichum porosum
Trichosporon asahii

Phaffia rhodozyma

100

3_195
—

5 a7

m

94

7

74

I

L

o
th

IR

,q
&
@

X






media/file11.jpg
% s R REMRT L B
:;' /“‘

i Ry i
5»5 AT
e e raskm bl

@a Al ke
Ty mmmm i






media/file6.png
A

Species phylogeny

Coprinelius micaceus

56 Pluteus cervinus
Lyophyllum atratum
Pholiota conissans

L Infundibulicybe gibba

Lepisia nuda

Tricholoma matsutake

Coprineflus angulatus

Flammula alnicola

Hypsizygus marmoreus
57 Macrolepiota fufiginosa
Amanita rubescens
Armillaria galfica

— Mycena chlorophos

Mycena indigotica
Armilfaria solidipes
78 Gyrodon lividus
86 Xerocomus badius
Suiffus brevipes
— Pholiota molesta

L— Crucibufum laeve
Heliocybe sulcata

64— Gloeophyllum trabeum

Neolentinus lepideus

100

L aetiporus sulphureus
Lentinus tigrinus
Polyporus brumalis
50 Cyathus striatus
Dichomitus squalens
Daedalea quercina
Peniophora sp.
— Russula emetica

L— Russula ochroleuca

Lactarius quietus
Stereum hirsutum

Dentipellis sp.

Clavulina sp.

Phaffia rhodozyma

75 10 125 15 17.5

Crassisporium funariophilum

Laccaria bicolor
’_‘E Panaeolus papilionaceus
Agrocybe pediades

B AAR phylogeny
Crucibutum laeve
Cyathus striatus

Coprinellus angufatus
Coprinelius micaceus

Panaeolus papilionaceus
Crassisporium funariophifum
Pholiota molesta
Pholiota conissans
Flammula alnicola
Agrocybe pediades
Lyophyllum atratum 97
Hypsizygus marmoreus j_l

Clade 1

Laccaria bicolor

Macrolepiota fuliginosa

Tricholoma matsutake 74
Lepista nuda :)_[

Infundibulicybe gibba j_[
Pluteus cervinus

Amanita rubescens

Mycena indigotica
Mycena chlorophos :}1?0]

Armillaria solidipes — 100

Armillaria galfica —]

Clade [l Suillus brevipes

70

83

86
Gyrodon lividus :}_]
100

Xerocomus badius

94
Clade Tl  Gioeophylium trabeum

Neolentinus lepideus 100

Polyporus brumalis 100
Lentinus tigrinus 100
Dichomitus squalens
Daedalea quercina —1g0 190
Laetiporus sulphureus

Clade [V

I Heliocybe sticata

&9
il

Dentipellis sp.

Stereum hirsutum

Peniophora sp.
Russula emetica 196

78

Clade V o
Russula ochroleuca

Lactarius quietus 100
B Clade V] Clavulina sp.
I Clade VLl Phaffia rhodozyma






