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Abstract


Nicotinamide mononucleotide (NMN) is an essential precursor of nicotinamide adenine dinucleotide (NAD+), which is widely applied in the pharmaceutical and biotech industries. The biosynthesis of NMN is currently attracting much attention because it has non-toxic reaction conditions and low amounts of isomers, whereas chemical synthesis has low yields and is not environmentally friendly. This review systematically describes the two biosynthetic pathways of NMN in detail for the first time and introduces the latest studies on NMN production through different pathways using metabolic engineering strategies. NMN accumulation can be improved by optimizing the activity of key enzymes, enhancing the supply of precursors and co-factors, inhibiting the synthesis of byproducts, and promoting product export. Finally, we also discuss the current challenges of producing NMN and possible solutions for the future.
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1. Introduction


Nicotinamide mononucleotide (NMN) is an acid- and water-soluble nucleotide containing a pyridine base. Although it exists in α and β anomeric forms, only the β form is the active anomer, which is also termed β-nicotinamide mononucleotide, β-nicotinamide D-ribonucleotide, and β-nicotinamide ribose monophosphate. Inside the cell, NMN is converted into nicotinamide adenine dinucleotide (NAD+), which is an essential molecule in cells where it functions as an electron carrier in metabolic redox reactions and as a substrate for NAD-dependent signal transduction [1]. Deficiency of NAD+ can be compensated for with NMN supplementation, which effectively increases NAD+ levels in various tissues and prevents related metabolic diseases [2]. Recent studies suggested that NMN could recover cognition in Alzheimer’s disease model rats and showed a significant protective effect on neurons [3,4]. In addition to improving numerous neuronal functions, NMN was also found to increase resistance to oxidation, improve immunity, and prevent cardiovascular disease [5]. Consequently, NMN is becoming a promising compound for treating neurological disorders and relieving aging-related symptoms.



NMN has a broad market and great application value in medicine and healthcare. To meet this demand, several chemical and biological methods have been developed to synthesize NMN. Chemical synthesis is mainly accomplished through different reaction steps using adenosine monophosphate (AMP), nicotinamide (NAM), and 1,2,3,5-tetra-O-acetyl-D-ribose as raw materials. Compared to chemical synthesis, biological routes have the advantages of mild reaction conditions, non-toxic ingredients, and low amounts of isomers [6]. The biosynthesis of NMN can be subdivided into enzymatic and fermentation-based methods. In vitro enzyme catalysis technology enables NMN synthesis by creating a multi-enzyme cascade biosystem. As early as 1957, Preiss and Handler produced NMN using an in vitro enzymatic method with a yield of 113.64 mg/L [7]. However, this process requires the purification of enzymes for the reactions, as well as the addition of ATP and NADH to provide the energy required for enzymatic catalysis [8]. With the development of metabolic engineering, Sinclair et al. first constructed a recombinant Saccharomyces cerevisiae for NMN synthesis from a nucleoside comprising NAM via nicotinamide phosphoribosyltransferase (NAMPT) catalysis [9,10]. Escherichia coli is a simple model organism compared to S. cerevisiae and has become the main chassis for NMN production. Recently, Huang et al. reconstructed the metabolism of E. coli and achieved NMN yields of 16,200 mg/L in a 5 L bioreactor, the highest production reported to date [11].



There are two main metabolic pathways for the biosynthesis of NMN from nicotinate and nicotinamide in nature: the de novo pathway and the salvage pathway [12,13,14,15]. Shen et al. summarized the synthesis of NMN via the salvage pathway using 5-phosphoribosyl-1-pyrophosphate (PRPP) and NAM as precursors [6]. Here, we systematically describe the two biosynthetic pathways of NMN, which is the first comprehensive summary of current strategies to promote microbial biosynthesis of NMN. Strategies for regulating key components such as key enzymes, precursors, cofactors, byproducts, and transport proteins through metabolic engineering are introduced. Moreover, the challenges and solutions for increasing the accumulation of NMN are also discussed.




2. Metabolism of Nicotinamide Mononucleotide


Although NMN metabolism is a universal process closely related to NAD+, there are subtle differences in the cellular pathways of NMN synthesis. The two basic pathways of NMN synthesis are known as the de novo pathway and the salvage pathway.



2.1. De Novo Pathway


In fungi and some bacteria, such as S. cerevisiae and Bacillus subtilis, NMN is derived from NAD+ via the de novo pathway catalyzed by a single enzyme, downstream of which many enzymes are involved in the production of NAD+ (Figure 1). Nicotinic acid mononucleotide (NaMN) is synthesized in three reactions from aspartate (Asp) or six reactions from tryptophan (Trp), after which it is converted into NAD+ via two enzymatic reactions [16]. Asp is the starting amino acid for the de novo synthesis of NMN in most bacteria. The de novo pathway is characterized by the synthesis of quinolinic acid (QA) from Asp via two enzymatic reactions mediated by L-aspartate oxidase, quinolinate synthase, and spontaneous cyclization. The two enzymes are respectively encoded by the nadB and nadA genes [17,18]. Quinolinate phosphoribosyltransferase (NADC) then transfers the phosphoribosyl moiety of PRPP to quinolinic acid (QA), which produces NaMN [13]. Next, NaMN adenylyltransferase (NADD) converts NaMN into nicotinic acid adenine dinucleotide (NaAD) via the addition of an AMP moiety from ATP [19]. Finally, NAD+ synthetase (NADE) converts NaAD into NAD+. Conversely, the Nudix hydrolase (NUDE) or other pyrophosphatase (USHA and MAGZ) with similar hydrolytic activity can degrade NAD+ into NMN. However, NAD+ is involved in intracellular redox reactions and is rarely decomposed directly into NMN. Therefore, the de novo pathway received relatively little attention until Sorci et al. combined a comparative genomic approach with in vitro and in vivo experiments to identify the nadE gene from Francisella tularensis [20]. This gene encodes NMN synthetase (FtNADE*), which is involved in the direct conversion of NaMN into NMN without NAD+ synthesis. Moreover, in most cases, this activity was not detected in any of the characteristic members of the NADE family. As shown in Figure 1, the de novo pathway is very long, leading to a slow rate of NMN synthesis. Hence, this pathway is hardly ever chosen for the biosynthesis of NMN.



In the de novo pathway, the hydrolysis efficiencies of NAD+ directly determines the production of NMN. USHA provides most of the pyrophosphatase activity in E. coli and showed catalytic efficiencies for the hydrolysis of NAD+ at 3.7 × 106 M−1·s−1, much more than MAGZ and NUDE [21]. However, USHA also has a 5′-nuclease activity that decomposes NMN into NAM. Therefore, the most promising route for the de novo synthesis of NMN is the amidation of NaMN catalyzed by FtNADE*. FtNADE* typically use ammonium as an amine nitrogen donor, and the reaction is driven by ATP hydrolysis. The substrate specificity of FtNADE* is very high, as it catalyzes the conversion of NaMN into NMN with an efficiency of 2.5 × 103 M−1·s−1, 60 times higher than with NaAD as substrate [20]. However, the activity of NAD+ synthase (NADM) is 1000 times higher than that of FtNADE*. This means that the downstream metabolic pathway for the synthesis of NAD+ must be blocked to achieve high yields of NMN. In addition, the FtNADE* enzyme is a variant of the NADE family with rare functions [22], and no regulation at the transcriptional level has been reported.




2.2. Salvage Pathway


The salvage pathway is a cost-effective way for eukaryotes and prokaryotes to obtain NMN. It is found in mammals, yeast, and Gram-negative bacteria such as F. tularensis. There are two main routes of the salvage pathway: (1) direct biosynthesis of NAM and PRPP by NAMPT, and (2) NR phosphorylation (Figure 1).



Most studies of the salvage pathway investigated the salvageable pyridine base, NAM. It is synthesized via NAM and PRPP catalyzed by NAMPT, which is a rate-limiting enzyme for NMN biosynthesis. [15]. The nadV genes encoding NAMPT have been identified in mammals such as mice, as well as in phages and bacteria, including Shewanella oneidensis, Xanthomonas translucens, Haemophilus ducreyi [23], Ralstonia solanacearum, Sphingopyxis sp. C-1, Chitinophaga pinensis, and Vibrio Phage KVP40 [24]. The activity of enzymes is closely related to their protein structure, but only a few three-dimensional structures of NAMPTs from different strains have been determined, which greatly limits their rational engineering. PRPP is a precursor in this reaction and can be synthesized from glucose as a substrate. However, this conversion requires a long metabolic pathway to obtain PRPP, whereas the conversion of ribose to PRPP requires only two enzymatic reactions (Figure 1). Common model organisms such as E. coli and B. subtilis have membrane proteins that transport ribose, and ribose phosphate diphosphokinase (PRS) is considered the most prominent limiting factor for PRPP synthesis. The direct contribution of nicotinamide riboside (NR) to NAD+ metabolism was first recognized by Bieganowski and Brenner in 2004 [25]. NMN is synthesized from NR via NRK-mediated phosphorylation, bypassing the need for NAMPT [15]. Mammals possess specific NRKs that function to synthesize NAD+ via NMN in addition to the well-known pathways through NaMN [26].



When NAM is used as a precursor, NMN is formed by NAMPT. NAMPT is found in mammals and some pathogenic microorganisms, and studies on its regulation have focused on mammalian cells such as humans and mice [1,27]. The catalytic activity of human NAMPT could be increased from 1.60 ± 0.06 × 103 to 1.8 ± 0.9 × 106 M−1·s−1 by hydrolytic coupling with ATP [28]. Studies on NAMPT in microorganisms have focused on the identification of enzymes [23]. PRS is the key enzyme to produce the essential precursor PRPP. In some bacteria, PRS was complexed with ATP and R-5-P, as well as its four domains for substrate or cofactor recognition (Mg2+, MgATP, Pi, and R5P), and catalytic activity has been studied [29]. In B. subtilis, PRS was responsible for the formation of PRPP and purines synthesis, which had Km values of 4.8 × 10−4 M for R-5-P. The regulation of PRS activity is multi-dimensional and complex. Its activity is affected by negative feedback regulation by some nucleotides, especially ADP and GDP [30]. Furthermore, PRS is also regulated by metal ions and Pi. Only when these ions are present can PRS show good activity [31]. In addition, the precursor PRPP can bind to the purine repressor purR and regulate the transcription of the purine pathway, which may cause a poor effect on the binding of PRPP to NAMPT [32].



When NR is used as a precursor, NMN is derived from the phosphorylation of NR in one enzymatic step. In prokaryotes such as E. coli and Haemophilus influenzae, the full-size multifunctional NADR protein (encoded by nadR) is composed of a central nicotinamide mononucleotide adenylyltransferase (NMNAT) domain and a C-terminal NR kinase (NRK) domain, which endow it with NMNAT and NRK enzymatic activities, respectively [33,34]. A new NRK from Kluyveromyces marxianus (Klm-NRK) ranks the highest among reported NRKs. The specific activity of purified Klm-NRK was 7.9 U·mg−1 protein, and the catalytic efficiencies (kcat/Km) toward ATP and NR were 5.74 × 104 and 8.44 × 104 M−1·s−1, respectively [35]. In eukaryotes such as yeast, NRK1 (encoding by nrk1) catalyzes the reaction of NR with ATP to produce NMN. After purification, NRK from S. cerevisiae reached an activity of 2252.59 U·mg−1 and Km values of 5.427 × 10−2 and 1.869 × 10−2 M for ATP and NR, respectively [36]. Human cells have two gene-encoded NRK isoforms: NRK1 and NRK2. Both enzymes convert NR with comparable Km values of 3.4 × 10−6 and 4.6 × 10−6 M for NRK1 and NRK2, respectively, but also utilize other nucleoside substrates with lower affinity [37,38]. In particular, NRK1 limits the use of exogenous NR for the synthesis of NMN and NAD+ [39]. It is worth noting that NADR may interact with an integral membrane transporter PnuC protein and directly participate in the uptake of exogenous NAD+ precursors [40]. PnuC is a membrane protein and usually regarded as a transporter protein of NMN, but NMN must be dephosphorylated to NR before it can be transported intracellularly [41]. Fortunately, mutant PnuC*290 can transport NMN directly. PnuC*290 has a duplication of the six-base sequence AAAAGC encoding amino acids 108 (K) and 109 (A), which adds K and A residues just before the fourth membrane-panning region [42]. In Salmonella typhimurium, transport of NMN requires two proteins: NADR and PnuC. PnuC undertakes the main function of the transport system, whereas NADR is a regulatory protein. PnuC is often clustered with genes for NAD biosynthesis, and in enterobacteria, pnuC forms a manipulator with the gene nadA (encoding quinolinic acid synthase) and is regulated by NADR [43]. The activity of PnuC* is regulated by intracellular NAD levels. When high concentrations of NAD are sensed by NADR proteins, the PnuC transport system returns to its inactive condition [40]. It was demonstrated that when the internal concentration was high, the PnuC transporter protein was able to export the substrate [44]. Although NMN transporter proteins have not been identified in eukaryotes, the NAD+ transporter protein Ndt1p [45] and NR transporter protein Nrt1 [46] have been identified in S. cerevisiae.





3. Metabolic Engineering Strategies for Nicotinamide Mononucleotide Production


NMN is usually produced by microbial fermentation, for example, by constructing a heterologous pathway in E. coli. In the salvage pathway, researchers tried to increase the titer and yield of NMN to a certain extent via multiple metabolic engineering strategies, including overexpressing key enzyme NAMPT [11] and optimizing the activity of NAMPT via directed evolution, increasing the supply of key precursors PRPP and NAM by enhancing the carbon flux to PRPP and expressing NAM transporter proteins [47], improving the energy supply of ATP by building an ATP regeneration system [48], eliminating the production of byproducts by knocking out the byproduct pathway [49], and enhancing the output of NMN by overexpressing NMN transporter proteins [50]. Recent advances in the research on NMN biosynthesis are summarized in Table 1.



3.1. Selection and Directed Evolution of the Key Enzyme NAMPT


The direct biosynthesis of NAM and PRPP by NAMPT has attracted a lot of attention because of its short metabolic pathway and low metabolic burden. As NAMPT is a key enzyme of the salvage pathway, heterologous metabolic pathways are often constructed in chassis by directly selecting NAMPT derived from different species in nature. Huang et al. first constructed the E. coli F004 by deleted four genes (nadR, pncC, ushA, and purR) related to the decomposition of NMN, and then they selected eight NAMPT orthologs from different microorganisms and expressed them with the T7 promoter in E. coli F004. The results indicated that NAMPT from Vibrio bacteriophage KVP4012 (VpNAMPT) showed the highest activity and finally achieved high intracellular NMN production, reaching 81.3 mg/L [11], which made it a potential candidate. Selecting highly active enzymes from nature and directing the carbon flux to the target product could increase the yield of NMN and build a solid foundation for a continuous increase in NMN production [58].



Directed evolution of enzymes is a powerful technology that imitates natural evolution and screens for robust enzymes with mutations, leading to desired properties [59]. The most widely used mutagenesis strategies for NAMPT are error-prone PCR (epPCR) and saturation mutagenesis (SM). NAMPT from Meiothermus ruber DSM 1279 (MrNAMPT) was used as the starting enzyme for site-directed mutagenesis. The results suggested that the MrNAMPT carrying the E231Q, D298A, D338E, and D377E mutations showed 6.9 times higher catalytic activity for NAM and PRPP than its parent [60]. However, non-rational strategies such as epPCR are labor-intensive and time-consuming [61]. Therefore, we need to find more efficient methods of modification and selection.




3.2. Improving the Supply of Essential Precursors


The maximum activity of the enzyme is only achieved when the supply of precursors is sufficient. In the salvage pathway, PRPP, NAM, and NR are used as precursors to produce NMN. As the NR-based pathway requires a heterologous kinase that is poorly expressed in recombinant strains, the NAM-based pathway is more commonly chosen in metabolic engineering. Previous studies showed that the accumulation of PRPP in the cytoplasm has a significant impact on the synthesis of NMN [62], and PRPP is mainly synthesized through the pentose phosphate pathway (PPP). As glucose is the most accessible sugar worldwide, it may be an ideal raw material for the synthesis of PRPP if sufficiently high biocatalytic conversion efficacy can be achieved. In order to enhance PRPP synthesis, Shoji et al. selected the genes pgi, zwf, pgl, gnd, rpiA, rpiB, and prs from the PPP to construct the artificial operons (Figure 1). The reconstructed strain co-expressing NAMPT from Chitinophaga pinensis (CpNAMPT) and the artificial operon achieved 2.5 times higher NMN production (189 mg/L) than the parental strain [47]. Although the construction of artificial operons improved PRPP production, vectors expressing the operons and CpNAMPT constitute a double plasmid system that may cause metabolic burdens on cells [63,64]. Alternatively, PRPP can also be produced from ribose via a short pathway, and many bacteria such as E. coli and B. subtilis can use ribose as a carbon source [65,66].



In order to promote PRPP synthesis, the activity of PRS needs to be increased. Firstly, the activity of enzyme can be increased by adding cofactors. PRS1 requires phosphate and Mg2+ for its activity since the Mg-ATP complex acts as the actual substrate for the enzyme. Maharjan et al. combined the PRS1, PRS2, and NAMPT genes in sequential order on a plasmid and expressed them in E. coli [54]. They found that co-expression of PRS1 and PRS2 resulted in higher NMN production (417.78 mg/L) in the presence of Mg2+ than without. When both Mg2+ and phosphate were present, the NMN titer increased from 200.53 to 524.73 mg/L. Hence, the idea of adding Mg2+ and phosphate proved to be beneficial for improving the activity of PRS. Secondly, relieving the negative feedback inhibition of ADP and GDP on PRS can enhance the PRPP supply. Zakataeva et al. discovered that PRS from Bacillus amyloliquefaciens strain IAM1523 with the L135I mutation (BaPRS) effectively resists the inhibitory effects of purine nucleotides [67].



NAM is another important precursor in the salvage pathway; the rate of NAM uptake by cells limits the activity of NAMPT. Many microorganisms such as E. coli cannot synthesize NAM and instead need to absorb it from the extracellular environment. Accordingly, the first step in strain engineering is to improve the uptake of NAM into cells. Genetic analysis and experimental validation of the niacin transporter (NiaP) protein family revealed that they function as transporters of NAM analogs [68]. Shoji et al. expressed NiaP homologs from six different species, and the results clearly showed that BC-NiaP derived from Burkholderia cenocepacia took up NAM at the fastest rate, resulting in an uptake that was up to 25% faster than without expressing the transporter protein [47]. However, NAM is expensive, and its industrial use is not economically viable.




3.3. Constructing ATP Regeneration Systems


In the salvage pathway, PRS transfers two phosphate groups from ATP to R5P for the synthesis of PRPP (Figure 1) [69]. ATP hydrolysis provides a thermodynamic driving force for the reaction and contributes to efficient production of NMN [70]. In order to increase product synthesis in fermentation, the ATP balance is very important. Microorganisms generally synthesize ATP via the purine pathway, which is energy intensive. In S. cerevisiae, adenosine kinase (encoded by ado1) catalyzes the phosphorylation of adenosine to produce AMP and ATP (Figure 2a) [71]. In order to increase production of ATP and prevent the hydrolysis of AMP into ribose 5-phosphate and adenine, the amn gene (encoding AMP nucleosidase) needs to be knocked out [72]. Therefore, strain NMN08 was constructed by integrating the ado1 gene at the amn locus to delete it at the same time. The results suggested that the intracellular concentration of ATP in strain NMN08 was increased, and its NMN titer reached about 220 mg/L after 8 h, which was 22% higher than in the unmodified strain [53]. It has been shown that enhancing the ATP supply can further increase NMN production.



Ngivprom et al. found that CHU0107 consumes AMP or ADP for the biosynthesis of ATP, and inorganic pyrophosphatase from E. coli (EcPPase) could hydrolyze PPi generated by CpNAMPT to help drive the reaction (Figure 2b) [56,73]. They constructed E. coli MG1655 ∆tktA∆tktB∆ptsG, which can metabolize xylose to generate D-ribose. The fermentation supernatant metabolized by the recombinant strain contained D-ribose and was applied to synthesize NMN in the second module, composed of EcRbsK-EcPRS-CpNAMPT. In this system, CHU0107 enables ATP recycling. Finally, a 10 mL optimal cascade bioconversion generated NMN with a good yield of 84% from 150.13 mg/L D-ribose supplied in the supernatant of E. coli MG1655 ∆tktA∆tktB∆ptsG. This phenomenon indicates that the construction of an ATP regeneration system not only provides sufficient energy for the enzymatic reactions but also reduces the production of ADP and AMP to prevent the feedback inhibition of PRS activity.



Moreover, ATP is also an essential activator of the NAMPT reaction. Hara et al. purified recombinant human NAMPT and measured its Km value for NAM and PRPP in vitro with or without the addition of ATP [74]. The results showed that the addition of 507.18 mg/L ATP reduced the Km values for these two substrates by 84% and 98%, respectively. When the concentrations of NAM and PRPP were low, the activity of NAMPT was still significant if the ATP concentration reached millimolar levels. Burgos et al. also found that NAMPT drives its reaction through ATP hydrolysis, allowing the enzymatic system to build up 35-fold higher NMN concentrations than in the absence of ATP [28]. Variations in the substrate and enzyme affinities are also influenced by ATP. Understanding the overall regulatory mechanism of ATP is vital for NMN production.




3.4. Blocking the Formation of Byproducts


NaMN, NR, NAD+, and other byproducts are generated during NMN metabolism (Figure 3). Suppressing the synthesis of these byproducts has been a focus of bioengineering studies. To this end, researchers have constructed mutants with enhanced production of NMN by blocking the metabolic pathways of byproducts such as NaMN, NR, and NAD+. The deletion of the nadR gene in Lactococcus lactis NZ9000 enhanced the accumulation of NMN by 61% and slightly decreased the intracellular levels of NAD+ [75]. As previously mentioned, Huang et al. constructed the mutant E. coli strain F004 by deleting a set of genes (including nadR, pncC, ushA, and purR) to avoid the accumulation of NaMN and NR [11]. Expressing NAMPT from H. ducreyi in strain F004, the NMN titer increased 5.3-fold compared with the wild-type one (from 3.6 mg/L to 19.1 mg/L). In the de novo pathway, pncC, which encodes an enzyme involved in NaMN production, significantly affects the accumulation of NMN. Expressing FtNADE* and NAMPT from Ralstonia solanacearum (RsNAMPT) in a ΔpncC E. coli strain resulted in an intracellular NMN level of 501.33 mg/L, a 130-fold increase over the wild-type NMN level [52].




3.5. Expressing Membrane Transporters to Export NMN form the Cell


Excessive intracellular NMN accumulation affects the biological activity of the cells and is detrimental to product synthesis. Even though some model microorganisms such as E. coli can spontaneously excrete metabolites out of the cell, additional transporters are needed to accelerate the export of NMN in highly productive engineered strains.



The native substrate of PnuC is generally not NMN but its unphosphorylated precursor NR [76]. However, the transport of NMN was confirmed in a previous study using a PnuC mutant from Salmonella enterica [52]. Inspired by this, Shoji et al. screened five PnuC orthologs in E. coli and discovered a novel NMN transporter from Bacillus mycoides, called BM-PnuC [47]. This transporter was then introduced into recombinant E. coli strain NF006, which was derived from E. coli strain F004 co-expressing VpNAMPT and PRS from B. amyloliquefaciens. After the addition of 200 mg/L NAM, 303.1 mg/L NMN was accumulated extracellularly, which is 2.4 times higher than in the strain without NMN transporter expression. Finally, fine-tuning gene expression and precisely controlling the supplementation of NAM led to an NMN titer of 16,200 mg/L with a conversion ratio of 97.0% from NAM in a 5 L bioreactor, both of which are the highest values reported to date [11]. BM-PnuC can export NMN outside of the cell even when the intracellular production of NMN is low. Therefore, BM-PnuC is the most efficient transporter for NMN reported up to now. Notably, BM-PnuC exhibits the best performance when it is expressed at a comparable or higher level than the enzymes in the corresponding heterologous synthesis pathway.





4. Discussion


Microbial fermentation systems for the synthesis of NMN offer advantages such as greater stability, fewer external additives, and simpler operation. Although significant progress has been made in recent years, further studies are needed to realize the full potential for microbial NMN production. As such, there are several remaining challenges, including: (1) The catalytic activity of the key enzyme NAMPT is insufficient for high production of NMN, (2) the supply of the important precursor PRPP is difficult to enhance through metabolic engineering due to its long and complex synthetic pathway, and (3) the de novo synthesis of NMN in a single-cell system creates a heavy metabolic burden. In order to address these problems, we propose the following potential solutions.



4.1. Utilizing in Silico Analysis and High-throughput Screening to Evolve Key Enzymes


High activity of enzymes could dramatically increase the rate of reactions in the desired pathway [77], and the activity of natural enzymes is generally low. The characterization of more members from the different NAMPT families with the aid of site-directed mutagenesis and in silico methods would provide more insight into the mechanism behind NMN metabolism and would contribute to enhancing the NAMPT titer [78]. However, research on NAMPT from microorganisms is still lacking [79]; in particular, the three-dimensional structure of this enzyme has rarely been reported. With the development of bioinformatics and computational tools, in silico analysis technology provides a more effective approach for predicting the structures of proteins and making the semi-rational design of NAMPT become a reality.



Deep learning-based computational tools such as trRosetta and AlphaFold can be used to predict three-dimensional protein structures of NAMPT based only on amino acid sequence information [80]. To identify protein structures with improved enzymatic activity, Monte Carlo sampling is carried out in the amino acid sequence space to obtain the protein structure of the network-generated protein, which closely matches the real three-dimensional structure [81]. Once the spatial structure of NAMPT is obtained, molecular docking and surface analysis methods are used to analyze the transition state or product binding in the interaction of NAMPT with precursors [82]. The active sites of NAMPT are obtained by analysis of these interactions. After selecting sites based on key amino acid residues, the gene library consisting of NAMPT candidates is constructed by saturation mutagenesis. Notably, Zhang et al. found that the derivatives generated from NMN by simple chemical treatment could emit fluorescence [83]. In droplet-based high-throughput assays, each of the different variants is dispersed into a small droplet, and rapid selection is achieved by detecting the fluorescence of substrates [61]. Perhaps a combination of these two methods could be used for the high-throughput screening of NAMPT variants.




4.2. Enhancing Synergetic Carbon Utilization to Improve Precursor Supply


The supply of precursors is the limiting factor for the maximum activity of enzymes. Therefore, enhancing the flux to precursor synthesis is a key step to improving NMN production. The co-utilization of glucose and ribose makes it possible to increase the carbon flux for the production of PRPP, but the undesirable effects of carbon catabolite repression (CCR) need to be relieved. The main components of CCR include the catabolite control protein A (CcpA) and the catabolite responsive element (CRE), a 14 bp palindromic DNA sequence. Simultaneous mutation of ccpA and spo0A maximized the intracellular transcription level of the rbs operon when glucose and ribose were both added to the medium [66]. CRE is in the upstream region of the rbs operon, and synonymous mutation of two bases in this sequence can also alleviate the CCR effect [84]. In addition, it is possible to circumvent CCR. By establishing a nutrient deficient strain, the co-utilization of glucose and ribose could be achieved. As shown in Figure 1, truncating the pathway of glucose into glycolysis by knocking zwf and pfk results in cells failing to grow [85]. The addition of ribose enables the cell to produce GAP via PPP, allowing the glycolysis pathway to carry on normally. Meanwhile, R-5-P, produced from ribose, synthesizes amounts of PRPP for NMN production via a very short pathway. Moreover, the new optimization algorithm SIMUP was able to predict nutritionally deficient mutants that can be forced to co-utilize glucose and ribose [86]. The analytical algorithm opt-yield-FBA has been applied to describe the dynamic behaviors of microorganisms in a medium comprising a mixture of carbon sources [87]. With the help of the genome-scale metabolic network model, it is possible to better regulate the co-utilization of multiple carbon sources in cells and to increase the carbon flux for NMN production.




4.3. Constructing Artificial Microbial Consortia to Reduce the Metabolic Burden


The direct addition of NAM to fermentation broth is expensive, and the synthesis of NAM using glucose as the substrate can reduce the cost. However, the production of both NAM and NMN in a single-cell system increases the metabolic burden of the cell and suppresses cell growth. A division of labor using microbial consortia could spatially separate different synthetic pathways and distribute metabolic loads [88]. The first step is to construct a strain that can produce NAM. NAD+ is decomposed into NAM by NAD-dependent protein deacetylase (encoded by yhdZ) [89]. If a high NAD+-producing strain is used as the chassis, expressing the yhdZ gene in that strain will produce NAM [19]. Based on this, it is possible to use one recombinant E. coli to produce NAM and another strain that produces PRPP and absorbs the NAM to produce NMN.



In constructing this system, attention is first paid to the interactions between the different strains and to identifying the optimal inoculation ratio and product induction time. The separation of microorganisms into independent droplets allows for mixed cultures without knowledge of microbial interactions. A recent paper reported on the design of an invert emulsion system by dispersing the culture medium in a mixture of sunflower oil and surfactant PGPR, which could remain stable for at least 24 h [90]. Secondly, it is important to ensure that NAM can be transported smoothly between cell membranes and absorbed by the NMN-producing strains in a timely way. It becomes important to find a more efficient NAM transporter protein or to select and optimize the already reported transporter proteins. Thirdly, microbial species may naturally evolve into distinct phenotypic subpopulations, and it is necessary to prevent low-yield cheaters from becoming the dominant strain of the colony. Quorum sensing creates an environment more conducive to the survival of cooperative individuals and inhibits the growth of cheaters [91].








Author Contributions


Conceptualization, Z.W.; writing—original draft preparation, S.L.; writing—review and editing, T.C., J.Z., Y.Z. and Z.W.; supervision, Z.W. All authors have read and agreed to the published version of the manuscript.




Funding


This work was financially supported by the National Key Research and Development Program of China (2021YFC2100700) and the National Natural Science Foundation of China (NSFC-22278312).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Dölle, C.; Skoge, R.H.; Vanlinden, M.R.; Ziegler, M. NAD biosynthesis in humans--enzymes, metabolites and therapeutic aspects. Curr. Top. Med. Chem. 2013, 13, 2907–2917. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Okabe, K.; Yaku, K.; Tobe, K.; Nakagawa, T. Implications of altered NAD metabolism in metabolic disorders. J. Biomed. Sci. 2019, 26, 34. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Campbell, J.M. Supplementation with NAD(+) and Its Precursors to Prevent Cognitive Decline across Disease Contexts. Nutrients 2022, 14, 3231. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Tang, E.; Shen, X.; Wang, J.; Sun, X.; Yuan, Q. Synergetic utilization of glucose and glycerol for efficient myo-inositol biosynthesis. Biotechnol. Bioeng. 2020, 117, 1247–1252. [Google Scholar] [CrossRef] [Scilit]

	



Feng, Z.; Qin, Y.; Huo, F.; Jian, Z.; Li, X.; Geng, J.; Li, Y.; Wu, J. NMN recruits GSH to enhance GPX4-mediated ferroptosis defense in UV irradiation induced skin injury. Biochim. Biophys. Acta Mol. Basis Dis. 2021, 1868, 166287. [Google Scholar] [CrossRef] [Scilit]

	



Shen, Q.; Zhang, S.J.; Xue, Y.Z.; Peng, F.; Cheng, D.Y.; Xue, Y.P.; Zheng, Y.G. Biological synthesis of nicotinamide mononucleotide. Biotechnol. Lett. 2021, 43, 2199–2208. [Google Scholar] [CrossRef] [Scilit]

	



Preiss, J.; Handler, P. Enzymatic Synthesis of Nicotinamide Mononucleotide. J. Biol. Chem. 1957, 225, 759–770. [Google Scholar] [CrossRef] [Scilit]

	



Li, Q.; Meng, D.; You, C. An artificial multi-enzyme cascade biocatalysis for biomanufacturing of nicotinamide mononucleotide from starch and nicotinamide in one-pot. Enzym. Microb. Technol. 2022, 162, 110122. [Google Scholar] [CrossRef] [Scilit]

	



Sinclair, D.A. Biological Production of NAD Precursors and Analogs. WO Patent 2015/069860, 14 May 2015. [Google Scholar]

	



Mills, K.F.; Yoshida, S.; Stein, L.R.; Grozio, A.; Kubota, S.; Sasaki, Y.; Redpath, P.; Migaud, M.E.; Apte, R.S.; Uchida, K.; et al. Long-Term Administration of Nicotinamide Mononucleotide Mitigates Age-Associated Physiological Decline in Mice. Cell Metab. 2016, 24, 795–806. [Google Scholar] [CrossRef] [Scilit]

	



Huang, Z.; Li, N.; Yu, S.; Zhang, W.; Zhang, T.; Zhou, J. Systematic Engineering of Escherichia coli for Efficient Production of Nicotinamide Mononucleotide From Nicotinamide. ACS Synth. Biol. 2022, 11, 2979–2988. [Google Scholar] [CrossRef] [Scilit]

	



Pollard, C.-L.; Younan, A.; Swegen, A.; Gibb, Z.; Grupen, C.G. Insights into the NAD(+) biosynthesis pathways involved during meiotic maturation and spindle formation in porcine oocytes. J. Reprod. Dev. 2022, 68, 216–224. [Google Scholar] [CrossRef] [Scilit]

	



Groth, B.; Venkatakrishnan, P.; Lin, S.J. NAD(+) Metabolism, Metabolic Stress, and Infection. Front. Mol. Biosci. 2021, 8, 686412. [Google Scholar] [CrossRef] [Scilit]

	



Sharma, S.; Hsieh, Y.C.; Dietze, J.; Bockwoldt, M.; Stromland, O.; Ziegler, M.; Heiland, I. Early Evolutionary Selection of NAD Biosynthesis Pathway in Bacteria. Metabolites 2022, 12, 569. [Google Scholar] [CrossRef] [Scilit]

	



Yoshino, J.; Baur, J.A.; Imai, S.I. NAD(+) Intermediates: The Biology and Therapeutic Potential of NMN and NR. Cell Metab. 2018, 27, 513–528. [Google Scholar] [CrossRef] [Scilit]

	



Navas, L.E.; Carnero, A. NAD(+) metabolism, stemness, the immune response, and cancer. Signal. Transduct. Target. Ther. 2021, 6, 2. [Google Scholar] [CrossRef] [Scilit]

	



Zhu, F.Y.; Pena, M.; Bennett, G.N. Metabolic engineering of Escherichia coli for quinolinic acid production by assembling L-aspartate oxidase and quinolinate synthase as an enzyme complex. Metab. Eng. 2021, 67, 164–172. [Google Scholar] [CrossRef] [Scilit]

	



Ollagnier-de Choudens, S.; Loiseau, L.; Sanakis, Y.; Barras, F.; Fontecave, M. Quinolinate synthetase, an iron-sulfur enzyme in NAD biosynthesis. FEBS Lett. 2005, 579, 3737–3743. [Google Scholar] [CrossRef] [Scilit]

	



Yang, L.; Mu, X.; Nie, Y.; Xu, Y. Improving the production of NAD(+) via multi-strategy metabolic engineering in Escherichia coli. Metab. Eng. 2021, 64, 122–133. [Google Scholar] [CrossRef] [Scilit]

	



Sorci, L.; Martynowski, D.; Rodionov, D.A.; Eyobo, Y.; Zogaj, X.; Klose, K.E.; Nikolaev, E.V.; Magni, G.; Zhang, H.; Osterman, A.L. Nicotinamide mononucleotide synthetase is the key enzyme for an alternative route of NAD biosynthesis in Francisella tularensis. Proc. Natl. Acad. Sci. USA 2009, 106, 3083–3088. [Google Scholar] [CrossRef] [Scilit]

	



Wang, L.; Zhou, Y.J.; Ji, D.; Lin, X.; Liu, Y.; Zhang, Y.; Liu, W.; Zhao, Z.K. Identification of UshA as a major enzyme for NAD degradation in Escherichia coli. Enzym. Microb. Technol. 2014, 58–59, 75–79. [Google Scholar] [CrossRef] [Scilit]

	



De Ingeniis, J.; Kazanov, M.D.; Shatalin, K.; Gelfand, M.S.; Osterman, A.L.; Sorci, L. Glutamine versus ammonia utilization in the NAD synthetase family. PLoS ONE 2012, 7, e39115. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Martin, P.R.; Shea, R.J.; Mulks, M.H. Identification of a plasmid-encoded gene from Haemophilus ducreyi which confers NAD independence. J. Bacteriol. 2001, 183, 1168–1174. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Lee, J.Y.; Li, Z.; Miller, E.S. Vibrio Phage KVP40 Encodes a Functional NAD(+) Salvage Pathway. J. Bacteriol. 2017, 199, e00855-16. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Bieganowski, P.; Brenner, C. Discoveries of nicotinamide riboside as a nutrient and conserved NRK genes establish a Preiss-Handler independent route to NAD+ in fungi and humans. Cell 2004, 117, 495–502. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Sonntag, T.; Ancel, S.; Karaz, S.; Cichosz, P.; Jacot, G.; Giner, M.P.; Sanchez-Garcia, J.L.; Pannerec, A.; Moco, S.; Sorrentino, V.; et al. Nicotinamide riboside kinases regulate skeletal muscle fiber-type specification and are rate-limiting for metabolic adaptations during regeneration. Front. Cell Dev. Biol. 2022, 10, 1049653. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Takahashi, R.; Nakamura, S.; Nakazawa, T.; Minoura, K.; Yoshida, T.; Nishi, Y.; Kobayashi, Y.; Ohkubo, T. Structure and reaction mechanism of human nicotinamide phosphoribosyltransferase. J. Biochem. 2010, 147, 95–107. [Google Scholar] [CrossRef] [Scilit]

	



Burgos, E.S.; Schramm, V.L. Weak coupling of ATP hydrolysis to the chemical equilibrium of human nicotinamide phosphoribosyltransferase. Biochemistry 2008, 47, 11086–11096. [Google Scholar] [CrossRef] [Scilit]

	



Hove-Jensen, B.; Andersen, K.R.; Kilstrup, M.; Martinussen, J.; Switzer, R.L.; Willemoes, M. Phosphoribosyl Diphosphate (PRPP): Biosynthesis, Enzymology, Utilization, and Metabolic Significance. Microbiol. Mol. Biol. Rev. 2017, 81, e00040-16. [Google Scholar] [CrossRef] [Scilit]

	



Shi, T.; Wang, Y.; Wang, Z.; Wang, G.; Liu, D.; Fu, J.; Chen, T.; Zhao, X. Deregulation of purine pathway in Bacillus subtilis and its use in riboflavin biosynthesis. Microb. Cell Factories 2014, 13, 101. [Google Scholar] [CrossRef] [Scilit]

	



Zakataeva, N.P.; Romanenkov, D.V.; Skripnikova, V.S.; Vitushkina, M.V.; Livshits, V.A.; Kivero, A.D.; Novikova, A.E. Wild-type and feedback-resistant phosphoribosyl pyrophosphate synthetases from Bacillus amyloliquefaciens: Purification, characterization, and application to increase purine nucleoside production. Appl. Microbiol. Biotechnol. 2012, 93, 2023–2033. [Google Scholar] [CrossRef] [Scilit]

	



Rappu, P.; Pullinen, T.; Mantsala, P. In vivo effect of mutations at the PRPP binding site of the Bacillus subtilis purine repressor. J. Bacteriol. 2003, 185, 6728–6731. [Google Scholar] [CrossRef] [Scilit]

	



Singh, S.K.; Kurnasov, O.V.; Chen, B.; Robinson, H.; Grishin, N.V.; Osterman, A.L.; Zhang, H. Crystal structure of Haemophilus influenzae NadR protein. A bifunctional enzyme endowed with NMN adenyltransferase and ribosylnicotinimide kinase activities. J. Biol. Chem. 2002, 277, 33291–33299. [Google Scholar] [CrossRef] [Scilit]

	



Kurnasov, O.V.; Polanuyer, B.M.; Ananta, S.; Sloutsky, R.; Tam, A.; Gerdes, S.Y.; Osterman, A.L. Ribosylnicotinamide kinase domain of NadR protein: Identification and implications in NAD biosynthesis. J. Bacteriol. 2002, 184, 6906–6917. [Google Scholar] [CrossRef] [Scilit]

	



Qian, X.-L.; Dai, Y.-S.; Li, C.-X.; Pan, J.; Xu, J.-H.; Mu, B. Enzymatic synthesis of high-titer nicotinamide mononucleotide with a new nicotinamide riboside kinase and an efficient ATP regeneration system. Bioresour. Bioprocess. 2022, 9, 6906–6917. [Google Scholar] [CrossRef] [Scilit]

	



He, J.J.; Liu, X.X.; Li, Y.; Wang, Z.; Shi, H.L.; Kan, Y.C.; Yao, L.G.; Tang, C.D. High level expression of nicotinamide nucleoside kinase from Saccharomyces cerevisiae and its purification and immobilization by one-step method. Front. Bioeng. Biotechnol. 2023, 11, 1134152. [Google Scholar] [CrossRef] [Scilit]

	



Dolle, C.; Ziegler, M. Application of a coupled enzyme assay to characterize nicotinamide riboside kinases. Anal. Biochem. 2009, 385, 377–379. [Google Scholar] [CrossRef] [Scilit]

	



Tempel, W.; Rabeh, W.M.; Bogan, K.L.; Belenky, P.; Wojcik, M.; Seidle, H.F.; Nedyalkova, L.; Yang, T.; Sauve, A.A.; Park, H.W.; et al. Nicotinamide riboside kinase structures reveal new pathways to NAD+. PLoS Biol. 2007, 5, e263. [Google Scholar] [CrossRef] [Scilit]

	



Ratajczak, J.; Joffraud, M.; Trammell, S.A.; Ras, R.; Canela, N.; Boutant, M.; Kulkarni, S.S.; Rodrigues, M.; Redpath, P.; Migaud, M.E.; et al. NRK1 controls nicotinamide mononucleotide and nicotinamide riboside metabolism in mammalian cells. Nat. Commun. 2016, 7, 13103. [Google Scholar] [CrossRef] [Scilit]

	



Zhu, N.; Olivera, B.M.; Roth, J.R. Activity of the nicotinamide mononucleotide transport system is regulated in Salmonella typhimurium. J. Bacteriol. 1991, 173, 1311–1320. [Google Scholar] [CrossRef] [Scilit]

	



Sauer, E.; Merdanovic, M.; Mortimer, A.P.; Bringmann, G.; Reidl, J. PnuC and the utilization of the nicotinamide riboside analog 3-aminopyridine in Haemophilus influenzae. Antimicrob. Agents Chemother. 2004, 48, 4532–4541. [Google Scholar] [CrossRef] [Scilit]

	



Grose, J.H.; Bergthorsson, U.; Xu, Y.; Sterneckert, J.; Khodaverdian, B.; Roth, J.R. Assimilation of nicotinamide mononucleotide requires periplasmic AphA phosphatase in Salmonella enterica. J. Bacteriol. 2005, 187, 4521–4530. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Gerasimova, A.V.; Gelfand, M.S. Evolution of the NadR regulon in Enterobacteriaceae. J. Bioinform. Comput. Biol. 2005, 3, 1007–1019. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Jaehme, M.; Slotboom, D.J. Structure, function, evolution, and application of bacterial Pnu-type vitamin transporters. Biol. Chem. 2015, 396, 955–966. [Google Scholar] [CrossRef] [PubMed]

	



Todisco, S.; Agrimi, G.; Castegna, A.; Palmieri, F. Identification of the mitochondrial NAD+ transporter in Saccharomyces cerevisiae. J. Biol. Chem. 2006, 281, 1524–1531. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Belenky, P.A.; Moga, T.G.; Brenner, C. Saccharomyces cerevisiae YOR071C encodes the high affinity nicotinamide riboside transporter Nrt1. J. Biol. Chem. 2008, 283, 8075–8079. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Shoji, S.; Yamaji, T.; Makino, H.; Ishii, J.; Kondo, A. Metabolic design for selective production of nicotinamide mononucleotide from glucose and nicotinamide. Metab. Eng. 2021, 65, 167–177. [Google Scholar] [CrossRef] [Scilit]

	



Shen, Y.P.; Liao, Y.L.; Lu, Q.; He, X.; Yan, Z.B.; Liu, J.Z. ATP and NADPH engineering of Escherichia coli to improve the production of 4-hydroxyphenylacetic acid using CRISPRi. Biotechnol. Biofuels 2021, 14, 100. [Google Scholar] [CrossRef] [Scilit]

	



Liang, B.; Sun, G.N.; Zhang, X.P.; Nie, Q.J.; Zhao, Y.K.; Yang, J.M. Recent advances, challenges and metabolic engineering strategies in the biosynthesis of 3-hydroxypropionic acid. Biotechnol. Bioeng. 2022, 119, 2639–2668. [Google Scholar] [CrossRef] [Scilit]

	



Jiang, M.; Hong, K.; Mao, Y.; Ma, H.; Chen, T.; Wang, Z. Natural 5-Aminolevulinic Acid: Sources, Biosynthesis, Detection and Applications. Front. Bioeng. Biotechnol. 2022, 10, 841443. [Google Scholar] [CrossRef] [Scilit]

	



Marinescu, G.C.; Popescu, R.G.; Stoian, G.; Dinischiotu, A. beta-nicotinamide mononucleotide (NMN) production in Escherichia coli. Sci. Rep. 2018, 8, 12278. [Google Scholar] [CrossRef] [Scilit]

	



Black, W.B.; Aspacio, D.; Bever, D.; King, E.; Zhang, L.; Li, H. Metabolic engineering of Escherichia coli for optimized biosynthesis of nicotinamide mononucleotide, a noncanonical redox cofactor. Microb. Cell Fact. 2020, 19, 150. [Google Scholar] [CrossRef] [Scilit]

	



Liu, Y.; Yasawong, M.; Yu, B. Metabolic engineering of Escherichia coli for biosynthesis of beta-nicotinamide mononucleotide from nicotinamide. Microb. Biotechnol. 2021, 14, 2581–2591. [Google Scholar] [CrossRef] [Scilit]

	



Maharjan, A.; Singhvi, M.; Kim, B.S. Biosynthesis of a Therapeutically Important Nicotinamide Mononucleotide through a Phosphoribosyl Pyrophosphate Synthetase 1 and 2 Engineered Strain of Escherichia coli. ACS Synth. Biol. 2021, 10, 3055–3065. [Google Scholar] [CrossRef] [Scilit]

	



Sugiyama, K.; Iijima, K.; Yoshino, M.; Dohra, H.; Tokimoto, Y.; Nishikawa, K.; Idogaki, H.; Yoshida, N. Nicotinamide mononucleotide production by fructophilic lactic acid bacteria. Sci. Rep. 2021, 11, 7662. [Google Scholar] [CrossRef] [Scilit]

	



Ngivprom, U.; Lasin, P.; Khunnonkwao, P.; Worakaensai, S.; Jantama, K.; Kamkaew, A.; Lai, R.Y. Synthesis of nicotinamide mononucleotide from xylose via coupling engineered Escherichia coli and a biocatalytic cascade. Chembiochem 2022, 23, e202200071. [Google Scholar] [CrossRef] [Scilit]

	



He, Z.; Yang, X.; Tian, X.; Li, L.; Liu, M. Yeast Cell Surface Engineering of a Nicotinamide Riboside Kinase for the Production of beta-Nicotinamide Mononucleotide via Whole-Cell Catalysis. ACS Synth. Biol. 2022, 11, 3451–3459. [Google Scholar] [CrossRef] [Scilit]

	



Yi, Y.-C.; Shih, I.T.; Yu, T.-H.; Lee, Y.-J.; Ng, I.S. Challenges and opportunities of bioprocessing 5-aminolevulinic acid using genetic and metabolic engineering: A critical review. Bioresour. Bioprocess. 2021, 8, 100. [Google Scholar] [CrossRef] [Scilit]

	



Sharma, A.; Gupta, G.; Ahmad, T.; Mansoor, S.; Kaur, B. Enzyme Engineering: Current Trends and Future Perspectives. Food Rev. Int. 2019, 37, 121–154. [Google Scholar] [CrossRef] [Scilit]

	



Fu, R.Z.; Zhang, Q. Nicotinamide Phosphoribosyltransferase Mutant and Application Thereof. WO Patent 2018/023206A1, 8 February 2018. [Google Scholar]

	



Wang, Y.; Xue, P.; Cao, M.; Yu, T.; Lane, S.T.; Zhao, H. Directed Evolution: Methodologies and Applications. Chem. Rev. 2021, 121, 12384–12444. [Google Scholar] [CrossRef] [Scilit]

	



Zhou, M.; Li, Y.; Che, H.; Sun, Y.; Wang, S.; Zhan, Y.; Cai, D.; Chen, S. Metabolic Engineering of Bacillus licheniformis for the Bioproduction of Nicotinamide Riboside from Nicotinamide and Glucose. ACS Sustain. Chem. Eng. 2023, 11, 6201–6210. [Google Scholar] [CrossRef] [Scilit]

	



García-Calvo, L.; Rane, D.V.; Everson, N.; Humlebrekk, S.T.; Mathiassen, L.F.; Mæhlum, A.H.M.; Malmo, J.; Bruheim, P. Central carbon metabolite profiling reveals vector-associated differences in the recombinant protein production host Escherichia coli BL21. Front. Chem. Eng. 2023, 5, 1142226. [Google Scholar] [CrossRef] [Scilit]

	



Kim, S.K.; Kim, H.; Woo, S.G.; Kim, T.H.; Rha, E.; Kwon, K.K.; Lee, H.; Lee, S.G.; Lee, D.H. CRISPRi-based programmable logic inverter cascade for antibiotic-free selection and maintenance of multiple plasmids. Nucleic Acids Res. 2022, 50, 13155–13171. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Shimada, T.; Kori, A.; Ishihama, A. Involvement of the ribose operon repressor RbsR in regulation of purine nucleotide synthesis in Escherichia coli. FEMS Microbiol. Lett. 2013, 344, 159–165. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Strauch, M.A. AbrB modulates expression and catabolite repression of a Bacillus subtilis ribose transport operon. J. Bacteriol. 1995, 177, 6727–6731. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Zakataeva, N.P.; Romanenkov, D.V.; Yusupova, Y.R.; Skripnikova, V.S.; Asahara, T.; Gronskiy, S.V. Identification, Heterologous Expression, and Functional Characterization of Bacillus subtilis YutF, a HAD Superfamily 5′-Nucleotidase with Broad Substrate Specificity. PLoS ONE 2016, 11, e0167580. [Google Scholar] [CrossRef] [Scilit]

	



Jeanguenin, L.; Lara-Nunez, A.; Rodionov, D.A.; Osterman, A.L.; Komarova, N.Y.; Rentsch, D.; Gregory, J.F., 3rd; Hanson, A.D. Comparative genomics and functional analysis of the NiaP family uncover nicotinate transporters from bacteria, plants, and mammals. Funct. Integr. Genom. 2012, 12, 25–34. [Google Scholar] [CrossRef] [Scilit]

	



Zhou, W.J.; Tsai, A.; Dattmore, D.A.; Stives, D.P.; Chitrakar, I.; D’Alessandro, A.M.; Patil, S.; Hicks, K.A.; French, J.B. Crystal structure of E. coli PRPP synthetase. Bmc Struct. Biol. 2019, 19, 1. [Google Scholar] [CrossRef] [Scilit]

	



Luo, Z.; Zeng, W.; Du, G.; Chen, J.; Zhou, J. Enhanced Pyruvate Production in Candida glabrata by Engineering ATP Futile Cycle System. ACS Synth. Biol. 2019, 8, 787–795. [Google Scholar] [CrossRef] [Scilit]

	



Barrado, P.; Rodriguez, M.J.; Jimenez, A.; Fernandez Lobato, M. Expression in Escherichia coli of a recombinant adenosine kinase from Saccharomyces cerevisiae: Purification, kinetics and substrate analyses. Yeast 2003, 20, 1145–1150. [Google Scholar] [CrossRef] [Scilit]

	



Leung, H.B.; Kvalnes-Krick, K.L.; Meyer, S.L.; deRiel, J.K.; Schramm, V.L. Structure and regulation of the AMP nucleosidase gene (amn) from Escherichia coli. Biochemistry 1989, 28, 8726–8733. [Google Scholar] [CrossRef] [Scilit]

	



Wan, L.; Wang, X.Y.; Hu, Y.H.; Li, Q.; Zhao, Z.K. Gram-scale biocatalytic preparation of the non-natural cofactor nicotinamide cytosine dinucleotide. Tetrahedron Lett. 2022, 88, 153568. [Google Scholar] [CrossRef] [Scilit]

	



Hara, N.; Yamada, K.; Shibata, T.; Osago, H.; Tsuchiya, M. Nicotinamide phosphoribosyltransferase/visfatin does not catalyze nicotinamide mononucleotide formation in blood plasma. PLoS ONE 2011, 6, e22781. [Google Scholar] [CrossRef] [Scilit]

	



Kong, L.H.; Liu, T.Y.; Yao, Q.S.; Zhang, X.H.; Xu, W.N.; Qin, J.Y. Enhancing the biosynthesis of nicotinamide mononucleotide in Lactococcus lactis by heterologous expression of FtnadE. J. Sci. Food Agric. 2022, 103, 450–456. [Google Scholar] [CrossRef] [Scilit]

	



Panchapakesan, S.S.S.; Corey, L.; Malkowski, S.N.; Higgs, G.; Breaker, R.R. A second riboswitch class for the enzyme cofactor NAD(+). Rna 2021, 27, 99–105. [Google Scholar] [CrossRef] [Scilit]

	



Ali, M.; Ishqi, H.M.; Husain, Q. Enzyme engineering: Reshaping the biocatalytic functions. Biotechnol. Bioeng. 2020, 117, 1877–1894. [Google Scholar] [CrossRef] [Scilit]

	



Currin, A.; Parker, S.; Robinson, C.J.; Takano, E.; Scrutton, N.S.; Breitling, R. The evolving art of creating genetic diversity: From directed evolution to synthetic biology. Biotechnol. Adv. 2021, 50, 107762. [Google Scholar] [CrossRef] [Scilit]

	



Magni, G.; Di Stefano, M.; Orsomando, G.; Raffaelli, N.; Ruggieri, S. NAD(P) Biosynthesis Enzymes as Potential Targets for Selective Drug Design. Curr. Med. Chem. 2009, 16, 1372–1390. [Google Scholar] [CrossRef] [Scilit]

	



Ren, F.; Ding, X.; Zheng, M.; Korzinkin, M.; Cai, X.; Zhu, W.; Mantsyzov, A.; Aliper, A.; Aladinskiy, V.; Cao, Z.; et al. AlphaFold accelerates artificial intelligence powered drug discovery: Efficient discovery of a novel CDK20 small molecule inhibitor. Chem. Sci. 2023, 14, 1443–1452. [Google Scholar] [CrossRef] [Scilit]

	



Madhavan, A.; Arun, K.B.; Binod, P.; Sirohi, R.; Tarafdar, A.; Reshmy, R.; Kumar Awasthi, M.; Sindhu, R. Design of novel enzyme biocatalysts for industrial bioprocess: Harnessing the power of protein engineering, high throughput screening and synthetic biology. Bioresour. Technol. 2021, 325, 124617. [Google Scholar] [CrossRef] [Scilit]

	



Tournier, V.; Topham, C.M.; Gilles, A.; David, B.; Folgoas, C.; Moya-Leclair, E.; Kamionka, E.; Desrousseaux, M.L.; Texier, H.; Gavalda, S.; et al. An engineered PET depolymerase to break down and recycle plastic bottles. Nature 2020, 580, 216–219. [Google Scholar] [CrossRef] [Scilit]

	



Zhang, R.Y.; Qin, Y.; Lv, X.Q.; Wang, P.; Xu, T.Y.; Zhang, L.; Miao, C.Y. A fluorometric assay for high-throughput screening targeting nicotinamide phosphoribosyltransferase. Anal. Biochem. 2011, 412, 18–25. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Nentwich, S.S.; Brinkrolf, K.; Gaigalat, L.; Hüser, A.T.; Rey, D.A.; Mohrbach, T.; Marin, K.; Pühler, A.; Tauch, A.; Kalinowski, J. Characterization of the LacI-type transcriptional repressor RbsR controlling ribose transport in Corynebacterium glutamicum ATCC 13032. Microbiology 2009, 155, 150–164. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Wu, Y.; Wang, J.; Shen, X.; Wang, J.; Chen, Z.; Sun, X.; Yuan, Q.; Yan, Y. Investigating the strategies for microbial production of trehalose from lignocellulosic sugars. Biotechnol. Bioeng. 2018, 115, 785–790. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Gawand, P.; Hyland, P.; Ekins, A.; Martin, V.J.; Mahadevan, R. Novel approach to engineer strains for simultaneous sugar utilization. Metab. Eng. 2013, 20, 63–72. [Google Scholar] [CrossRef] [Scilit]

	



Luo, H.; Li, P.; Ji, B.; Nielsen, J. Modeling the metabolic dynamics at the genome-scale by optimized yield analysis. Metab. Eng. 2023, 75, 119–130. [Google Scholar] [CrossRef] [Scilit]

	



Zhang, H.; Wang, X. Modular co-culture engineering, a new approach for metabolic engineering. Metab. Eng. 2016, 37, 114–121. [Google Scholar] [CrossRef] [Scilit]

	



Gardner, J.G.; Escalante-Semerena, J.C. In Bacillus subtilis, the sirtuin protein deacetylase, encoded by the srtN gene (formerly yhdZ), and functions encoded by the acuABC genes control the activity of acetyl coenzyme A synthetase. J. Bacteriol. 2009, 191, 1749–1755. [Google Scholar] [CrossRef] [Scilit]

	



Dijamentiuk, A.; Mangavel, C.; Elfassy, A.; Michaux, F.; Burgain, J.; Rondags, E.; Delaunay, S.; Ferrigno, S.; Revol-Junelles, A.M.; Borges, F. Invert emulsions alleviate biotic interactions in bacterial mixed culture. Microb. Cell Factories 2023, 22, 16. [Google Scholar] [CrossRef] [Scilit]

	



Özkaya, Ö.; Xavier, K.B.; Dionisio, F.; Balbontín, R. Maintenance of Microbial Cooperation Mediated by Public Goods in Single- and Multiple-Trait Scenarios. J. Bacteriol. 2017, 199, e00297-17. [Google Scholar] [CrossRef] [Scilit]








[image: Fermentation 09 00594 g001] 





Figure 1. De novo and salvage pathways of nicotinamide mononucleotide synthesis. The de novo synthesis of NMN is mediated by NADB, NADA, and NADC, leading to the production of NaMN. After NAD+ is generated by the pathway, Nudix hydrolases such as NUDE or other nucleotidases (MAZG and USHA) with similar hydrolytic activity can degrade NAD+ into NMN. Alternatively, NMN synthetase could directly convert NaMN into NMN. In the salvage pathway, NAM is converted into NMN by NAM phosphoribosyl transferase (NAMPT), whereas NR is converted into NMN by NMN adenylyltransferase (NADR). Abbreviations of NMN intermediates are shown in bold font 12. Asp, aspartate. I-Asp, iminoaspartate. QA, quinolinic acid. NaMN, nicotinic acid mononucleotide. NaAD, deamido-nicotinamide adenine dinucleotide. NAD+, nicotinamide adenine dinucleotide. NMN, nicotinamide mononucleotide. NAM, nicotinamide. NR, nicotinamide riboside. PRPP, 5′-phosphoribosyl 1-pyrophosphate. ATP, adenosine triphosphate. ADP, adenosine diphosphate. AMP, adenosine monophosphate. DHAP, dihydroxyacetone phosphate. PPi, pyrophosphate. Pi, phosphate. The genes and enzymes associated with the reactions are nadB, L-aspartate oxidase; nadA, quinolinate synthase; nadC, quinolinate phosphoribosyltransferase; nadD, NaMN adenylyltransferase; nadE, NAD+ synthetase; nudE, NADH hydrolase; mazG, nucleoside triphosphate pyrophosphohydrolase; ushA, UDP-sugar hydrolase; pncC, NMN amidohydrolase; Ft nadE, NMN synthase from Francisella tularensis; nadV, nicotinamide phosphoribosyltransferase; nadR, NMN amidohydrolase from Bacillus subtilis; xapA, xanthosine phosphorylase; and nadD, nicotinate nucleotide adenylyltransferase. The production of NMN from NAM and glucose/ribose uses the pentose phosphate pathway or the ribose metabolic pathway. Solid arrows indicate metabolic pathways, whereas dotted arrows indicate the transport directions of transporters. The essential genes and enzymes associated with the reactions are zwf, glucose 6-phosphate dehydrogenase; pgi, glucose-6-phosphate isomerase; pgl, 6-phosphogluconolactonase; gnd, 6-phosphogluconate dehydrogenase; rpiA, ribose 5-phosphate isomerase A; rpiB, ribose 5-phosphate isomerase B; prs, ribose-phosphate diphosphokinase; and rbsK, ribokinase. Four transporters, ptsGHI (glucose transporter), rbsABC (D-ribose transporter), niaP (niacin transporter), and pnuC (nicotinamide riboside transporter), are shown in blue and purple ovals. Abbreviations of metabolites: Glu, glucose; G-6-P, glucose-6-phosphate; F-6-P, fructose-6-phosphate; F-1,6-P, 1,6-fructose diphosphate; GAP, glyceraldehyde 2-phosphate; PEP, phosphoenolpyruvate; PYR, pyruvic acid; 6-PGL, 6-phosphogluconolactone; 6-PG, 6-phosphogluconic acid; Ru-5-P, ribulose 5-phosphate; X-5-P, D-xylulose 5-phosphate; S-7-P, sedoheptulose 7-phosphate; E-4-P, erythrose 4-phosphate; Rib, ribose; Ru-5-P, ribulose-5-phosphate; R-5-P, ribulose 5-phosphate. 
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Figure 2. Two types of ATP regeneration systems. (a) ATP synthesis via the purine pathway. The red cross represents a deleted pathway. R-5-P, ribose 5-phosphate. PRPP, 5′-phosphoribosyl 1-pyrophosphate. NAM, nicotinamide. NMN, nicotinamide mononucleotide. ATP, adenosine triphosphate. ADP, adenosine diphosphate. AMP, adenosine monophosphate. PPi, pyrophosphate. Ade, adenine; Ado, adenosine. The genes and enzymes associated with the reactions are amn, AMP nucleosidase; ado1, adenosine kinase (in S. cerevisiae); prs, ribose-phosphate diphosphokinase; and nadV, nicotinamide phosphoribosyltransferase. (b) CHU0107 catalyzes the synthesis of ATP from ADP and AMP. The expression of CHU0107 eliminates ADP and promotes ATP production, EcPPase degrades PPi. Pi, inorganic phosphate. The enzymes associated with the reactions are CHU0107, polyphosphate kinase II from Cytophaga hutchinsonii; EcPPase, pyrophosphatase from E. coli; EcRbsK, ribokinase from E. coli; and Cp nadV, nicotinamide phosphoribosyltransferase from Chitinophaga pinensis. 
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Figure 3. Byproducts of NMN fermentation. During the production of NMN, byproducts such as NAD+, NR, and NaMN are generated, which influences the final yield. R-5-P, ribose 5-phosphate. PRPP, 5′-phosphoribosyl 1-pyrophosphate. NAM, nicotinamide. NMN, nicotinamide mononucleotide. NR, nicotinamide riboside. NAD+, nicotinamide adenine dinucleotide. ATP, adenosine triphosphate. AMP, adenosine monophosphate. PPi, pyrophosphate. The enzymes associated with the reactions are prs, ribose-phosphate diphosphokinase; nadV, nicotinamide phosphoribosyltransferase; pncC, NMN amidohydrolase; nadR, NMN amidohydrolase; and ushA, UDP-sugar hydrolase. 
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Table 1. Metabolic engineering strategies for improving the production of NMN.
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	Chassis
	Strategies
	Cultivation
	Intracellular NMN Production (mg/L)
	Extracellular NMN Production (mg/L)
	Reference





	S. cerevisiae
	Overexpression of nadV;

deletion of nma1 1
	Bioreactor 2
	ND 3 (300–350 nmol per g of wet cells)
	ND 3
	[9]



	E. coli
	Overexpression of nadV
	500 mL benchtop bioreactor
	7877.59
	10.89
	[51]



	E. coli
	Overexpression of nadV and prs (with L135I mutation)
	500 mL benchtop bioreactor
	7563.42
	15.42
	[51]



	E. coli
	Overexpression of nadV and nadE;

deletion of pncC
	2 mL deep-well

plate
	501.33
	ND 3
	[52]



	E. coli
	Overexpression of nadV, niaP, pnuC, pig, zwf, pgl, gnd, ripA, ripB, and prs
	2 L fermenter
	ND 3
	6.79 × 103
	[47]



	E. coli
	Overexpression of nadV, ygcS, prs (with L135I mutation), zwf, gnd, and ado1; deletion of nadR, pncC, amn, and purR 4
	Flasks 2
	ND 3
	496.2
	[53]



	E. coli
	Overexpression nadV, prs1, and prs2; optimization of the amounts of ribose, Mg2+, phosphate, nicotinamide, and lactose inducer (using response surface methodology)
	250 mL Erlenmeyer flask
	772.05
	ND 3
	[54]



	Fructobacillus durionis
	Lactic acid bacteria isolated from natural resources cultivated in MRS medium containing 1% D-fructose for 12 h
	Flasks 2
	2.1
	ND 3
	[55]



	E. coli
	Overexpression of nadV, prs (with L135I mutation), and pnuC; deletion of nadR, pncC, ushA, and purR; controlling the supplementation of nicotinamide and dissolved oxygen level
	5 L fermenter
	ND 3
	1.62 × 104
	[11]



	E. coli
	Deletion of tktA 5, tktB 5, and ptsG 5; cascade bioconversion using EcRBSK, EcPRPS, CpNAMPT, CHU0107, and EcPPase
	500 mL baffled flask and 10 mL scale bioreactor
	ND 3
	284.09
	[56]



	S. cerevisiae EBY100
	Overexpression of nrk2 6 (displayed on the cell surface); optimization of the amounts of NR, ATP, and Mg2+; optimization of pH and temperature
	30 mL screw vial
	ND 3
	1.26 × 104
	[57]







1 nma1: encodes nicotinamide mononucleotide adenylyltransferase. 2 Bioreactor, flasks: The size of the vessels used in the literatures are not reported. 3 ND: not determined. 4 purR: encodes DNA-binding transcriptional repressor. 5 tktA and tktB: transketolase; ptsG: encodes the glucose-specific IICB component. 6 nrk2: NR kinase.
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