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ABSTRACT 21 

Dysregulation of nicotinamide adenine dinucleotide (NAD+) homeostasis by increased activity of 22 

NAD+ consumers or reduced NAD+ biosynthesis plays an important role in the onset of prevalent, 23 

often age-related, diseases, such as diabetes, neuropathies or nephropathies.  24 

To counteract such dysregulation, NAD+ replenishment strategies can be used. Among these, 25 

administration of vitamin B3 derivatives (NAD+ precursors) has garnered attention in recent years.  26 

However, the high market price of these compounds and their limited availability, pose important 27 

limitations to their use in nutritional or biomedical applications. To overcome these limitations, we 28 

have designed an enzymatic method for the synthesis and purification of (1) the oxidized NAD+ 29 

precursors nicotinamide mononucleotide (NMN) and nicotinamide riboside (NR), (2) their reduced 30 

forms NMNH and NRH, and (3) their deaminated forms nicotinic acid mononucleotide (NaMN) 31 

and nicotinic acid riboside (NaR). Starting from NAD+ or NADH as substrates, we use a 32 

combination of three highly overexpressed soluble recombinant enzymes; (a) a NAD+ 33 

pyrophosphatase, (b) an NMN deamidase, and (c) a 5’-nucleotidase, to produce these six 34 

precursors. Finally, we validate the activity of the enzymatically produced molecules as NAD+ 35 

enhancers in cell culture. 36 

Keywords: NAD precursor, enzymatic synthesis, NaMN   37 
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1. INTRODUCTION 38 

Nicotinamide adenine dinucleotide (NAD+) and its reduced form (NADH) are essential metabolites 39 

for a wide variety of electron exchange-dependent biochemical reactions, in which they act as 40 

metabolic cofactors. Apart from this known function, NAD+ also acts as a substrate for a number 41 

of key protein families, including the sirtuins (SIRTs), poly(ADP-ribose)polymerases and ADP-42 

ribose cyclases. Together, these enzymes are involved in most major biological processes in 43 

cells; from metabolism, aging or cell death, to DNA repair and gene expression [1].  44 

The cellular pool of NAD+ is maintained through the dynamic balance between its breakdown by 45 

NAD+-consuming enzymes and its synthesis, which can occur via de novo biosynthesis from 46 

tryptophan or through its salvage from precursors. The alteration of this fine regulation by 47 

increased activity of NAD+-consuming enzymes or reduced biosynthesis has been observed in 48 

several pathological conditions, such as diabetes, liver disease, mitochondrial myopathy and 49 

nephropathies, and are a common feature of the natural process of aging [2].  50 

This relationship between decreased NAD+ levels and disease has attracted the attention to NAD+ 51 

replenishment strategies as potential therapeutic avenues in recent years. In this regard, 52 

supplementation with NAD+ precursors in order to activate NAD+ salvage pathways and increase 53 

NAD+ levels, has proven particularly effective in ameliorating or preventing disease in a number 54 

of animal models of metabolic disorders, neurodegeneration, and aging, and also in humans [2]. 55 

The classical NAD+ precursors nicotinic acid (NA) and nicotinamide (NAM), generically known as 56 

niacin (a form of vitamin B3), have long been used as the curative agents for pellagra, the first 57 

human disease associated with a deficiency in NAD+ precursors due to general malnutrition [3], 58 

and which can be effectively prevented or treated through a diet rich in fresh products such as 59 

fish, meat, milk and enriched flour [4] . In the last two decades, other vitamin B3 derivatives, such 60 

as nicotinamide mononucleotide (NMN), nicotinamide riboside (NR) and, more recently, nicotinic 61 

acid mononucleotide (NaMN) and nicotinic acid riboside (NaR), have been identified as upstream 62 

metabolites in the NAD+ salvage pathway [5-9]. Some of these derivatives are also present in 63 
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natural food sources. In fact, NR is present in cow milk [10] in concentrations of approximately 64 

0.4 mg per liter, while NMN has been identified in vegetables, fruit, meat and seafood in quantities 65 

that range from 0.6 to 18.8 mg per kilo [11].  66 

Although efficient as NAD+ enhancers, NA and NAM have downsides, since the former induces 67 

flushing triggered by NA binding to the GPR109A receptor and NAM can act as an inhibitor of 68 

sirtuins, which could limit the desired activation of these enzymes. In addition, elevated NAM 69 

levels can lead to increased NAM methylation, which has been associated with the pathogenesis 70 

of type 2 diabetes and other diseases [12]. In contrast, NMN and NR lack these side effects and, 71 

since they are considered naturally-occurring compounds, they have become the preferred 72 

alternatives to NA and NAM in recent years. This has fueled a multimillion-dollar market for NMN 73 

and NR, which are sold as dietary supplements, and it is expected to increase exponentially in 74 

the coming years as NR, for example, has recently been approved as a novel food by the 75 

European Food Safety Authority (EFSA) and, as an ingredient in foods for special medical 76 

purposes and total diet replacement for weight control [13]. Finally, NaR, the deaminated form of 77 

NR, has been described as a potential neuroprotective molecule [7].  78 

The promising results obtained with these compounds in animal models have turned attention to 79 

the potential benefits that their intake may have in humans. Early clinical trials with NMN and NR 80 

demonstrated that these compounds are well tolerated and safe [14-24], even at doses of 2g per 81 

day for 12 weeks [18]. Moreover, NR administration increases blood NAD+ levels [14] and 82 

enhances the NAD+ metabolome in muscle [23]. These findings make NMN and NR commercially 83 

attractive, as evidenced by their rapid growth in the dietary supplement market. Yet, NMN and 84 

NR have some limitations of their own, including maximal NAD+-enhancing effects of around two-85 

fold, or the rapid degradation in plasma to NAM, at least in the case of NR [25]. 86 

With the aim to overcome some of these limitations, new molecules with a more pronounced 87 

effect on the NAD+ intracellular pool are now being studied. We and others have recently reported 88 

that the reduced forms of nicotinamide riboside (NRH) and nicotinamide mononucleotide (NMNH) 89 



5 
 

act as very powerful NAD+ enhancers in cell lines and in mice [26, 27], via their conversion to 90 

NADH, which is subsequently oxidized to NAD+ by cellular dehydrogenases [28, 29], and that 91 

supplementation with these compounds has potential renoprotective effects [26, 27]. Interestingly, 92 

benefits derived from NAD+ enhancement may have an upper limit. In fact, raising NAD+ levels 93 

too high might be deleterious, as NMNH supplementation can suppress the glycolytic rate and 94 

the TCA cycle [30], while NRH has been recently shown to induce a pro-inflammatory state in 95 

macrophages [31]. 96 

To understand the role of reduced precursors in metabolism, further research is needed. 97 

However, these molecules are only available through custom chemical synthesis, making them 98 

extremely expensive, difficult to obtain, and of variable quality, not free of toxic side products.  99 

The discovery of scalable and efficient synthesis methods for the synthesis of NAD+ precursors is 100 

of great interest from the nutritional and biomedical perspective, and can achieve significant 101 

market volumes once a suitable and cost-effective process of manufacturing has been 102 

established. This has stimulated us to design a method that relies on the activity of three enzymes; 103 

an NAD+ diphosphatase/pyrophosphatase, an NMN deamidase and a 5’-nucleotidase, to produce 104 

a plethora of NAD+ precursors, both in their oxidized and reduced forms (Figure 1). This method 105 

enables the production of six different NAD+ precursors, namely NMN, NR, NaMN, NaR, NMNH 106 

and NRH, using the inexpensive starting substrates NAD+ and NADH. The major advance of our 107 

method is the use of a low-price scalable aqueous C18 resin in a low-pressure FPLC system, 108 

capable of handling large volumes. This, together with the high expression and easy purification 109 

of the required enzymes, makes this method ideal for large-scale production of these NAD+ 110 

precursors, which could lead to reduced production costs, increased commercial availability and, 111 

above all, increased accessibility to these compounds for the treatment of disease.  112 

 113 

 114 

2. MATERIALS & METHODS 115 
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2.1. Overexpression and purification of recombinant enzymes 116 

Escherichia coli Rosetta 2(DE3)pLysS harboring pET24b plasmid containing the gene encoding 117 

the NAD+ diphosphatase from Rahnella aquatilis (RaNADD, Uniprot code H2IVT9) or the 5’-118 

nucleotidase from Maridesulfovibrio hydrothermalis (MhNuc, Uniprot code L0REK7) was grown 119 

at 37 °C in Terrific Broth (TB) supplemented with 50 µg/mL kanamycin and 34 µg/mL 120 

chloramphenicol, until the optical density of the culture at 600 nm (OD600) reached ~4.0. Protein 121 

overexpression was induced by addition of 0.75 mM isopropyl-β-thiogalactoside (IPTG) in both 122 

cases. Cultures were kept at 25 °C during 16 hours on a shaker at 150 rpm. Pellets were then 123 

harvested by centrifugation, resuspended in lysis buffer (50 mM Tris-HCl pH 8.0 containing 300 124 

mM NaCl) and disrupted using a Bead Beater homogenizer (BioSpec). After clearance by 125 

ultracentrifugation, RaNADD or MhNuc were purified from the supernatant by Ni2+-chelating 126 

affinity chromatography in a FPLC system (ÄKTA Prime Plus, GE Lifesciences) using a HiPrep 127 

IMAC 16/10 FF 20 mL column (GE Lifesciences). For both enzymes, elution was performed with 128 

a linear imidazole gradient from 40 to 250 mM. Fractions containing the protein of interest were 129 

desalted in a HiPrep 26/10 desalting column (GE Lifesciences) and stored at -20 °C in 10% 130 

glycerol. Escherichia coli NMN deamidase (EcCinA) overexpression and purification was 131 

performed as previously described [32].  132 

 133 

2.2. NMN and NMNH enzymatic synthesis and purification 134 

Oxidized (NMN) and reduced (NMNH) nicotinamide mononucleotide were produced through the 135 

cleavage activity of RaNADD using NAD+ or NADH as substrates, respectively. 5 mM of the 136 

corresponding substrate (a total of ~165 mg) were added to 3.38 µM RaNADD in a total volume 137 

of 50 mL 50 mM Tris-HCl pH 7.5 containing 0.5 mM MnCl2. Samples were incubated at 37 °C in 138 

a water bath for one or 16 hours for NADH or NAD+ cleavage, respectively. After this time, full 139 

conversion to NMN(H) and AMP was analyzed by HPLC.  140 
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NMN and AMP were resolved through ion exchange chromatography in a FPLC system (ÄKTA 141 

Prime Plus, GE Lifesciences) using a Dowex 1X8 100-200 mesh resin (Alfa Aesar) packed in a 142 

XK 26/20 holder (GE Lifesciences) previously activated with three column volumes (CV) of 3M 143 

NaOH and equilibrated with 3CV of 3M formic acid and water, until a pH of 3.8 was reached. After 144 

sample injection, NMN was collected using isocratic chromatography with water until no 145 

absorbance at 260 nm was detected in the fractions. Residual AMP bound to the column was 146 

eluted by flushing with 3CV of 0.9M formic acid. Finally, the column was re-equilibrated with water 147 

to pH 3.8. All fractions containing pure NMN were concentrated in a rotary evaporator at 30 °C to 148 

a volume of approximately 20 mL, frozen in liquid nitrogen and freeze dried for long-term storage 149 

at -20 °C.  150 

NMNH and AMP were separated through ion pairing chromatography in a Redisep Rf Gold® 151 

C18Aq preparative column (Teledyne Isco) packed with 100g of resin and coupled to a FPLC 152 

system (ÄKTA Prime Plus, GE Lifesciences). After pre-activation with 6CV of pure methanol, the 153 

column was equilibrated with 6CV of 10 mM triethylamine acetate (TEAA) pH 7.8 buffer. After 154 

sample injection, NMNH was eluted by isocratic chromatography with TEAA buffer until no 155 

absorbance at 340 nm was detected in the fractions. Residual AMP bound to the column was 156 

eluted by flushing 3CV of pure methanol, followed by re-equilibration with 3CV of 10 mM TEAA 157 

buffer pH 7.8. Fractions containing NMNH were brought to an alkaline pH of 8.0-9.0 by addition 158 

45 µL of 0.5 M NaOH per mL, and concentrated in a rotary evaporator at 40 °C until complete 159 

dryness. The precipitate obtained was then resuspended in 5-10 mL water, filtered through a 0.45 160 

µm pore size polytetrafluoroethylene (PTFE) membrane (Merck-Millipore) and desalted through 161 

a XK 26 (GE Lifesciences) packed with approximately 350 mL of Sephadex LH-20 (GE 162 

Lifesciences) previously equilibrated with 2CV of water. The desalted fractions containing salt-163 

free NMNH were directly frozen in liquid nitrogen and freeze dried for long-term storage at -20 °C. 164 

 165 

 166 
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2.3. NaMN preparation 167 

Nicotinic acid mononucleotide (NaMN) was directly synthesized from enzymatically produced 168 

NMN by deamination of the nicotinamide ring using Escherichia coli NMN deamidase (EcCinA), 169 

as we have previously described [32]. Briefly, 5 mM NMN (a total of 84 mg) was added to 14 µM 170 

EcCinA and incubated at 37 °C in a water bath during 16 hours in a total volume of 50 mL 50 mM 171 

phosphate buffer pH 7.4. After confirmation of reaction completion by HPLC, reactions were 172 

filtered through 10 kDa cut-off cellulose centrifugal filters (Amicon, Merck-Millipore). The permeate 173 

containing pure NaMN was then snap frozen in liquid nitrogen and freeze dried for long-term 174 

storage at -20 °C. 175 

 176 

2.4. NR, NRH and NaR preparation 177 

Oxidized (NR) and reduced (NRH) nicotinamide riboside, and nicotinic acid riboside (NaR) were 178 

prepared from their mononucleotide forms NMN, NMNH and NaMN, respectively, by enzymatic 179 

dephosphorylation using Maridesulfovibrio hydrothermalis 5’-nucleotidase (MhNuc). 5 mM NMN, 180 

NMNH or NaMN (a total of 84-86 mg) were added to 2.89 µM, 0.16 µM, or 25.36 µM MhNuc, 181 

respectively, in 50 mL 50 mM Tris-HCl pH 7.5 containing 5 mM MgCl2. Samples were incubated 182 

for 16 hours at 37 °C in a water bath. After this time, full conversion to the corresponding products 183 

was analyzed by HPLC. Endpoint reactions were filtered through 10 kDa cut-off cellulose 184 

centrifugal filters (Amicon, Merck-Millipore) and the permeates containing the pure compounds 185 

frozen in liquid nitrogen and freeze dried for long-term storage at -20 °C.  186 

 187 

2.5. High Performance Liquid Chromatography (HPLC) analyses 188 

Preliminary identification of the different NAD+ precursors was performed by HPLC (Thermo-189 

Fisher UltiMate 3000) using a reverse-phase C18 250 x 4.6 mm column (Supelcosil LC-18-DB). 190 

The method consisted in a solvent A (20 mM ammonium acetate pH 6.9) running at 1 mL/min for 191 

10 minutes, followed by a gradient from 0 to 10% solvent B (methanol) in 10 minutes. All 192 
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compounds were eluted between 3 and 15 minutes. Before each injection, the column was 193 

washed with 100% solvent B for 10 minutes and re-equilibrated with 100% solvent A for an 194 

additional period of 10 minutes. Under these conditions, NMN and NMNH eluted after 4.5 and 4.2 195 

minutes, respectively. NR and NRH showed retention times of 9 and 13.2 minutes, while NaMN 196 

and NaR eluted after 3.2 and 4.7 minutes, respectively. NAD+ and NADH had very similar 197 

retention times of 14.7 and 14.6 minutes. Finally, AMP eluted after 6 minutes.  198 

 199 

2.6. Degradation of the produced NAD+ precursors in culture medium  200 

NMN(H), NR(H), NaMN or NaR were added to Dulbecco’s modified Eagle’s medium (DMEM) at 201 

a concentration of 500 µM in the presence or absence of 10% fetal bovine serum (FBS, 202 

BioWhittaker) and incubated at 37 °C during 16 hours. Aliquots were taken at times 0 (control) 203 

and 16 hours and analyzed by HPLC (Agilent 1200 series) using a reverse-phase C18 250 x 4.6 204 

mm column (Phenomenex Gemini NX) running under the method described in section 2.5. Under 205 

these conditions, NMN and NMNH eluted at 2.6 and 3.6 minutes, respectively. NR and NRH 206 

showed retention times of 4.3 and 14.6 minutes, while NaMN and NaR eluted after 2.2 and 3.8 207 

minutes, respectively. NAM and NA had retention times of 13.5 and 4 minutes. 208 

 209 

2.7. Mass spectrometry identification of the NAD+ precursors 210 

MS/MS identification of the different NAD+ metabolites was performed using a Waters Acquity 211 

Ultra-High Performance Liquid Chromatography (UHPLC) system coupled to a Bruker Impact II™ 212 

Ultra-High Resolution Qq-Time-Of-Flight mass spectrometer. Compounds were dissolved in 213 

methanol:water 3:2 (v/v) at a final concentration of 100 µM. Samples were kept at 12 °C during 214 

the whole analysis and 5 µL of each sample was injected onto a Merck Millipore SeQuant ZIC-215 

cHILIC column (PEEK 100 x 2.1 mm, 3 µm particle size). Column temperature was held at 30 °C. 216 

Mobile phase consisted of (A) 1:9 (v/v) acetonitrile:water and (B) 9:1 (v/v) acetonitrile:water, both 217 

containing 5 mmol/L ammonium acetate. Using a flow rate of 0.25 mL/min, the LC gradient 218 
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consisted of: 100% B for 0-2 min, reach 54% B at 13.5 min, reach 0% B at 13.51 min, 0% B for 219 

13.51-19 min, reach 100% B at 19.01 min, 100% B for 19.01-19.5 min. Column equilibration was 220 

achieved using a 0.4 mL/min flow at 100% B for 19.5-21 min. Fragmentation spectra were 221 

acquired using Multiple Reaction Monitoring (MRM) in positive ionization with 35 eV collision 222 

energy for all compounds except for NMNH, which was fragmented using 15 eV. Selected m/z 223 

values (±0.5) for MRM were: NMN (M+): 335.0639, NMNH (M+H): 337.0795, NaMN (M+): 224 

336.0479, NR (M+): 255.0975, NRH (M+H): 257.1132, NaR (M+): 256.0816. MS/MS data were 225 

analyzed using Bruker Compass DataAnalysis Version 5.2 (Build 211.232.5075) (64 bit). 226 

 227 

2.8. Enzyme kinetics determination 228 

RaNADD pyrophosphatase activity towards NAD+ and NADH was analyzed at 37 °C using 229 

different substrate concentrations in 50 mM Tris-HCl pH 7.5, 5 mM MnCl2, containing 0.17 µM or 230 

0.03 µM RaNADD, respectively. For MhNuc nucleotidase activity assays, different concentrations 231 

of NMN, NMNH or NaMN were incubated at 37 °C in 50 mM Tris-HCl pH 7.5, 0.5 mM MgCl2, 232 

containing 2.89 µM, 0.16 µM or 25.36 µM MhNuc, respectively. 233 

In all cases, aliquots were taken at different time points and reactions stopped by ultrafiltration at 234 

4 °C through 10 kDa cut-off cellulose centrifugal filters (Amicon, Merck-Millipore). RaNADD 235 

activity was determined by HPLC following NMN or NMNH production. MhNuc activity was 236 

calculated following NR, NRH or NaR production.  237 

 238 

2.9. Cell culture and supplementation with NAD+ precursors 239 

AML12, HepG2, HeLa cells and human skin fibroblasts were cultured at 37 °C, 5% CO2 in 240 

Dulbecco’s modified Eagle’s medium (DMEM, Life Technologies) containing 10% fetal bovine 241 

serum (FBS, BioWhittaker), 100 U/mL of penicillin, and 10 mg/mL of streptomycin (Life Sciences). 242 

Supplementation with the different enzymatically-obtained NAD+ precursors was made at the 243 

concentrations and times indicated in fresh medium. 244 
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2.10. NAD+ content determination 245 

NAD+ extraction was performed in 12-well plates by addition of 400 µL 2M HClO4 to the PBS-246 

washed cells. Each well was thoroughly scrapped and volume transferred to 1.5 mL tubes. After 247 

centrifugation at 16.000g for 5 minutes, 100 µL of the acidic supernatant was neutralized with 150 248 

µL 2 M/0.6 M KOH/MOPS and centrifuged again to remove precipitated salts. NAD+ content was 249 

determined using an enzymatic spectrophotometric cycling assay based on the coupled reaction 250 

of malate and alcohol dehydrogenases, as previously described [33].  251 

 252 

3. RESULTS 253 

3.1. Enzymatic production and chromatographic purification of NMN and NMNH 254 

The first step of the process involves NAD+ and NADH cleavage by an NAD+ diphosphatase. We 255 

searched for known diphosphatase DNA sequences in commonly found biosafety 1-level bacteria, 256 

such as those found in natural sources. BLAST sequence analysis of the NAD+ diphosphatase 257 

from Escherichia coli (Uniprot code: P32664) revealed Uniprot entry H2IVT9 as a putative 258 

diphosphatase from the mesophile microorganism Rahnella aquatilis CIP 78.65 (ATCC 33071), 259 

isolated from a drinking water source and with putative activity towards NAD+ and NADH. The 260 

DNA sequence encoding for this enzyme was cloned into pET24b and overexpressed in E. coli 261 

Rosetta 2 cells. The recombinant N-terminal His6-tagged protein (RaNADD) was purified in a 262 

single Ni2+-chelating chromatographic step (Supplementary Figure 1), obtaining a yield of 40 mg 263 

of pure enzyme per liter of bacterial culture.  264 

We next set out to determine the kinetic properties of RaNADD towards both NAD+ and NADH 265 

under neutral pH (50 mM Tris-HCl pH 7.5 containing 0.5 mM MnCl2) and mild temperature (37 266 

°C) conditions. Under these conditions, RaNADD showed a Michaelis-Menten constant of 0.51 267 

mM (Figure 2A) and a kcat/KM of 5.58 mM-1 · s-1 towards NAD+, while it was 40-fold more active 268 

towards NADH, with a KM of 0.14 mM (Figure 2B) and a kcat/KM of 224.38 mM-1 · s-1 (Table 1).  269 



12 
 

Once the activity of RaNADD towards NAD+ and NADH was confirmed, we aimed to study its 270 

biotechnological application for NMN and NMNH synthesis. To do this, 5 mM NAD+ or NADH were 271 

added to 3.38 µM RaNADD in the above described standard reaction medium. NADH-containing 272 

reactions were incubated during one hour, while NAD+ incubation times were prolonged up to 16 273 

hours due to the lower activity of the enzyme over this substrate. Reactions were analyzed by 274 

HPLC to confirm NAD(H) full conversion into NMN(H) and AMP, being the latter compound the 275 

byproduct of the reaction in both cases.  276 

Separation of NMN and AMP from the RaNADD-NAD+ reaction mix was achieved in a single ion-277 

exchange chromatographic step using a Dowex 1X8 resin (Figure 2C). Under these conditions, 278 

NMN was eluted in water, while AMP retained in the column. Fractions containing pure NMN were 279 

concentrated by evaporation, freeze dried and stored at -20 °C. NMN purity was analyzed by 280 

HPLC at 260 and 340 nm (Figure 2C), and its exact mass and fragmentation pattern analyzed by 281 

mass spectrometry (Figure 2D, Supplementary Table 1), confirming the expected mass of m/z = 282 

335.063, and the presence of the nicotinamide ring at m/z = 123.054. Using this small-scale setup, 283 

we were able to obtain 67 mg of pure NMN from 166 mg of NAD+, which corresponds to a yield 284 

of ~80%.  285 

Due to the net charge similarity between NMNH and AMP, the ion-exchange Dowex 1X8 resin 286 

used for NMN purification was unable to resolve these two molecules. Only HPLC-based reverse 287 

phase C18 chromatography has been able to resolve these compounds, opening the possibility 288 

to use expensive preparative HPLC systems to produce NMNH. However, after a considerable 289 

effort scouting different mobile phases and resins that could be used in a low-pressure 290 

chromatography system (FPLC), we found that the separation of NMNH from AMP could be 291 

carried out using a new volatile-phase ion pairing chromatography based on the use of 10 mM 292 

triethylamine acetate (TEAA) and a water-compatible low-pressure preparative C18Aq column. 293 

This volatile mobile phase avoids any salt contamination in the downstream processing of the 294 

samples. With this setup, NMNH was collected in the flow through, while AMP remained bound 295 
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to the column. To increase NMNH stability, fractions containing pure NMNH were brought to pH 296 

8.0 with NaOH, prior to concentration under vacuum at 40 ºC. After complete evaporation, the 297 

precipitate was resuspended in water, filtered and desalted by molecular exclusion 298 

chromatography in a Sephadex LH-20 column. After this step, fractions containing pure and salt-299 

free NMNH were freeze-dried, and the resulting yellow powder stored at -20°C. NMNH purity and 300 

identification analyses were performed by HPLC and UV spectrometry, showing its characteristic 301 

absorbance at 340 nm (Figure 2E), in contrast to NMN. Mass spectrometry analysis also 302 

confirmed its expected mass of m/z = 337.079 (Figure 2F) and the presence of the 303 

dihydronicotinamide ring at m/z = 125.069 (Figure 2F, Supplementary Table 1). Using this 304 

approach, the yield was ~65%, which corresponds to 22 mg pure NMNH from 71 mg of NADH 305 

used in the reactions.  306 

Collectively, our results provide an efficient, simple, inexpensive and low-cost scalable method to 307 

produce the phosphorylated NAD+ precursors NMN and NMNH. 308 

 309 

3.2. Enzymatic conversion of NMN into NaMN 310 

The use of the RaNADD diphosphatase towards NAD+ allowed us to produce pure and cheap 311 

NMN from NAD+. We have previously reported that the NMN deamidase from E. coli (EcCinA) is 312 

highly active towards NMN [32]. Since we had this enzyme readily available in our laboratory, we 313 

leveraged its deaminase activity to produce nicotinic acid mononucleotide (NaMN) from NMN. 314 

After reaction completion, the enzyme was easily removed by using a 10 kDa cut-off centrifugal 315 

filter and the pure product obtained was freeze-dried and stored at -20 ºC.  316 

Complete conversion of NMN into NaMN was confirmed by HPLC (Supplementary Figure 2A) 317 

and its identity verified by mass spectrometry (Supplementary Figure 2B), confirming the 318 

expected mass of m/z = 336.047 and the presence of the nicotinic acid ring at m/z = 124.039. 319 

Since NMN is fully converted to NaMN through the reaction carried out by EcCinA, and 320 

considering the minimum volume that is retained in the membrane of the filter, the yield obtained 321 
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for this conversion was of approximately 95-98%. Surprisingly, there was no activity of EcCinA 322 

towards NMNH, even when a different NMN deamidase, such as that from Agrobacterium 323 

tumefaciens (AtCinA), also available in our laboratory [34], was used.  324 

 325 

3.3. Enzymatic production of riboside NAD+ precursors 326 

Once we had established a reliable method for the production of the phosphorylated NAD+ 327 

precursors NMN, NMNH and NaMN, we explored the possibility of using them as enzymatic 328 

substrates to produce their ribosides. To do this, we searched for bacterial sequences of enzymes 329 

able to dephosphorylate 5’-nucleotides, such as NMN(H) and NaMN, and which could be 330 

expressed as stable soluble proteins in a recombinant system. We found that UniProt entry 331 

L0REK7 belonged to a 5’-nucleotidase from the extremophile sulfate-reducing bacterium 332 

Maridesulfovibrio hydrothermalis AM13 (MhNuc), with putative activity towards ribonucleosides 333 

5’-phosphate. The gene encoding this protein was cloned into pET24b, overexpressed in E. coli 334 

Rosetta 2, and the enzyme was purified in a single Ni2+-chelating chromatographic step, in a 335 

similar fashion to the purification of RaNADD. The yield obtained for MhNuc was of 55 mg of pure 336 

soluble protein per liter of bacterial culture (Supplementary Figure 3).  337 

Next, we analyzed the putative phosphatase activity of MhNuc towards NMN, NaMN and NMNH, 338 

in the same reaction conditions used for RaNADD (50 mM Tris-HCl containing 5 mM MgCl2; 37 339 

°C). NMNH was by far the preferred substrate for MhNuc (KM = 0.26 mM), followed by NMN (KM 340 

= 0.99 mM) and NaMN (KM = 2.89 mM), with 4 and 11-fold lower activities, respectively (Figures 341 

3A-C and Table 1). MhNuc catalytic efficiency was also higher for NMNH (kcat/KM = 2.71 mM-1 · s-342 

1) than for either of the other two precursors. In fact, the catalytic efficiencies for NMN (kcat/KM = 343 

6.88 x 10-2 mM-1 · s-1) and for NaMN (kcat/KM = 7.74 x 10-4 mM-1 · s-1) were 39 and 3509-fold lower 344 

than that for NMNH, respectively (Table 1). 345 

Once we had proven MhNuC able to dephosphorylate NMN, NaMN and NMNH, we studied its 346 

potential biotechnological application for NR, NaR and NRH production. Following a similar 347 
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approach to that used for NMN(H) synthesis, 5 mM NMN, NaMN or NMNH were incubated at 37 348 

ºC during 16 hours with 2.89 µM, 25.36 µM or 0.16 µM MhNuc, respectively, in 50 mM Tris-HCl 349 

pH 7.5 containing 5 mM MgCl2. Full conversion of the phosphorylated precursors to their 350 

dephosphorylated forms was analyzed by HPLC and mass spectrometry for NR (Figure 3D-E), 351 

NaR (Figure 3F-G) and NRH (Figure 3H-I). Analysis of the fragmentation patterns and total mass 352 

confirmed the identity of the three dephosphorylated compounds (Supplementary table 2). 353 

After conversion, all reactions were filtered through 10 kDa cut-off column filters, freeze dried and 354 

stored at -20°C. Since the starting material consisted of the pure substrates and MhNuc was able 355 

to fully dephosphorylate NMN(H) and NaMN, we achieved a yield of 95-98%, considering the 356 

minimum volume that is retained in the filter membranes.  357 

The above results demonstrate that MhNuc has the potential to be used as an inexpensive 358 

biocatalyst for the production of the dephosphorylated NAD+ precursors NR, NaR and NRH using 359 

their phosphorylated forms as starting substrates. 360 

 361 

3.4. In vitro validation of the enzymatically-produced NAD+-precursors  362 

Once we had confirmed the identity of the different NAD+ precursors by chromatography and 363 

mass spectrometry, we aimed to validate their activity as NAD+ enhancers in cell cultures. To do 364 

so, we supplemented AML12 hepatocytes with vehicle (PBS) or 500 µM of each of the enzymatic 365 

NAD+ precursors for 16 hours, and measured NAD+ levels (Figure 4A). The reduced forms of 366 

NMN (NMNH) and NR (NRH) had the strongest effects on NAD+ levels in these cells, showing a 367 

6.6 and 5.8-fold increase, respectively, while their oxidized counterparts led to an increase of 2.8-368 

fold in both cases. Interestingly, both deaminated NAD+ precursors, NaMN and NaR, served as 369 

extracellular NAD+ enhancers in this cell line, achieving NAD+ increases above 2-fold in both 370 

cases (Figure 4A). These results are in agreement with previous reports describing that reduced 371 

precursors are incorporated into the NAD+ pool via their conversion to NADH, which is 372 

subsequently oxidized to NAD+ by cellular dehydrogenases [26-29]. 373 
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Extracellular NAD+ intermediates have been reported to be degraded when added to cell culture 374 

medium [8]. To determine whether degradation products may contribute to the observed 375 

increases in NAD+ levels in cell culture, we incubated the enzymatically-produced intermediates 376 

in DMEM (without NAM) containing 10% water (control) or FBS during 16 hours at 37 °C and 377 

checked for degradation via HPLC (Supplementary Figure 4). Our results confirm that NAD+ 378 

precursors are degraded to their corresponding nucleosides or bases, either by the enzymatic 379 

activities present in FBS or by spontaneous hydrolysis in aqueous solution (Supplementary Figure 380 

4), in line with previous results [8].To the best of our knowledge, the effect of NaMN 381 

supplementation over cellular NAD+ levels has never been studied, even though its activity as an 382 

extracellular NAD+ precursor has already been demonstrated [8, 9] . To determine the effect of 383 

this precursor in cellular NAD+ content, we performed a dose-response experiment in AML12 384 

(Figure 4B). NaMN was able to significantly increase NAD+ levels already at a concentration of 385 

25 µM, steadily enhancing NAD+ content as NaMN concentration was increased, up to 500 µM, 386 

when a plateau was reached. Finally, the effect of NaMN on cellular NAD+ levels was also tested 387 

in other cell lines. At a concentration of 500 µM, NaMN increased NAD+ levels 2.3-fold in HeLa 388 

cells, 1.55-fold in skin fibroblasts and 1.8-fold in HepG2 hepatocytes (Figure 4C), further 389 

confirming that NaMN can act as an extracellular NAD+ enhancer. 390 

Overall, our results in cells confirm the identity of the different enzymatic NAD+ precursors and 391 

demonstrate their NAD+-enhancing activity when administered to cell cultures.  392 

 393 

 394 

4. DISCUSSION 395 

Supplementation with NAD+ precursors is an attractive intervention to target NAD+ metabolism in 396 

the fight against metabolic disease, as demonstrated by the growing number of clinical trials 397 

carried out with NMN [19, 22] and, especially, with NR [14-18, 20, 21, 23, 24].  398 
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However, while the oxidized NAD+ precursors have shown promising effects in many preclinical 399 

models of disease [5], in humans these effects are only mild. In fact, oral administration with NR 400 

has not shown strong metabolic benefits in humans [18, 20, 21], and while NMN administration 401 

led to improved insulin sensitivity in the muscle of prediabetic women, it did not affect insulin 402 

sensitivity in the liver, body composition, plasma glucose, or lipid content [22].  403 

To overcome the limitations of the oxidized precursors, the classical repertoire of NAD+-enhancing 404 

molecules has been recently expanded with the incorporation of the reduced forms of NR and 405 

NMN, termed NRH and NMNH [26, 27]. These reduced precursors have shown an outstanding 406 

potential to increase NAD+ levels in vitro and in mice, as well as potential therapeutic effects for 407 

renal disease [26, 27]. Therefore, these reduced precursors could represent a good alternative to 408 

the oxidized ones, and may allow stronger modulations of NAD+ metabolism in humans.  409 

Interestingly, the deaminated forms of NMN and NR, called NaMN and NaR, have also recently 410 

garnered attention in the context of neuroprotection. In fact, NMN accumulation, a common 411 

feature observed in vitro after supplementation with NMN or NR, triggers axonal death via 412 

activation of the Sterile alpha and Toll/interleukin-1 receptor motif-containing 1 (SARM1)  [35, 36]. 413 

NaR is incorporated into the NAD+ pool through a pathway that involves its phosphorylation to 414 

NaMN by NR kinase. NaMN is then adenylated to NaAD by the NMN adenylyltransferases and 415 

NaAD is finally amidated to NAD+ by the NAD+ synthase[37]. Since this pathway bypasses NMN 416 

synthesis and accumulation  it is proposed that the deaminated forms of NAD+ precursors might 417 

be a safer approach to target NAD+ metabolism in the brain [7]. 418 

In light of the high interest that these compounds attract, new methods for their obtention and 419 

purification from cheaper substrates are highly relevant. Here we describe an enzyme-based 420 

method for the synthesis of four oxidized (NMN, NR, NaMN, NaR) and two reduced (NMNH, NRH) 421 

NAD+ precursors from the starting substrates NAD+ or NADH, respectively. These compounds 422 

are easily purified via ion exchange or ion pairing chromatography in an affordable FPLC system 423 
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able to handle larger volumes and faster flows than a conventional HPLC system, and which is 424 

cheaper than a preparative HPLC. 425 

Decades ago, NMN was synthesized via NAD+ cleavage by the pyrophosphatase activity present 426 

in the extract obtained from potatoes [38-41], or from snake venom [40], and was further used for 427 

NR synthesis by the phosphomonoesterase activities of human seminal plasma or rat ventral 428 

prostate glands [40]. Alternatively, NMN was synthesized from nicotinamide (NAM) and the 429 

expensive phosphoribosyl pyrophosphate (PRPP); or from NAM, ribose-5-phosphate and ATP, 430 

through the NAM phosphoribosyl transferase (NAMPT) activity obtained from erythrocyte acetone 431 

powder or hemolysates [42]. Back then, NMNH and NRH were also prepared through 432 

pyrophosphatase-mediated cleavage of NADH, followed by dephosphorylation, although the 433 

purification of the compounds was not performed, with the consequent equimolecular 434 

contamination of NMNH and NRH with the reaction by-product, AMP [40]. In general, these 435 

protocols had important limitations, as they required laborious extraction protocols to obtain the 436 

enzymes [38-40], and were prone to contamination due to the use of crude extracts. Moreover, 437 

these methods had very poor yields and were quite variable, as they depended, for example, on 438 

the age and variety of the potatoes used [38]. Additionally, the identification, purity and cellular 439 

activity of the compounds obtained were not described in any of these studies.  440 

Our method lacks these limitations, as it is based on the use of recombinant purified enzymes 441 

that can be produced in large scale, rendering a cleaner synthesis process. Moreover, the use of 442 

only NAD+ or NADH as starting substrates avoids the need of costly substrates such as PRPP, 443 

ribose-5-phosphate or ATP to synthesize the compounds.  444 

In the last few years, new methods have focused on the biotechnological synthesis of NMN. Qiang 445 

et al. [43] developed a biocatalytic process for the phosphorylation of chemically synthesized NR 446 

to NMN using the purified NR kinase from Kluyveromyces marxianus. In the presence of an 447 

external ATP regeneration system, they were able to convert up to 100 g per liter of NR into NMN.  448 
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Other methods rely on the use of engineered strains of E. coli able to use lactose or glucose as 449 

the carbon source for the synthesis of PRPP, via the pentose phosphate pathway. NAM is also 450 

added to the culture which, via recombinant NAM phosphoryl transferase (Nampt), is condensed 451 

with PRPP to form NMN [44-46]. Through this approach, Marinescu et al. [44] were able to obtain 452 

up to 15.42 mg of intracellular NMN per liter of bacterial culture, starting from 1 g NAM and 10 g 453 

lactose. Once NMN has been synthesized, bacteria are disrupted with an ultrasound generator 454 

and NMN is purified by size-exclusion chromatography [47]. 455 

A few years later, Shoji et al. [45] refined the method by overexpressing seven endogenous genes 456 

of the pentose phosphate pathway in E. coli, as well as the Nampt gene from Chitinophaga 457 

pinensis. This was coupled to the expression of a niacin transporter (NiaP), able to incorporate 458 

NAM into the bacterial intracellular space, as well as the expression of a nicotinamide 459 

mononucleotide transporter (PnuC), which allowed NMN to go to the extracellular medium once 460 

synthesized. In this protocol, bacteria are grown in LB, collected via centrifugation and 461 

resuspended in M9 minimum medium. This suspension is then used to produce NMN by addition 462 

of D-glucose and NAM. Through this system, Shoji and colleagues were able to produce 6.79 g 463 

of extracellular NMN per liter of culture.  464 

Xylose has also been used as the carbon source for PRPP synthesis in NMN production. In fact, 465 

Ngivprom and collaborators [46] constructed a metabolically engineered E. coli strain with the 466 

knockout of two transketolase enzymes of the pentose phosphate pathway and the glucose-467 

specific IICB component, allowing the conversion of xylose into D-ribose. To synthesize NMN, the 468 

supernatant containing D-ribose is directly used in a biocascade reaction using purified 469 

ribokinase, PRPP synthase and NAM phosphoribosyl transferase. ATP is constantly regenerated 470 

by the activity of a polyphosphate kinase, while pyrophosphate, an inhibitor of Nampt, is broken 471 

down by the activity of a pyrophosphatase.   472 

These works have expanded the array of methods for NMN production at scale, making the 473 

process more efficient than classical protocols that used crude extracts. However, there are still 474 
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some limitations that need to be considered. For example, the use of NR as the starting substrate 475 

for NMN production [43] would make the process too expensive, as NR is a compound with a 476 

very similar market price. This can be partially solved by using engineered strains of E. coli that 477 

can convert cheaper substrates into PRPP and, ultimately, NMN, although there are pitfalls that 478 

will need to be overcome in future studies. In fact, in the protocol described by Marinescu et al. 479 

[44], the synthesized NMN remained inside the bacterial cells, requiring the disruption of the 480 

bacterial membrane and the purification of the compound from the crude extracts. This purification 481 

entailed an expensive poly(2-hydroxyethylaspartamide) derivatized silica preparative column 482 

coupled to an HPLC system [47], which does not allow large-scale purification of the compound. 483 

Alternatively, Ngivprom et al. [46] use the D-ribose produced from xylose, as a substrate for NMN 484 

production in a biocascade. This method does not require cell disruption, since D-ribose is 485 

converted into NMN with purified enzymes, but it does require the use of five different enzymes 486 

and the addition of ATP and polyphosphate to the reaction medium, making the process less cost-487 

efficient and increasing the number of contaminants accompanying the synthesized NMN.  488 

Shoji and collaborators [45] solved this issue by overexpressing an NMN transporter (PnuC), 489 

which allows NMN direct excretion to the extracellular medium, avoiding the need of cell disruption 490 

or the use of several enzymes and substrates. However, although they described a highly efficient 491 

bacteria-based method for NMN production, their engineered E. coli strain was not able to convert 492 

all the NAM fed to the culture into NMN, which remains in the extracellular medium in large 493 

amounts, even after several hours of biocatalysis, and thus hindering subsequent purification.  494 

Although these novel methods can help reducing the price of NMN and make it more accessible, 495 

they do not allow for the production of the reduced precursors NMNH and NRH, or the deaminated 496 

forms NaMN and NaR. In fact, these compounds are only available through expensive custom 497 

synthesis processes, making new synthesis methods for their scalable production of outstanding 498 

relevance. This has stimulated us to design a new biotechnological process that would allow for 499 

the synthesis of not only NMN and NR, which are already available in the market, but also of other 500 
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NAD+ precursors whose availability is very limited and at very high cost. We, therefore, propose 501 

the use of three different enzymes, an NAD+ pyrophosphatase, an NMN deamidase and a 5’-502 

nucleotidase which, together, allowed us to synthesize six different NAD+ precursors from readily 503 

available and cost-effective substrates such as NAD+ or NADH. We also designed a rapid and 504 

straightforward purification protocol for these enzymes, which are overexpressed as soluble 505 

proteins in large quantities. The use of highly pure enzymes avoids potential contaminations and 506 

the numerous purification steps required to obtain the final product when crude extracts, such as 507 

potato or bacterial homogenates, are used. 508 

The cleavage of NAD+ or NADH by RaNADD activity resulted in an equimolar solution of NMN or 509 

NMNH, and of the reaction by-product AMP. The removal of this by-product was accomplished 510 

through two low-pressure chromatographic separation methods (ionic or ion pairing), avoiding the 511 

use of expensive preparative HPLC systems and columns, being especially novel and economical 512 

the use of a C18Aq column with a volatile ion pairing mobile phase that simplifies the purification 513 

of NMNH. Subsequently, we used the purified phosphorylated compounds (NMN or NMNH) to 514 

synthesize their riboside forms (NR or NRH) via dephosphorylation with MhNuc. 515 

Through the activity of an NMN deamidase (EcCinA), NaMN could also be obtained. Moreover, 516 

by taking advantage of the dephosphorylating activity of MhNuc, NaMN could be directly 517 

converted into NaR. Interestingly, MhNuc was particularly active towards NMNH, but its 518 

dephosphorylating activity was lower when NMN and, especially NaMN, were used as substrates. 519 

In fact, complete conversion of NaMN to NaR could only be achieved by adding a significant 520 

amount of enzyme to the reaction, indicating that, for this particular substrate, it might be desirable 521 

to search for new, more specific phosphatases.  522 

It may be noted that this method does not necessarily require NAD+ or NADH as starting 523 

substrates. Other advanced intermediates, such as NMN or NMNH, could be used to perform the 524 

deamination or dephosphorylation reactions with the corresponding enzymes, although the cost 525 

of NMN is currently higher than that of NAD+, while NMNH is not commercially available. 526 
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Finally, to validate the in vitro activity of each of the enzymatically-synthesized compounds, and 527 

to further confirm their identity, we also tested their NAD+-enhancing potential in AML12 528 

hepatocytes. Our results showed that, as expected, the reduced forms NMNH and NRH were 529 

more potent than the oxidized forms, both amidated and deaminated, although supplementation 530 

with all of these precursors led to an increase in NAD+ content in these cells. Moreover, our 531 

degradation tests confirmed that, according to previous results [8], NAD+ precursors can be 532 

degraded to their corresponding nucleosides or bases in the extracellular medium either by the 533 

enzymatic activities present in FBS or, in some cases, also by spontaneous hydrolysis in aqueous 534 

solution.  535 

Importantly, we have corroborated the ability of NaMN to act as an extracellular NAD+ precursor, 536 

in line with previous reports [8, 9], demonstrating that it can be incorporated into the cellular NAD+ 537 

pool in a dose-dependent manner, and in different cell types, even when added to the culture 538 

medium.  539 

In conclusion, thanks to the efficient expression and purification of three different bacterial 540 

enzymes, we were able to design a cost-effective, straightforward and rapid method for the 541 

purification of six different NAD+ precursors using either NAD+ or NADH, which are much less 542 

expensive. The low price and high re-usability of the chromatographic resins, together with their 543 

easy scalability to larger volumes, make this method suitable for large-scale production of these 544 

NAD+-enhancing molecules, which may contribute to (1) reduce the price of those currently 545 

available in the market, making them more accessible for their use as nutritional supplements, 546 

and especially (2) to increase the availability of the reduced and deaminated forms of NAD+ 547 

precursors. This would make these molecules more accessible for their use as nutritional 548 

supplements or in biomedical applications. 549 
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FIGURE LEGENDS 685 

Figure 1. Overview of the enzymatic production of oxidized and reduced NAD+ precursors 686 

from NAD+ and NADH. (A) NAD+ is cleaved via NAD+ pyrophosphatase from Rahnella aquatilis 687 

(RaNADD) to obtain NMN, which is chromatographically separated from AMP in a DOWEX 1X8 688 

100-200 mesh column and used as the substrate for NR synthesis via dephosphorylation with the 689 

5’-nucleotidase from Maridesulfovibrio hydrothermalis (MhNuc), or to produce NaMN through the 690 

activity of the NMN deamidase from Escherichia coli (EcCinA). NaMN is further used as a 691 

substrate for MhNuc to produce NaR. (B) NADH is cleaved via RaNADD pyrophosphatase activity 692 

to produce NMNH, which is separated from AMP through a preparative C18Aq column and used 693 

as a substrate for MhNuc to synthesize NRH. 694 

Figure 2. Kinetic properties of Rahnella aquatilis NAD+ diphosphatase (RaNADD) and 695 

enzymatic production of NMN and NMNH. (A-B) Steady-state saturation curves of RaNADD 696 

towards NAD+ and NADH. Reactions were carried out at 37 °C in 50 mM Tris-HCl pH 7.5 697 

containing 0.5 mM MnCl2 and 1.68 µM RaNADD. NMN(H) production was analyzed by HPLC at 698 

different time points. Data were fit to the Michaelis-Menten equation using GraphPad Prism. Each 699 

data point corresponds to n=3 independent experiments. (C) HPLC chromatograms of RaNADD 700 

reaction towards NAD+ before (I) and after (II) 16-hour incubation. NMN and AMP were resolved 701 

by ion-exchange chromatography in a Dowex 1X8 resin (III). (D) MS-MS analysis of the 702 

enzymatically produced NMN confirming the presence of the nicotinamide ring (c: 123.054, 703 

colored in green) and the expected mass of m/z= 335.063. (E) HPLC chromatograms of RaNADD 704 

reaction towards NADH before (I) and after (II) incubation, showing its characteristic absorbance 705 

at 340 nm. NMNH and AMP were chromatographically resolved in an aqueous-compatible C18Aq 706 

column (III). (F) MS-MS analysis of enzymatic NMNH confirming the presence of the 707 

dihydronicotinamide ring (f: 125.069, colored in red) and the expected mass of m/z = 337.079. 708 
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The letters above each peak correspond to the structures represented in Supplementary Table 1 709 

(NMN and NMNH fragmentation analysis).  710 

Figure 3. Kinetic properties of Maridesulfovibrio hydrothermalis 5’-nucleotidase (MhNuc) 711 

and enzymatic production of NR, NaMN and NRH. (A-C) Steady-state saturation curves of 712 

MhNuc towards NMN, NaMN and NMNH. Reactions were carried out at 37 °C in 50 mM Tris-HCl 713 

pH 7.5 containing 5 mM MgCl2 and 2.89 µM, 25.36 µM or 0.16 µM MhNuc for NMN, NaMN or 714 

NMNH dephosphorylation, respectively. Data were fit to the Michaelis-Menten equation using 715 

Graphpad Prism. Each data point corresponds to n=3 independent experiments (D) HPLC 716 

chromatograms of MhNuc reaction towards NMN before (I) and after (II) incubation. (E) MS-MS 717 

analysis of enzymatic NR confirming the expected mass of m/z = 255.098. (F) HPLC 718 

chromatograms of MhNuc activity towards NaMN before (I) and after (II) incubation. (G) MS-MS 719 

analysis of enzymatic NaR confirming the expected mass of m/z = 256.082. (H) HPLC 720 

chromatograms of MhNuc activity towards NMNH before (I) and after (II) incubation, showing the 721 

characteristic absorbance of the compounds at 340 nm. (I) MS-MS analysis of enzymatically 722 

produced NRH confirming the expected mass of m/z = 257.113. 723 

The letters above each peak correspond to the structures represented in Supplementary Table 2 724 

(NR, NaR and NRH fragmentation analysis). 725 

Figure 4. In vitro validation of the NAD+-enhancing activity of the enzymatic NAD+ 726 

precursors and identification of NaMN as a new NAD+ enhancer. (A) AML12 cells were 727 

supplemented with vehicle (PBS) or 500 µM of the different NAD+ precursors for 16 hours and 728 

collected in 2 M HClO4 for NAD+ determination. (B) AML12 cells were supplemented with 729 

increasing concentrations of NaMN for 16 hours and collected in 2M HClO4 for NAD+ 730 

measurements. (C) HeLa cells, skin fibroblasts or HepG2 hepatocytes were supplemented with 731 

vehicle (PBS) or 500 µM NaMN for 16 hours and collected in 2 M HClO4 for NAD+ determination. 732 
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Values are expressed as mean ± SEM of n=4 independent experiments. * indicates a statistical 733 

difference of p < 0.05 of treatment vs control. 734 

 735 

  736 
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Table 1. Kinetic parameters of RaNADD and MhNuc 737 

 RaNADD 
 

MhNuc 

 NAD+ NADH 
 

NMN NaMN NMNH 

KM (mM) 0.51 ± 0.05 0.14 ± 0.03 
 

0.99 ± 0.19 2.89 ± 0.31 0.26 ± 0.03 

Vmax (µM/min) 28.84 ± 1.02 65.55 ± 3.04 
 

11.46 ± 0.84 3.4 ± 0.15 6.87 ± 0.26 

kcat (s-1) 2.85 32.33 
 

6.82 x 10-2 2.24 x 10-3 0.69 

kcat/KM (s-1·mM-1) 5.58 224.38 
 

6.88 x 10-2 7.74 x 10-4 2.71 

 738 
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FIGURE 1 741 

 742 

 743 

  744 

  745 



32 
 

FIGURE 2 746 
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FIGURE 3 752 
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FIGURE 4 756 
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