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Abstract: Nicotinamide mononucleotide (NMN) is an endogenous substance in humans with high safety and thermal
stability, and its application in cosmetics, medical health, and functional foods has received widespread attention.
However, the synthesis process of NMN has problems, such as high cost, time-consuming process, and low yield, which
limits the large-scale industrial application of NMN to a certain extent. Nicotinamide phosphoribosyl transferase (Nampt)
is a critical enzyme in the technical route of the biological synthesis of NMN, which can catalyze the synthesis of NMN
using nicotinamide and phosphoribosyl pyrophosphate. The screening and expression of Nampt with excellent enzymatic
properties and stability is the key to the synthesis of NMN via this method. At present, the main problems in the technical
route of NMN production using Nampt are that the catalytic activity of Nampt is low and the sources of Nampt are limited.
In this study, we isolated Enterobacter chengduensis 2021T4.7, a microorganism with a high NMN production, and
optimized its fermentation condition. The yield of NMN was up to 67.66 uM. In addition, we synthesized Nampt and
constructed related recombinant high-yield engineered bacteria. We semi-rationally designed a Nampt structure derived
from mice and obtained mutant mNampt-V365L with NMN yield as high as 135.99 pM, which increased by 62% from
that of the wild type. Here, we screened high-NMN-yield natural strains and obtained high-NMN-yield strains through
the semi-rational design optimization of Nampt enzymes, which provided new chassis microorganisms and new ideas for

the conversion rate of NMN.
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1. Introduction

Nicotinamide mononucleotide (NMN), with the formula C11H15N20O8P, is associated with many diseases and
has attracted much attention in recent years as a nutraceuticalll. In the human body, NMN is converted to NAD", a
coenzyme present in all living cells. The metabolism of NAD" is also associated with various physiological
conditions and is essential in various metabolic reactions in the human body™]. Studies have shown that NAD*
muscle levels can be supplemented with NAD" precursors NMN and nicotinamide riboside (NR) in the dietll.
Among the NAD* precursors, NMN is the best in improving intracellular NAD* in oral gavage mouse experiments.
NMN is rapidly absorbed into NAD* in metabolic tissues within 30 min, and so it is suitable as NAD*
supplementation[*3]. In 2016, Uddin et al.l®! found that mice equivalent to 70 years old in human age returned to the
20-year-old state after taking NMN for one week, and the mice also lived 20% longer. In recent years, with the
deepening of research on NMN, researchers have gradually realized the importance of the biological activity of
NMN to life and health. NMN has particular applications in cosmetics, nutrition and health, functional food, and
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other fields7"1. It has also been associated with aging-related degenerative diseases, neurodegenerative diseases,
endocrine system balance, insulin secretion, diabetes, and obesity!-1°]

The biosynthetic NMN pathway includes the nicotinamide riboside (NR) phosphorylation pathway and the
nicotinamide (NAM) salvage pathway (Figure 1). The production process of NMN by biosynthesis is simple, and
the production process is environmentally friendly and pollution-free. The cost of NMN is high, and most of NMN
raw materials are prepared via chemical synthesis. In addition, the organic solvents used in the production process
are toxic, and the NMN produced often has problems, such as organic solvent residue, chirality, etc. In 2018,
Marinescu et al.['®) invented a method for preparing NMN by microbial fermentation, where nicotinamide phosphate
ribose transferase (Nampt) recombinant Escherichia coli (E. coli)-engineered bacteria was constructed and
substrates nicotinamide (NAM) and lactose were added to ferment to produce NMN with a yield of 15.4 mg/L. The
target product NMN was separated via molecular sieve chromatography, and the chromatogram analysis showed
that many NAM substrates did not completely react to produce NMNU7], High-density fermentation of engineered
bacteria can be considered to improve NMN conversion.
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Figure 1. Biosynthetic pathway of NMN and salvage pathway of NMN in mammals.

Nampt is an important molecule in an organism’s various life activities and energy metabolism, and mice
that knock out this gene did not survive in experiments!*!%1°], Nampt is an essential enzyme in the biosynthesis
of NMN, catalyzing the synthesis of NMN using NAM and phosphoribosyl pyrophosphate (PRPP). Currently,
there are few reports about Nampt’s origins. Studies have shown that under the weak coupling of ATP
hydrolysis and NMN synthesis, the catalytic efficiency of the human Nampt synthesis NMN system can be
increased by 1100 times and the affinity for the NAM substrate is also greatly improved?”. In recent years,
there have also been research reports on applying Nampt expression in NMN production. Marinescu et al.['®!
overexpressed Nampt derived from Mus musculus, Shewanella oneidensis, and Haemophilus ducreyiin E. coli,
and NMN was produced by the addition of the NAM substrate during fermentation. Among them, the yield of
NMN from Haemophilus ducreyi-derived Nampt expressed by E. coli reached 14.33 mg/L.

The screening and expression of Nampt with excellent enzymatic properties and stability have become
the key to NMN biosynthesis. Directed protein evolution techniques have played an important role in synthetic
biology and metabolic engineering and have been widely used to engineer enzyme molecules?!). Enzymes can
catalyze complex biochemical reactions in organisms under mild conditions. Most enzymes can be separated
from organisms, but due to the influence of temperature, pressure, salt, and pH in the external environment,
these natural enzymes in nature often fail to meet application needs in terms of enzyme activity, stability,
specificity, and other aspects®>?*!. The directed evolution of proteins effectively solves the above problems!?*.
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The essence of the directed evolution of proteins!® is to construct a library of protein molecular diversity and
to screen out mutants with positive trait changes from the library. Semi-rational design is based on a series of
algorithms and procedures developed in bioinformatics!?®). By simulating and designing to determine the
mutation site of the gene of interest, the protein is optimized and modified in a targeted manner to build a high-
quality screening library. Simply put, a semi-rational design is a random mutation in an artificially selected
location or area. Many articles have reported using semi-rational design methods to improve the catalytic
activity, stability, substrate specificity, etc., of enzymes?’2%,

In this study, high-NMN-yield natural strains were screened from soil, and their fermentation conditions
were optimized. The semi-rational design optimization of the Nampt enzyme was carried out to significantly
improve the conversion rate of NMN and provide new candidate strains and new Nampt enzyme sequences
for low-cost production of NMN.

2. Screening and optimization of fermentation condition for high-NMN-
yield strains

2.1. Screening of high-NMN-yield strains from soil

By enriching and screening microorganisms in the soil near the sewage outlet at Bangtai Bioengineering
Co., Ltd., in Shenzhen, China, we isolated 396 strains. The strains were inoculated in a 96-well plate, where
each strain carried out the enzyme conversion reaction at the same position as the enzyme plate. The amount
of NMN produced was measured via the fluorescence method. The NMN content was determined based on
the fluorescence values detected in each well, and strains with a stronger ability to convert nicotinamide into
NMN were preliminarily screened out. We preliminarily selected 29 strains with high fluorescence values
(above 4000) for further re-screening experiments (Figure 2). The 29 strains after initial screening were first
inoculated in a nicotinamide-free Luria-Bertani (LB) medium. After the enzyme reaction system was
determined (containing a buffer, a substrate, and a crude enzyme solution), seven high-NMN-yield strains were
finally screened, of which strain 4-7 produced NMN with the highest concentration at 44.7 uM (Figure 3).
Three strains with the highest NMN yield, which were strains 1-2, 3-4 and 4-7, were photographed under a
microscope after Gram staining, where it was found that strain 1-2 was gram-positive, while strains 3-4 and 4-
7 were gram-negative (Figure 4). The three strains were sent to Guangzhou Aiji Biotechnology Co., Ltd., for
16S rDNA sequencing identification. It was found that strain 1-2 belonged to the Bacillus genus, while strains
3-4 and 4-7 belonged to the genus Enterobacteriaceae. We named 4-7 as Enterobacter chengduensis 2021T4.7
and sent the strain to the China General Microbiological Culture Collection Center for preservation (culture
preservation number: CGMCC No. 21695).
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Figure 2. NMN content determination (fluorescence value data).
Note: Numbers marked in red are fluorescent values higher than 4000.
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Figure 4. Gram staining results: strain 1-2 (left), strain 3-4 (middle), and strain 4-7 (right).

2.2. Fermentation medium optimization of strain Enterobacter chengduensis 2021T4.7

2.2.1. Carbon-source optimization of fermentation medium

First, we tested the effects of seven common carbon sources on the growth and NMN production of
Enterobacter chengduensis 2021T4.7. Under the condition of uniformly adding a 1% carbon source, the
growth of bacteria was judged by measuring the ODsgo value, and the amount of NMN produced was measured
using the fluorescence method. For the growth of Enterobacter chengduensis 2021T4.7 strain, the result
showed that the best carbon source was rhamnose, followed by glucose, soluble starch, sucrose, and maltose.
For the NMN production capacity of Enterobacter chengduensis 2021T4.7, the best carbon source was glucose,
followed by soluble starch and rhamnose (Figure 5(A)). Considering that the primary purpose of this study
was to improve the NMN-producing capacity of the Enterobacter chengduensis 2021T4.7 strain, we selected
glucose as the carbon source for subsequent optimization. Subsequently, we used glucose as the carbon source
to detect the effect of different glucose contents on NMN production. It can be seen that the higher the glucose
content, the more favorable the growth of Enterobacter chengduensis 2021T4.7, but the change was minimal
(Figure 5(B)). For the capacity of Enterobacter chengduensis 2021T4.7 to produce NMN, the NMN yield was
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highest at 47.36 uM when 1% glucose was added. Therefore, 1% glucose was added to the fermentation
medium as the carbon source in subsequent experiments.
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Figure 5. Effects of carbon and nitrogen sources on Enterobacter chengduensis 2021T4.7’s cell growth and NMN production: (A)
different carbon sources, (B) different glucose concentrations, (C) different nitrogen sources, and (D) different tryptone concentrations.

2.2.2. Nitrogen-source optimization of fermentation medium

Common sources of inorganic nitrogen include ammonium salts and nitrates, while common sources of
organic nitrogen are mainly tryptone, soy peptone, and yeast extract. In this study, five common nitrogen
sources were studied in a medium containing a 1% nitrogen source to explore the effects of nitrogen source
types on the growth and NMN production of Enterobacter chengduensis 2021T4.7. It can be seen from Figure
5(C) that the best nitrogen source for the growth of Enterobacter chengduensis 2021T4.7 was trypsin, followed
by yeast extract and soy peptone. For the capacity of Enterobacter chengduensis 2021T4.7 to produce NMN,
the best nitrogen source was tryptone, with NMN yield of 54.83 uM, followed by yeast extract and NH4CL.
Therefore, in the following studies, tryptone was chosen as the nitrogen source for the fermentation medium.
We further studied the effects of different tryptone contents on the amount of NMN produced by Enterobacter
chengduensis 2021T4.7. It can be seen from Figure S5(D) that the density of Enterobacter chengduensis
2021T4.7 first increased and then decreased with the increase in tryptone concentration. The addition of 1%
tryptone was the most beneficial for growth. Similarly, for the capacity of Enterobacter chengduensis
2021T4.7 to produce NMN, the NMN vyield was highest at 55.67 uM when 1.25% tryptone was added.
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2.2.3. Mineral optimization of fermentation medium

Mineral elements are an essential part of the cell structure of microorganisms and are essential nutrients
for microbial growth. Among them, phosphorus is one of the essential elements for microbial growth, which
needs to be balanced with carbon and nitrogen. Excessive or insufficient phosphorus can affect the growth and
energy synthesis of microorganisms, thereby affecting cell growth and metabolic activity. We investigated the
effects of different levels of KH,PO4 on the growth of the Enterobacter chengduensis 2021T4.7 strain and its
NMN-producing capacity. Adding 0.25% KH>PO, was most beneficial for cell growth, but NMN yield was
highest at 56.35 uM when 0.75% KH,PO4 was added (Figure 6(A)). Therefore, 0.75% KH,PO4 was added to
the fermentation medium in subsequent experiments.
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Figure 6. Effects on Enterobacter chengduensis 2021T4.7’s cell growth and NMN production: (A) KH2POs, (B) MgSO4-7H20, and
(C) NAM.

Among the mineral elements that microorganisms require, magnesium is the active group of some
enzymes in cells. Magnesium plays a role in regulating cytoplasmic membrane permeability and controlling
the state of cytoplasmic colloids and cellular metabolic activity. We investigated the effect of MgSO4-7H,O
content on the growth of Enterobacter chengduensis 2021T4.7 and its ability to produce NMN. As shown in
Figure 6(B), the fermentation medium with 0.025% MgSO4-7H>0 was the best in NMN production capacity,
and the NMN yield was 57.24 uM.

2.2.4. Effect of NAM inducer on production of NMN by Enterobacter chengduensis 2021T4.7

Enzymes in microbial cells can be divided into two categories: induction enzymes and constituent
enzymes. The presence of an inducer (usually a reaction substrate) in the environment is required to produce
inducible enzymes. The synthesis of inducible enzymes depends on the inducer and gene control in the
environment. Constituent enzymes exist in the cell itself and its synthesis is controlled only by the genetic
material. Figure 6(C) shows that the Enterobacter chengduensis 2021T4.7 strain can produce NMN when the
medium did not contain NAM. However, with the increase of NAM inducer content in the medium, the yield
of NMN also increased, indicating that the ability of Enterobacter chengduensis 2021T4.7 to produce NMN
can be increased by a NAM-induced culture. When the NAM addition amount was 1%, the strain growth and
NMN yield were optimal, with the NMN yield reaching 57.67 pM (Figure 6(C)). Therefore, 1% NAM was
added to the fermentation medium in subsequent experiments.
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2.3. Optimization of fermentation conditions for NMN production by Enterobacter
chengduensis 2021T4.7

2.3.1. Optimization of initial fermentation pH

Usually, microorganisms can only grow in a specific pH range, and different microorganisms have
different pH requirements. Too high or too low of a pH is not conducive to their growth and metabolism. The
pH range reflects a microorganism’s ability to adapt to the environment, and the optimal pH range for growth
pH or enzyme production is often narrow. Therefore, optimizing the initial pH of the fermentation medium is
necessary. From Figure 7(A), Enterobacter chengduensis 2021T4.7 was very adaptable to the environment
and can grow at pH 5.0-9.0. When the initial pH was 7.0, the growth of the bacteria was the best. When the
pH was 10.0, the growth of the bacteria stopped. On the other hand, the NMN production capacity first
increased and then decreased with pH, and the amplitude was large. NMN production was the most robust at
58.85 uM at an initial pH of 7.0 (Figure 7(A)). Thus, the initial pH of the fermentation medium was taken as
7.0 in subsequent experiments.
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Figure 7. Effect of fermentation conditions on Enterobacter chengduensis 2021T4.7’s cell growth and NMN production: (A) initial
pH, (B) inoculation amount, (C) fermentation temperature, and (D) fermentation time.

2.3.2. Optimization of inoculation of fermented cultures

The amount of seeding affects the rate of microbial cell doubling and the length of the growth retardation
period. Figure 7(B) shows that the growth of the strain was the best when the inoculation amount was 1%,
and when the inoculation amount was 1.5%, the strain produced the highest amount of NMN, reaching 59.63
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UM. Therefore, the fermentation medium was inoculated at 1.5% inoculation volume in subsequent
experiments.

2.3.3. Optimization of fermentation temperature

The effect of fermentation ambient temperature on bacterial growth is manifested in the following aspects:
(1) affecting the solubility of substances, (2) affecting the absorption of nutrients and secretion of metabolites
by cells, and (3) affecting enzyme activity. Figure 7(C) shows that at temperature 25-37 °C, the growth of the
strain did not produce significant fluctuations. When the temperature was 40 °C, the growth of the bacteria
was inhibited. NMN yield was the highest at 62.36 pM at 37 °C. Therefore, the fermentation medium was
inoculated at 37 °C in subsequent experiments.

2.3.4. Optimization of fermentation time

Different fermentation times will also specifically impact bacteria’s growth and metabolism. This
experiment investigated the effects of different fermentation and culture times on the growth and NMN
production capacity of Enterobacter chengduensis 2021T4.7. With the increased incubation time, bacterial
density and NMN yield first increased and decreased (Figure 7(D)). When the incubation time was 18 h, the
bacterial density was the largest. When the culture reached 20 h, the ability to produce NMN was the strongest
and the maximum yield of NMN was 67.66 uM (Figure 7(D))

3. Clonal expression of mice-derived Nampt (mNampt) and mutants

3.1. Cloning and expression of mNampt

A mice-derived Nampt (mNampt) sequence (Table 1) was synthesized by Suzhou Jinweizhi Company
after codon optimization. The target gene contained the digestion sites Hind III and Nde I at both ends and a
6xHis tag was added at the end. Recombinant vectors containing mNampt target genes (pET-30a(+), pET-24a,
pET-28a, ppsumo, psj-2, psj-5) were introduced into host strains E. coli BL21(DE3), E. coli BL21(DE3)plySs,
and Rosetta (DE3). Then, the target protein in multiple vectors and hosts was expressed, and it was found that
only E. coli BL21 (DE3)-ppsumo-mNampt was successfully expressed. In this expression strain, the mNampt
was fused to a SUMO tag. E. coli BL21 (DE3)-ppsumo-mNampt protein expression electrophoresis was shown
in Figure 8(A). Because a His tag was added to the end of the gene sequence for synthesis, the protein can be
purified using magnetic beads, and the buffer of the enzyme after the His-tag purification scheme remained
unchanged. The protein electrophoresis diagram of SDS-PAGE after protein purification is shown in Figure
8(B), and the protein bands in the figure were visible, and there were no apparent hetero-proteins in the
background.

Table 1. Primers and gene sequences.

Primer Sequence (5'—3’) Reference
Nampt-F TAATCCTTATTCAGTGGTGGTGGTGGTGGTGCTC This study
Nampt-R AGGAAGCTTGCATATGAACGCTGCTGCTG

N67K-F CGGGCTTCAGTATATTCTTAAAAAATATCTTAAAGG

N67K-R TTTAAGAATATACTGAAGCCCGTAGAACACTGT

S1551-F GGATTGAAACAATTCTTGTTCAGATCTGGTATCCTA

S155I-R GATCTGAACAAGAATTGTTTCAATCCAGTTTG

N164L-F CCTATTACAGTTGCTACACTGTCACGCGAAC

N164L-R CAGTGTAGCAACTGTAATAGGATACCAT

R166W-F GTTGCTACAAACTCATGGGAACAGAAGAAG

R166W-R CCATGAGTTTGTAGCAACTGTAATAGGATACC

A208G-F GGAAACAGCTGGCATTGGCGGCTCAGCTCATCT

A208G-R GCCGCCAATGCCAGCTGTTTCCTGTGATGAAAC
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Table 1. (Continued).

Primer Sequence (5'—3) Reference
A245T-F CCTGGTTATTCAGTTCCTGCTACCGAACATTCAAC This study
A245T-R GGTAGCAGGAACTGAATAACCAGGAACTG

S248A-F TCCTGCTGCTGAACATGCGACAATTACAG

S248A-R ACTATGTTCAGCAGCAGGAACTGAATAAC

V365L-F ATTAACACACTTCAGGAAATTCTGGAAGGCATGAAAC

V365L-R CAGAATTTCCTGAAGTGTGTTAATATCAACG

S382M-F ATTGAGAATGTCTCATTTGGCATGGGCGGCGCTC

S382M-R CATGCCAAATGAGACATTCTCAATGGACC

V467L-F AGTGTTCAAGAATGGCAAGCTGACGAAGTCCTACTC

V467L-R CAGCTTGCCATTCTTGAACACTGTATGAAGAAG

Mutant of mNampt Base change

N67K AAC—HAAA

S1551 TCA—ATC

N164L AAC—CTG

R166W CGC—-TGG

A208G GCT—-GGC

A245T GCT—ACC

S248A TCA—GCG

V365L GTT—-CTG

S382M TCA—ATG

V467L GTA—-CTG

Gene Sequence (5'—3")

Optimized (E. coli) sequence =~ CATATGAACGCTGCTGCTGAGGCCGAGTTCAATATATTGTTAGCGACCG
of mNampt ACTCGTACAAGGTCACGCATTATAAACAGTATCCTCCTAACACATCAAA

GGTCTACTCATATTTCGAGTGCCGCGAGAAGAAGACGGAGAACTCGAA
AGTCCGAAAGGTGAAGTATGAAGAAACAGTGTTCTACGGGCTTCAGTA
TATTCTTAACAAATATCTTAAAGGCAAAGTTGTTACAAAGGAGAAGAT
CCAGGAAGCTAAAGAAGTTTATCGCGAACATTTCCAAGACGATGTCTT
CAATGAGCGCGGCTGGAACTATATTCTTGAGAAGTACGACGGCCATCT
TCCTATTGAAGTTAAAGCTGTTCCTGAAGGCTCAGTTATTCCTCGCGGC
AACGTCCTGTTTACCGTCGAGAATACGGATCCTGAATGTTATTGGCTTA
CAAACTGGATTGAAACAATTCTTGTTCAGTCATGGTATCCTATTACAGT
TGCTACAAACTCACGCGAACAGAAGAAGATCCTAGCTAAATATCTTCTT
GAAACATCAGGCAACCTTGATGGCCTTGAATATAAACTTCATGATTTCG
GGTACCGCGGCGTTTCATCACAGGAAACAGCTGGCATTGGCGCTTCAG
CTCATCTTGTTAACTTTAAAGGCACAGATACAGTTGCTGGCATTGCTCT
TATTAAGAAGTACTACGGCACAAAGGACCCAGTTCCTGGTTATTCAGTT
CCTGCTGCTGAACATTCAACAATTACAGCTTGGGGAAAGGATCATGAG
AAGGACGCGTTCGAGCACATTGTTACACAGTTCAGTAGTGTTCCTGTTT
CAGTTGTTTCAGATTCTTATGATATTTATAACGCTTGTGAGAAGATCTG
GGGAGAGGACCTTCGCCATCTTATTGTTTCACGCTCAACAGAAGCTCCT
CTTATTATTCGCCCTGATTCAGGCAACCCTCTTGATACAGTTCTTAAAGT
TCTTGATATTCTTGGCAAGAAGTTCCCGGTTACCGAGAATTCCAAGGGT
TATAAACTTCTTCCTCCTTATCTTCGCGTTATTCAGGGCGATGGCGTTGA
TATTAACACACTTCAGGAAATTGTTGAAGGCATGAAACAGAAGAAGTG
GTCCATTGAGAATGTCTCATTTGGCTCAGGCGGCGCTCTTCTTCAGAAA
CTTACACGCGATCTTCTTAACTGTTCATTTAAATGTTCTTATGTTGTTAC
AAACGGCCTTGGCGTTAACGTGTTCAAAGATCCCGTAGCAGACCCTAA
CAAACGCTCAAAGAAGGGTC

3.2. Yield of NMN by E. coli BL21(DE3)-ppsumo-mNampt strain

We used high-performance liquid chromatography (HPLC) to determine the peak times of NMN and
substrates NAM, PRPP, and ATP. It can be seen that the peak times of NMN, PRPP, ATP, and NAM were
3.826 min, 4.757 min, 4.059 min, and 10.804 min, respectively (Figure 9). When these four components were
mixed and injected, the peaks were well separated from each other, indicating that the HPLC method can be
used to determine the yield of NMN after the reaction. The Nampt crude enzyme solution of E. coli
BL21(DE3)-ppsumo-mNampt strain was prepared. In the enzyme reaction system, the final concentrations of
NAM, PRPP, ATP, MgCl,, and MnCl, were 1 mM each, and the pH was 7.0. The reaction was carried out at
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room temperature for 15 min and heated at 95 °C for 1 min to terminate the enzyme reaction. Figure 10 shows
that the NMN standard had a linear relationship in the range of 0—150 pM, and the NMN-producing amount

of mNampt from E. coli BL21(DE3)-ppsumo-mNampt strain was calculated to be 84.08 uM (28.08 mg/L).

—55KDa

Figure 8. SDS-PAGE electrophoresis diagrams. (A) Nampt expression by different hosts/vectors: 1) E. coli BL21(DE3)-pET-30a(+)-
mNampt(+IPTG 0 h), 2) E. coli BL21(DE3)-pET-30a(+)-mNampt(+IPTG 3 h), 3) E. coli BL21(DE3)-pET-30a(+)-mNampt(+IPTG
12 h), 4) E. coli BL21(DE3)-ppsumo-mNampt(+IPTG 0 h), 5) E. coli BL21(DE3)-ppsumo- mNampt(+IPTG 3 h), and 6) E. coli
BL21(DE3)-ppsumo-mNampt(+IPTG 12 h). (B) Nampt purification: M) marker, 1) cell, 2) crude enzyme solution, 3) flow-through
solution, 4) eluent, and 5) purified protein.
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Figure 9. HPLC peaks of (A) NMN, (B), PRPP, (C) ATP, and (D) NAM standards. (E) Mixed-sample peak output chart.
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Figure 10. NMN standard curve determined via HPLC.

3.3. Effects of semi-rational design of mNampt on NMN production

Effects of mNampt mutant strains on NMN production

Starting from the enzyme molecule itself, we adopted a semi-rationally designed strategy using a
combination of methods based on structural analysis and Gibbs free energy stability. FoldX and DeepDDG
software can be used to predict high-quality mutation sites to simulate the effect of mutation sites on Gibbs
free energy and protein stability changes. We used FoldX and DeepDDG to simulate and construct the protein
structure of mNampt, and then predict its key sites that may affect the catalytic activity of the enzyme. Ten
mutation sites were selected from the comprehensive analysis: N67K, S1551, N164L, R166W, A208G, A245T,
S248A, V365L, S382M, V467L. Then, site-directed mutant primer PCR amplification primers (Table 1) were
designed. The primers were synthesized by Guangzhou Aiji Biotechnology. Then, E. coli DHSa-ppsumo-
mNampt expression strains were constructed. The result of NMN production by the mNampt mutant strain
showed that 8 of the 10 cloned mutants had higher mutant activity than those of wild-type strains, among which
mNampt-V365L mutant had the highest activity and its yield of NMN was 135.99 uM, or 45.42 mg/L, which
was 62% higher than that of wild-type mNampt (84.17 uM, or 28.11 mg/L) (Figure 11). The NMN yields of
Nampt-S248A, Nampt-N164L, Nampt-S382M, Nampt-A245T, and Nampt-A208G increased by 34%, 27%,
27%, 22%, and 17%, respectively, compared with those of the wild types, while the NMN yields of Nampt-
V467L and S155I decreased by 53% and 31%, respectively.
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Figure 11. Effect of mNampt site-directed mutagenesis versus wild-type mNampt (control) on NMN production.
Note: *: p < 0.05.
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4. Discussion

With the growing momentum of research on NAD" biology, many important insights have been provided
into aging-related functional decline and disease pathogenesis. Supplementation with these NAD®
intermediates, such as NR and NMN, has shown preventive and therapeutic efficacy, improving aging-related
pathophysiology and disease status. There are relatively few research reports on chassis strains that produce
NMN. In addition, the technical route of NMN production by Nampt also has problems, such as the low
catalytic activity of Nampt and the limited sources of Nampt. Therefore, natural strains with a high yield of
NMN were screened from soil in this study and a high-quality and efficient Nampt expression system was
constructed to improve the yield of NMN. Bangtai Bioengineering (Shenzhen) Co., Ltd., is an NMN API
manufacturer, so collecting soil near the sewer pipeline of its factory was expected to obtain high-NMN-yield
strains. Seven strains with a strong ability to transform nicotinamide to generate NMN in soil were selected
through preliminary screening and re-screening, among which the highest NMN yield was 44.7 uM and the
lowest was 36.59 uM (Figure 3). In addition, strains 3-4 and 4-7 were identified as belonging to the genus
Enterobacteriaceae, and to our knowledge, there have been no previous reports of NMN production with
Enterobacteriaceae as the microbial chassis. After optimizing the fermentation condition, including the
optimization of the fermentation medium, the NMN vyield of Enterobacter chengduensis 2021T4.7 strain was
up to 67.66 uM, or 22.61 mg/L (Figure 7(D)). Sugiyama et al. used an NR-nutrient-deficient yeast culture
medium as a screening tool to select three strains with NMN production activity from 174 facultative anaerobic
lactic acid bacteria (all Fructobacilli), with a maximum NMN-production capacity of 2.1 mg/LP%. Compared
with other strains in previous reports, Enterobacter chengduensis 2021T4.7 demonstrated its potential as a
natural strain with high-NMN production.

The key to microbial synthesis of NMN is to obtain a strain expressing high Nampt catalytic activity. In
this study, a gene sequence of mice-derived Nampt (mNampt) was synthesized and optimized according to E.
coli codon preference. It was then constructed on a pET-30a(+) vector with E. coli BL21 (DE3) as a host cell,
which was induced to express it, but the protein failed to express after SDS-PAGE electrophoresis validation.
The “Tree of Life” is a phylogenetic tree constructed from the sequenced genomes, and Gazzaniga et al.
reported microbial nicotinamide metabolism throughout the Tree of Life*!). According to the Tree of Life,
most microorganisms expressing Nampt may be pathogenic. Therefore, the effects of different vectors and
host cells on the expression of mNampt were explored to find the suitable vector and expression host of the
enzyme gene. We tested six recombinant vectors (pET-30a(+), pET-24a, pET-28a, ppsumo, psj-2, and psj-5)
and three expression hosts (E. coli BL21 (DE3), E. coli BL21 (DE3) plySs, and Rosetta (DE3)) and found that
only E. coli BL21 (DE3)-ppsumo-mNampt was successfully expressed. This is different from the combination
of E. coli BL21(DE3)pLysS and pET-28a(+) vector previously reported by Marinescu et al.['®l. This may be
because the Nampt selected by Marinescu et al. was derived from Haemophilus ducreyi, which is closer to F.
coli in the Tree of Life. Although mice-derived Nampt is farther from E. coli in the Tree of Life, we obtained
an NMN yield of 28.08 mg/L for strain E. coli BL21(DE3)-ppsumo-mNampt, which was nearly twice as high
as that of the expression strain derived from Haemophilus ducreyi. It is difficult to obtain a highly efficient
soluble expression of Nampt in E. coli. At first, we used a pET expression system, but the target protein
expression was very low. In recent years, SUMO has been found to be a molecular chaperone to increase the
stability and solubility of foreign proteins. Its mechanism may be that SUMO protein, as a highly hydrophobic
core, provides nucleation sites for the folding of target proteins®?!, promotes the interaction between proteins
to enable them to fold correctly, and finally enhances the solubility of fusion proteins(3!.

If the structural information and mechanism of enzyme molecules are understood, semi-rational design
or rational design methods are the preferred methods for customizing efficient biocatalysts!?®34, and many
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articles have reported the use of semi-rational design methods to improve the catalytic activity, stability,
substrate specificity, etc., of enzymes?’2°, We used FoldX and DeepDDG software to analyze the structure
of the target protein Nampt, predicted 10 sites that may affect enzyme activity, and carried out a semi-rational
design of enzymes. We obtained 10 mutants, 8 of which were more active than the wild types (Figure 12).
Among them, Nampt-V365L mutant had the highest activity, where the conversion rate was 13.60% and the
yield of NMN was 135.99 uM (45.42 mg/L), which was 62% higher than that of the wild type (28.11 mg/L).
The mutation from neutral non-polar valine to neutral non-polar leucine at the Nampt-V365 site indicated that
leucine positively affected enzyme activity. Secondly, the catalytic activity of mutant Nampt-S248A was 34%
higher than that of the wild-type strain, indicating that hydrophobic amino acids are beneficial to improve the
environment in this region to increase the stability of Nampt. The result also showed that some mutants may
reduce the side effect of enzyme activity. For example, Nampt-V467L mutated from valine to acid leucine and
significantly reduced enzyme activity, and the NMN yield of this strain was only 39.97 uM, which decreased
by 53% compared with the wild type (Figure 12). In addition, the NMN yield of Nampt-S1551 also decreased
by 31% compared with that of the wild type. This indicates that Nampt V467 and S155 are crucial for the
enzyme activity of Nampt.
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Figure 12. Effect of mNampt site-directed mutagenesis versus wild-type mNampt (control) on NMN production.
Note: *: p < 0.05.

It has been shown that site 365 of mNampt may be a key site affecting enzyme activity. From the structural
point of view, valine is longer and more hydrophobic than the leucine aliphatic side chain, which makes the
nearby protein structure more stable, suggesting that the stabilization of the protein structure in the V365 region
can enhance the affinity of mNampt enzyme protein for the NAM substrate. Mutant V365L catalyzed 135.99
pumol/L (45.42 mg/L) of NMN under the same condition, which was 62% higher than that of wild-type mNampt
(Figure 12) and 2.6-fold higher than the yield of the recombinant . coli MNM expression strain (17.26 mg/L)
constructed by Marinescu et al.l'®l. Liao et al. overexpressed Nampt from Meiothermus ruber in E. coli and
used PRPP and NAM as substrates for enzymatic reaction for 10 min to obtain 34 mg/L of NMNP3, To our
knowledge, the NMN content of 45.42 mg/L is the best production in E. coli. From existing evidence, an
increase in the hydrophobic area can help improve the stability of the structure near site 365 of mNampt. We
speculate that the stabilization of the structure in this region increases the affinity of the enzyme protein for
the NAM substrate, resulting in a tighter binding pocket formed during the enzyme catalysis process, which

constitutes an effective steric hindrance®°l.
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In mammals, the salvage pathway starting from NAM is the main NAD" biosynthetic pathway®”). The
biosynthetic production of NMN is generally based on NAM and PRPP as substrates, and NMN is generated
under the catalysis of Nampt (Figure 1). The phosphate in NMN is mainly derived from energy substances,
such as ATP or PRPP (Figure 1). The market price of these two precursors is high, which also leads to the
high production cost of this method, seriously restricting its application and development. In the future, the
biosynthetic pathway can be improved through synthetic biology methods, bypassing the pathway of PRPP
and ATP as energy substances by using cheap NAM and NR as starting materials, which can significantly
reduce production costs and promote the promotion of NMN industrial production. The one-step conversion
of NR to NMN has been considered to be the most promising synthetic route for NMN. He et al.*® used whole-
cell NRK-2 as the catalyst under optimized conditions, and the NMN yield was up to 12.6 g/L in the reaction
mixture, which was much higher than those in previous reports. Huang et al.l*”! fermented and synthesized
NMN using glucose and NAM as substrates. By optimizing the batch feeding process and heterologously
expressing Nampt derived from Vibrio bacteriophage KVP40 in a 5L bioreactor, the yield of NMN reached
16.2 g/L. This is currently the highest yield of NMN via the fermentation method. In addition, ATP can be
directly provided for NMN synthesis through yeast-coupled fermentation, reducing the cost of ATP. NMN
extraction and purification technology needs further research and development to reduce its extraction cost.

5. Materials and methods

5.1. Bacterial strains and culture medium

E. coli DH50. purchased from Takara (Japan) was used for plasmid cloning and long-term storage. E. coli
BL21(DE3), Rosetta (DE3), and E. coli BL21(DE3)plySs purchased from Takara were used for protein
expression.

Because Nampt uses nicotinamide to generate NMN, a screening medium was designed with
nicotinamide as a single carbon source to culture and screen NMN-producing strains. The culture medium
used in this study and its composition were as follows. The enrichment medium (pH = 7) was composed of
niacinamide (2 g/L), glucose (5 g/L), yeast paste (5 g/L), peptone (5 g/L), K:HPO4-3H,O (14 g/L), KH,PO4
(5.2 g/L), and MgS0Os4-7 H,O (2 g/L). The screening medium (pH = 7) was composed of an enriched medium
formulation to remove glucose, as well as MgSQO4-7H>O (14 g/L). The plate isolation medium was agar powder
(12.5 g/L) added to the screening medium. The culture preservation medium (pH = 7) was composed of
tryptone (10 g/L), yeast extract (5 g/L), and NaCl (5 g/L). The seed medium (pH = 7) was composed of tryptone
(10 g/L), yeast extract (5 g/L), (NH4)2SO4 (1 g/L), K;HPO4:3H>0 (2.5 g/L), and MgSO4-7H,0 (0.5 g/L). The
fermentation medium (pH = 7) was composed of nicotinamide (1 g/L), tryptone (10 g/L), (NH4)>SOs (1 g/L),
K,HPO4 (2.5 g/L), and MgSO4-7H,0 (0.5 g/L).

5.2. Natural high-NMN-yield strain screening

A soil sample was collected near the drainage pipe at Bangtai Biotechnology. Excess components were
removed and a seed solution (10 mL/50 mL) was prepared after pre-treatment. The solution was shaken in a
constant-temperature shaker (180 rpm) at 37 °C for 15 min. The seed solution was added to a fermentation
medium (10 mL/50 mL) with 1% inoculation and incubated under the same condition for 12h. A 1mL bacterial
solution was prepared into a crude enzyme solution and enzyme reaction system (50 mM Tris HCI buffer, 0.02%
bovine serum protein BSA, 12 mM MgCl,, 2 mM ATP, 2 mM dithiothreitol, 80 uM nicotinamide, 40 uM 5-
phosphate ribose-1-pyrophosphate (PRPP), and 12.5 pL bacterial solution). Among them, PRPP was unstable
and needed to be freshly prepared. After reacting at 95 °C for 1 min, the reaction was terminated by cooling
on ice. The NMN content at OD.4s was detected using an enzyme-linked immunosorbent assay (Tecan, BioTek,
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USA) and the conversion rate was calculated. The selected strains were stained using the Gram staining method
and sent to Guangzhou Aiji Biotechnology for 16S rDNA sequencing identification.

5.3. Construction of protein expression vectors

Protein expression vectors pET-30a(+), pET-28a(+) and pET-24a(+) were preserved in our laboratory.
Protein expression vectors ppsumo, psj-2, and psj-5 were donated by EZ-lab of the Institute of Advanced
Technology, Chinese Academy of Sciences. These vectors were all E. coli protein expression vectors, with the
PET vector having an N-terminal T7 tag and a C-terminal His tag, while the ppsumo vector contained a SUMO
tag. The recombinant nicotinamide phosphoribosyltransferase gene sequence derived from mice (mNampt)
(Table 1) was synthesized by Suzhou Jinweizhi Co., Ltd. The mNampt gene sequence was optimized for
expression in E. coli (considering the frequency of codon usage and GC content and eliminating unwanted
restriction sequences), containing digestion sites Hind III and Nde I at both ends and a 6xHis tag added at the
end of the sequence.

The mNampt gene was digested by Hind III and Nde I double enzymes and cloned in the pET-30a(+)
expression vector, which permitted protein expression under the control of the T7/ac promoter. The mNampt
gene was also cloned to pET-28a(+), pET-24a(+), ppsumo, psj-2, and psj-5 using the same method. Six
plasmids were produced, which were mNampt-PET vectors containing the Nampt gene from mice, cloned in
E. coli DH5a, and maintained (as a glycerol stock) at =80 °C. The resulted plasmids were chemically
transformed into the competent E£. col/i DH5a. The transformed kanamycin-resistant bacteria were selected on
agar plates. The vectors’ presence was verified via 1% agarose gel electrophoresis and PCR amplification with
Nampt-F forward and Nampt-R primers (Table 1). Cloning and transformation were performed into the
different expression strains (E. coli BL21(DE3), Rosetta (DE3), and E. coli BL21(DE3)plySs) in order to
express the Nampt enzymes.

The semi-rational design of mNampt mutant plasmid used ppsumo-Nampt(m) plasmid as the template.
FoldX and DeepDDG software were used to predict the high-quality mutation sites of mNampt. The point-
mutant PCR amplification primers (Table 1) were synthesized by Guangzhou Aiji Biotechnology, and the
mutation sequence was obtained by amplification separately. Then the recombinant ppsumo-mNampt mutant
plasmid was constructed according to the manual method of the homologous recombinant kit (Novazan
Biotechnology). The vectors’ presence was verified via 1% agarose gel electrophoresis and PCR amplification
with Nampt-F forward and Nampt-R primers (Table 1). Cloning and transformation were performed into F.
coli BL21(DE3).

5.4. Bacterial growth condition

For plasmid cloning, initial evaluation of recombinant protein expression, determination of tolerated
NAM concentration in a growth medium, and optimization of protein induction and cell density, the bacteria
were grown in a shake-flask (180 rpm) incubator at 37 °C in an LB medium supplemented with antibiotics for
plasmid maintenance (50 pg/mL kanamycin for expression vectors and 25 pug/mL chloramphenicol for pLysS
plasmid). Bacterial growth kinetics were recorded as cell density, measured as 600 nm light scattering using a
spectrophotometer.

For the inducible expression strain of mNampt, the bacterial strain was inoculated into a seed medium,
incubated at 180 rpm, shaken for 12 h at 37 °C, and then transferred to a kanamycin-containing fermentation
medium at 1% inoculation. Then, the fermentation medium of kanamycin was expanded under the same
condition at 2% inoculation, and when the optical density (OD) was between 0.5-0.6, 0.25 mM IPTG was
added and expression was induced for 16 h at 18 °C. The protein presence was confirmed via SDS-PAGE (8%
resolving gel and 4% stacking gel).
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5.5. Transformation of bacteria

Approximately 100 uL of chemically competent cells were mixed with 1 uL plasmidial DNA resulting
either from the miniprep (0.2 pg/pL plasmids carrying synthesized mNampt). The tubes were placed for 30
min on ice, followed by heat shock for 45 s in a water bath preheated at 42 °C, and then cooled on ice for 2
min. Then, 700 pL of the LB medium was added and the bacteria were incubated for 1 hour at 37 °C under
shaking at 180 rpm. The cells were inoculated on agar Petri dishes with specific antibiotics for selection (10
uL/plate) and left overnight at 37 °C. The next day, single colonies were selected from each plate and
inoculated in the LB medium containing the antibiotics for plasmid maintenance. After one day, plasmid DNA
was extracted from 1 mL of the overnight culture using a plasmid extraction kit from Omega Bio-Tek. The
presence of the cloned vectors was confirmed via 1% agarose gel electrophoresis. DNA concentration and
purity were determined using a NanoDrop spectrophotometer (Thermo Scientific).

Production of NMN through Nampt crude enzyme solution

The induced bacterial solution was adjusted to ODgoo to 1.0 using a PBS buffer with pH 7.4 and then
concentrated five-fold to produce a crude Nampt enzyme solution. A crude enzyme solution of 12.5 uL and
mother liquor of 12.5 uL (1 mM niacinamide, 1 mM ATP, 1 mM PRPP, 1 mM MgCl,, and 1 mM MnCl,) were
added evenly and reacted at room temperature for 15 min. The reaction solution was heated in a 95 °C metal
bath for 1 min to inactivate the enzyme.

5.6. Protein purification

Bacterial cells were separated from the growth media by centrifugation at 3000x g. The supernatant was
collected separately and the cells were re-suspended in the same volume of water and lysed via sonication
using a Soniprep 150 Ultrasonic Crusher (Sanyo) on ice for 10 min (5 s with a 5-s pause). The crumbled crude
enzyme solution was stored at —20 °C. Protein was purified using the His*Bind purification kit (Novagen,
Merck KGaA, Darmstadt, Germany) and desalted according to the manufacturer’s protocols. The protein
concentration was determined via a BSA protein quantitation kit (Amresco) using bovine serum albumin as
the standard.

5.7. Fluorometric NMN Assay

The fluorometric derivatization method was adapted for the 96-well plates with 50 uL of reaction solution,
10 pL of 20% acetophenone, and 20 pL of 2M KOH solution to the black enzyme plate and placed in ice water.
After 10 min of incubation on ice, a volume of 90uL 88% formic acid was added to each well and the plate
was incubated at 37 °C for 10 min. The UV emission was measured at 445 nm on the spectrophotometer at
excitation wavelength of 382 nm. A calibration curve in the concentration range of 0-150 uM with a
coefficient of correlation of 0.99 was obtained by interpolating five standard sample dilutions of an external
standard NMN. The lysate of bacterial cells from uninduced culture was used as the control.

HPLC method to detect NMN

The detection of NMN via the HPLC method has the characteristics of strong sensitivity and high
precision. This method is based on the research by Kurnasov et al.*”) A concentration of 0.1mol/L 100%
sodium dihydrogen phosphate solution was selected to separate ATP, NMN, and NR. Methanol was selected
as the organic phase and sodium dihydrogen phosphate was used as the mobile phase gradient elute, thereby
eluting the debris in the reaction system. After the reaction, protein was removed via microultrafiltration using
Microcon YM-10 centrifugal filters (Amicon, Bedford, MA, USA). and the filtrates were analyzed using a
ChromCore C18 reversed-phase column (5 um, 4.6 x 250 mm) after appropriate dilution. Ion pair separation
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was carried out isocratically in 0.1mol/L NaH,PO4-2H,O (pH 5.5) and a mobile phase (100% methanol
methanol) at 1 mL/min. The sample injection volume was 20 uL and the process was monitored at 254 nm
with an HPLC system (Gibson, Middleton, WI, USA). The Origin 2019b software was used to process the data
and plot a standard curve with NMN concentration as the abscissa and sample peak area as the ordinate.

5.8. Statistical methods

Variance analysis was performed using SPSS v.18 software. Each data point was plotted as mean

value + standard deviation of at least three independent experiments. Statistical significance was defined as p
< 0.05.
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