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ABSTRACT OF THE DISSERTATION 

 

Development of an Orthogonal Cofactor System 

 

by 

 

William Bentley Sowizral Black 

Doctor of Philosophy in Chemical and Biomolecular Engineering 

University of California Irvine, 2020 

Assistant Professor Han Li, Chair 

 

Biological production of chemicals often requires the use of cellular cofactors, such as 

nicotinamide adenine dinucleotide phosphate (NADP+), but these cofactors are expensive to use 

in vitro and difficult to control in vivo. Recently, the use of noncanonical redox cofactors, or 

cofactor mimics, has emerged as a less expensive alternative to native cofactors in enzymatic 

biotransformation. While these noncanonical cofactors have shown promising results with 

reductive biotransformation, regeneration of spent cofactor and integration of these cofactors in 

biological systems has been met with limited success. In this work, we demonstrate the 

development and application of a noncanonical redox cofactor system based on nicotinamide 

mononucleotide (NMN+).  

First, using a computationally designed glucose dehydrogenase with high cofactor 

specificity towards NMN+, we construct an NMN+-cycling system to support diverse redox 

chemistries in vitro with a high total turnover number (~39,000) and temporal stability. Then we 
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introduced this system into Escherichia coli whole cells, demonstrating the ability of this system 

to channel reducing power specifically in vivo from glucose to levodione, a pharmaceutical 

intermediate.  

Subsequently, we applied the NMN(H)-cycling system for the production of the terpenoid 

aldehyde citronellal in crude lysate- and whole cell-based biotransformation. By specifically 

delivering reducing power to a recombinant enoate reductase, but not to endogenous ADHs, we 

convert citral to citronellal with minimal byproduct formation (97−100% product purity in crude 

lysate-based biotransformation). Using knowledge gained from rapidly prototyping the crude-

lysate system expression ratios, we translated the system into whole cells, achieving a product 

purity of 83%. Remarkably, this was achieved without the need to disrupt any of the endogenous 

alcohol dehydrogenases.  

Ultimately, the ability to perform crude lysate- and whole cell-based biotransformation 

without the need to supplement NMN+ and to generate NMN+ renewably for purified protein-

based biotransformation is desired. We next engineered E. coli cells to biosynthesize NMN+. First, 

we developed a growth-based screening platform to identify effective NMN+ biosynthetic 

pathways in E. coli. Second, we explored various pathway combinations and host gene disruption 

to achieve an intracellular level of ~ 1.5 mM NMN+, a 130-fold increase over the cell’s basal level, 

in the best strain, which features a previously uncharacterized nicotinamide 

phosphoribosyltransferase (NadV) from Ralstonia solanacearum. Last, we revealed mechanisms 

through which NMN+ accumulation impacts E. coli cell fitness, which sheds light on future work 

aiming to improve the production of this noncanonical redox cofactor. 

Finally, we expanded the breadth of our orthogonal NMN(H)-cycling system by integrating 

it with Saccharomyces cerevisiae. Using the aforementioned production of citronellal as a model 
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system, we demonstrated that our orthogonal redox cofactor system translates well across 

organisms, producing 28 mg/L of citronellal while the activity of endogenous alcohol 

dehydrogenases in the cellular background remained low. Furthermore, we engineered S. 

cerevisiae cells to accumulate 188 μM of NMN+ by integrating the NMN+ synthetase, NadE*, and 

phosphoribosyltransferase, NadV, from Francisella tularensis. Due to the cell wall of S. cerevisiae 

being resistant to the free diffusion of NMN+ into the cell, pairing the NMN+ accumulating strain 

with the NMN(H)-cycling system may enable the first example of an in vivo noncanonical redox 

cofactor system which does not require the supplementation of cofactor into the reaction system.  
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Chapter 1 
 
 

Interfacing Noncanonical Redox Cofactors with in vitro and 

in vivo biotransformation   
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1.1 Introduction 

Reductive biotransformation is a valuable tool in the production of many chemicals in in 

vitro and in vivo biotransformation. To perform these reactions, oxidoreductase enzymes recruit 

the reduced redox cofactors nicotinamide adenine dinucleotide, NADH, and nicotinamide adenine 

dinucleotide phosphate, NADPH, to act as reducing agents for the supply of electrons for 

enzymatic reduction. However, these enzymes typically require a stoichiometric equivalent of 

reduced NAD(P)H, which quickly increases the cost of in vitro reductive biotransformation as 

processes increase in scale1,2. To minimize these costs, the substitution of NAD(P)H for 

noncanonical redox cofactors, which are regularly smaller, simpler, and cheaper mimics of 

NAD(P)H, mNADs, has been proposed3-5. Surveying of mNADs for activity with oxidoreductases 

has found high levels of activity between mNADs and flavin-containing enzymes, flavoenzymes, 

especially ene reductases6,7 and nitroreductase8,9. However, expanding the search for efficient 

mNAD/enzyme pairs outside of flavoenzymes has yielded fewer positive results10,11. To further 

minimize the cost of mNAD supply in vitro, in situ cofactor regenerating systems have been 

employed to recycle mNADs, enabling a significant reduction in mNAD supplementation 

requirements9,12-15. Recently, protein engineering efforts have produced a variety of mNAD 

reducing enzymes, and in some cases, these engineered enzymes demonstrate the specific 

reduction of the mNAD of interest, with very low activity towards native NAD(P)+ 9,15-17. The 

ability to specifically, or orthogonally, reduce mNADs opened the door for mNAD reducing 

systems to be utilized with in vivo and crude lysate-based biotransformation9,18-20. This review will 

focus on interfacing mNADs with biological systems, with focus on system design, cofactor 

cycling advances, and mNAD biotransformation in systems with high cellular background. 
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1.2 Classes of Noncanonical Redox Cofactors  

Exploration and synthesis of mNADs has largely focused around cofactors which are 

inexpensive to produce, structurally distinct from NAD(P)+, and interface well with 

oxidoreductase enzymes. To these aims, a variety of mimics containing different electron 

withdrawing groups and “handles” for the enzyme to bind the cofactor have been developed 

(Figure 1). mNADs can be generally grouped into three classes: natural, semi-synthetic, and fully 

synthetic. 

 
Figure 1: Noncanonical redox cofactors (mNADs) in their reduced form. mNADs can be 
grouped into three classes: synthetic mimics, natural mimics, and semi-synthetic mimics. a1) 1-
methylnicotinamide, a2) 1-butyl-1,4-dihydronicotinamide, a3) 1-carbamoylmethyl-1,4-
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dihydronicotinamide, a4) 1-phenyl-1,4-dihydronicotinamide a5) 1-(4-hydroxyphenyl)-1,4-
dihydronicotinamide, a6) 1-benzyl-1,4-dihydronicotinamide, a7) 1-benzyl-3-carbamoyl-5-
methyl-1,4-dihydropyridine, a8) 1-(4-fluorobenzyl)-5-methyl-1,4-dihydropyridine-3-
carboxamide, a9) N-4-methoxybenzyl-1,4-dihydro-nicotinamide, a10) 1-benzyl-1,4-
dihydronicotinic acid, a11) 1-benzyl-3-cyano-1,4-dihydropyridine, a12) 1-benzyl-3-acetyl-1,4-
dihydropyridine, a13) 1-phenethyl-1,4-dihydropyridine-3-carboxamide, a14) 1-(3-phenyl-
propyl)-1,4-dihydropyridine-3-carboxamide, a15) 1-benzyl-1,4,6,7-tetrahydro-5H-pyrrolo[3,4-
b]pyridin-5-one, a16) 1-(4-fluorobenzyl)-1,4,6,7-tetrahydro-5H-pyrrolo[3,4-b]pyridin-5-one, a17) 
1-(4-(2-methoxyethoxy)benzyl)-1,4,6,7-tetrahydro-5H-pyrrolo[3,4-b]pyridin-5-one, a18) 1-(4-(2-
methoxyethoxy)benzyl)-5-methyl-1,4-dihydropyridine-3-carboxamide. b1) nicotinamide 
riboside, b2) nicotinic acid riboside, b3) nicotinamide mononucleotide, b4) nicotinic acid 
mononucleotide, b5) nicotinamide adenine dinucleotide phosphate, b6) nicotinamide adenine 
dinucleotide. c1) 3-acetylpyridine-ribotide, c2) !-nicotinamide-5'-ribose methyl phosphate, c3) 
nicotinic acid 5'-O-benzoyl riboside, c4) nicotinamide hypoxanthine dinucleotide, c5) 
nicotinamide guanine dinucleotide, c6) nicotinamide cytosine dinucleotide, c7) nicotinamide 
flucytosine dinucleotide, c8) 3-acetylpyridine-adenine dinucleotide, c9) nicotinamide 4-(2-
methylphenyl)-[1,2,3]-triazole dinucleotide, c10) nicotinamide 4-(2-fluorophenyl))-[1,2,3]-
triazole dinucleotide, c11) nicotinamide 4-(4-fluorophenyl)-[1,2,3]-triazole dinucleotide, c12) 
nicotinamide 4-(2-trifluoromethylphenyl)-[1,2,3]-triazole dinucleotide, c13) nicotinamide 4-(4-
methoxyhenyl)-[1,2,3]-triazole dinucleotide, c14) nicotinamide 4-(N-benzyl-ethyl)-[1,2,3]-
triazole dinucleotide, c15) nicotinamide 4-(2-pyridinyl))-[1,2,3]-triazole dinucleotide, c16) 
nicotinamide 4-naphthyl-[1,2,3]-triazole dinucleotide. 

 
Fully-synthetic mNADs like 1-benzylnicotinamide, BNA+ 3,6,21,22, and 3-carbamoyl-1-

phenethylpyridin-1-ium, P2NA+ 23,24, have high structural deviation from NAD(P)+. They 

regularly only retain the catalytic nicotinamide moiety of NAD(P)+, and they are functionalized 

with various “handle” prosthetic groups ranging from -CH3 (e. g. 1-methylnicotinamide, MNA+ 

8,24,25 to long carbon chains with a terminal benzyl group (e. g. 3-carbamoyl-1-(3-

phenylpropyl)pyridin-1-ium, P3NA+ 23,24. In some examples, the amide electron withdrawing 

group of the nicotinamide moiety is exchanged for a carboxyl, keto, or nitrile group3,6,14. Due to 

their small size and relative ease of synthesis5, they have been touted as inexpensive alternatives 

to NAD(P)+ for in vitro applications1,2,5. 

Semi-synthetic cofactors are structurally very similar to native NAD(P)+. However, they 

feature slight alterations in structure to differentiate them from NAD(P)+, most frequently 

modifying the adenine on the adenosine moiety15,26,27 (Figure 1). For example, nicotinamide 
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cytosine dinucleotide, NCD+, contains as cytosine in place of the adenine on NAD+ 15,17,20. These 

semi-synthetic cofactors can offer high similarity to NAD(P)+, which may enable higher 

probability of finding enzymes and engineering enzymes to have high levels of activity with the 

mNAD. 

Natural mimics are mNADs which are naturally produced by the cell. Natively, these 

compounds serve as intermediates in the de novo synthesis or salvage of NAD+ 28,29, and they are 

typically smaller, truncated versions of the native cofactors. Recently, nicotinamide 

mononucleotide, NMN+, has been shown to be produced intracellularly in E. coli at levels at or 

higher than typical levels of NAD(P)+ 28,30. Marinescu and coworkers utilized a nicotinamide 

phosphoribosyltransferase (NadV) to produce 23.57 mM of intracellular NMN+ from nicotinamide 

fed into the growth medium30. Natural mimics serve as attractive candidates for biotransformation 

because they can be produced renewably, and intracellular production in a host organism may 

enable in vivo biotransformation without the need for exogenous cofactor supply.  

When selecting a mNAD for biotransformation, the type of system in which the mNAD 

will be integrated into is important to consider.  In an in vitro system with purified proteins, simple 

synthetic cofactors may significantly reduce cost of cofactor supply to a large-scale system. 

However, in systems which contain significant cellular background, like in vivo or crude lysate-

based systems, cofactors which offer improved insulation or orthogonality from the cellular 

background may reduce native cofactor crosstalk with the engineered system. In addition to system 

design, breadth of application should be considered. While synthetic cofactors with simpler 

structures may reduce supply costs, semi-synthetic and natural cofactors may offer a better trade-

off in cost/activity since these cofactors are structurally most similar to the native cofactors.  
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1.3 Utilization of mNADs by enzymes 

Ultimately, broad utilization of mNAD cofactor systems relies on having a diverse toolkit 

of enzymes which can receive these mimics efficiently. To date, the majority of enzymes which 

have demonstrated appreciable activity with mNADs have used the reduced forms of the mimics 

to perform reactions. Nitroreductases8,31, alcohol dehydrogenases13,32, dehydrogenases, 

monooxygenases9,12,33-35, azoreductases36, NADH oxidases24,25, and enoate reductases3,6,7,14,37,38 

have all demonstrated activity with mNADs at varying levels. In particular, the Old Yellow 

Enzyme family has demonstrated high activity with a wide array of mNADs and substrates, as 

summarized by Scholtissek and coworkers39. Protein engineering serves as a valuable tool to 

further broadened the scope of enzymes capable of utilizing mNADs for reductive 

biotransformation. For example, the cytochrome P450 BM-3 from Bacillus megaterium, which 

has exhibited no activity towards mNADs under the conditions tested, was demonstrated by Ryan 

et al. to have high levels of activity with BNAH and !-nicotinamide-5'-ribose methyl phosphate, 

NMNCH, when mutations R966D-W1046S were applied12. Furthermore, biomimetics have been 

shown to enable indirect enzymatic reduction by reducing flavins in solution, which can be 

subsequently bound by an enzyme for reductive biotransformation35. 

 

1.4 In vitro mNAD systems with purified proteins 

1.4.1 Systems with reduced cofactor supplementation 

The simplest form of an mNAD biotransformation system is an in vitro system using 

purified protein, reduced mNAD, and substrate spiked into buffer. This system represents the vast 

majority of mNAD systems investigated to date. Since concentrations and supply of buffers, 

enzymes, cofactor, and substrates are all user defined, highly specific biotransformation at high 
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catalytic rate can be achieved. In addition, since native cofactors are not present, enzymes can be 

selected or engineered for mNAD activity, rather than for orthogonality. For example, Guarneri et 

al. utilized the synthetic mNAD 1-(2-carbamoylmethyl)-1,4-dihydronicotinamide, AmNAH, with 

the para-hydroxybenzoate hydrolate, PHBH, from Pseudomonas fluorescens to catalyze the 

hydroxylation of 5 mM 4-hydroxybenzoate to 3,4-dihydroxybenzoate with 100% conversion in 30 

minutes, nearing the activity demonstrated with the native cofactors34. 

1.4.2 Cofactor regeneration 

 While the cost of in vitro biotransformation can be decreased by substituting the supply of 

NAD(P)H for mNADHs, the cost of equimolar mNADH supply may limit economic viability at 

larger scales. To further reduce to cost of cofactor supply in vitro, in situ cofactor regeneration 

using organometallic catalysts6,12,13,21, artificial metalloenzymes14, and engineered 

enzymes15,18,19,23,28 has been employed to significantly reduce the amount and cost of cofactor 

needed to be supplied (Table 1). However, these recycling methods need to be able to function for 

extended time periods to be viable. The efficiency of these recycling methods can be modeled by 

the Total Turnover Number (TTN), which represents the moles of product generated per mole of 

catalyst supplied before the catalyst becomes inactive.  
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Table 1: In vitro Noncanonical Redox Cofactor Cycling Systems 

Cofactor Reducing 
Component 

Cofactora  Cofactor Oxidizing Enzyme Buffer Substrate Yield TTN Ref 

Rh-complexb  BNA+ BM3 P450*  
(Bacillus megaterium) 

20 mM potassium phosphate, 
pH 7.4 

60 μM p-nitrophenoxydecanoic acid n.r. 312 [12] 

Rh-complexb BNA+ Horse Liver Alcohol 
Dehydrogenase 

100 mM potassium phosphate, 
pH 7 

83.58 μM 1-phenyl-3-butanonee 90% n.r. [21] 

Rh-complexb BNA+ P450 CAM  
(Pseudomonas putida) 

20 mM potassium phosphate, 
pH 7.4 

1 mM camphor n.r. 38 [12] 

Rh-complexc BNA+ Enoate Reductase  
(Thermus scotoductus) 

50 mM MOPS buffer, pH 7.0 10 mM ketoisophorone 66% n.r. [6] 

Rh-complexb NMNC+ Horse Liver Alcohol 
Dehydrogenase 

100 mM potassium phosphate, 
pH 7 

83.58 μM 1-phenyl-3-butanonee 90% n.r. [21] 

Ir Metalloenzymed BAP+ Enoate Reductase  
(Thermus scotoductus) 

600 mM MOPS, pH 7.0 30mM N-ethyl-2methylmaleimidee 99% 2000 [14] 

Ir Metalloenzymed BCNP+ Enoate Reductase  
(Thermus scotoductus) 

50 mM MOPS buffer, pH 7.0 10mM N-ethyl-2-methylmaleimide 12% n.r. [14] 

Ir Metalloenzymed BCOA+ Enoate Reductase  
(Thermus scotoductus) 

600 mM MOPS, pH 7.0 10mM N-ethyl-2-methylmaleimide 18% n.r. [14] 

Ir Metalloenzymed BNA+ Enoate Reductase 
(Thermus scotoductus) 

600 mM MOPS, pH 7.0 10mM N-ethyl-2-methylmaleimide 37% n.r. [14] 

Ir Metalloenzymed MNA+ Enoate Reductase  
(Thermus scotoductus) 

600 mM MOPS, pH 7.0 10mM N-ethyl-2-methylmaleimide 12% n.r. [14] 

Horse Liver Alcohol 
Dehydrogenase 

BNA+ Hemoglobin  
(Bovine erythrocytes) 

50 mM phosphate buffer, pH 8 10 mM H2O2 ~60% n.r. [22] 

Horse Liver Alcohol 
Dehydrogenase 

BNA+ Horseradish Peroxidase  
(Armoracia rusticana) 

50 mM phosphate buffer, pH 7 10 mM H2O2 ~75% n.r. [22] 

Horse Liver Alcohol 
Dehydrogenase 

BNA+ Myoglobin  
(Equus caballus) 

50 mM Phosphate buffer, pH 8 10mM H2O2 93% n.r. [22] 

Malic Enzyme* 
(Escherichia coli) 

NCD+ Formate Dehydrogenase* 
(Pseudomonas sp.) 

50 mM HEPES, pH 7.5 10 mM formate, 50 mM pyruvate 53.5% n.r. [20] 

Phosphite dehydrogenase* 
(Ralstonia sp.) 

NCD+ Malic Enzyme* 
(Escherichia coli) 

50 mM HEPES, pH 7.5 5 mM phosphite, 50 mM malate n.r. n.r. [18] 
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Malic Enzyme* 
(Escherichia coli) 

NFCD+ Lactate Dehydrogenase* 
(Lactobacillus helveticus) 

50 mM HEPES, pH 7.5 5 mM Malate ~99% n.r. [15] 

Lactate Dehydrogenase* 
(Lactobacillus helveticus) 

NFCD+ Malic Enzyme*  
(Escherichia coli) 

50 mM HEPES, pH 7.5 5 mM Malate ~99% n.r. [15] 

Glucose Dehydrogenase* 
(Bacillus subtilis) 

NMN+ BM3 P450*  
(Bacillus megaterium) 

200 mM potassium phosphate, 
pH 7.5 

50 μM cytochrome c >99% n.r. [9] 

Glucose Dehydrogenase* 
(Bacillus subtilis) 

NMN+ Nitroreductase 
(Escherichia coli) 

200 mM potassium phosphate, 
pH 7.5 

2 mM nitrofurazone 92% n.r. [9] 

Glucose Dehydrogenase* 
(Bacillus subtilis) 

NMN+ Old Yellow Enzyme 3 
(Saccharomyces cerevisiae) 

200 mM potassium phosphate, 
pH 7.5 

5 mM 4-phenyl-3-butyn-2-one >99% n.r. [9] 

6-phosphogluconate 
dehydrogenase* 
(Thermotoga maritima) 

NMN+ Enoate Reductase  
(Thermus scotoductus) 

100 mM HEPES, pH 7.5 10 mM  
2-methyl-2-cyclohexen-1-one 

98% n.r. [26] 

Glucose Dehydrogenase* 
(Bacillus subtilis) 

NMN+ Enoate Reductase  
(Pseudomonas putida)   

200 mM potassium phosphate, 
pH 7.5 

3.28 mM citral 58% n.r. [19] 

Glucose Dehydrogenase* 
(Bacillus subtilis) 

NMN+ Enoate Reductase  
(Pseudomonas putida)   

200 mM potassium phosphate, 
pH 7.5 

33 mM ketoisophoronee >99%f  39000 [9] 

Glucose Dehydrogenase* 
(Sulfolobus solfataricus) 

P2NA+ Enoate Reductase 
(Thermus scotoductus) 

100 mM Tris-HCl, pH 8 10 mM 2-methylbut-2-enal 100% 1183 [23] 

Entries in italics (not including species names) represents work from this thesis 
* = engineered enzyme 
n.r. = not reported  

a Names of cofactors: NFCD+, nicotinamide flucytosine dinucleotide; NCD+, nicotinamide cytosine dinucleotide; BNA+, 1-benzylnicotinamide; P2NA+, 3-carbamoyl-1-
phenethylpyridin-1-ium; NMN+, nicotinamide mononucleotide; NMNC+, !-nicotinamide-5’-ribose methyl phosphate; BAP+, 1-benzyl-3-acetylpyridinium; BCNP+, 1-benzyl-3-
cyanopyridinium; BCOA+, 1-benzyl-3-carboxypyridinium; MNA+, 1-methylnicotinamide. 
b [Cp*Rh(bpy)(H2O)](OTf)2 
c [Cp*Rh(bpy)(H2O)](Cl)2 
d IrC-S112K 
e additional substrates tested 
f Conversion experiments differed in conditions to TTN experiments. Thus, yield values are higher than was demonstrated in the TTN experiments. 
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Rhodium-based catalysts have been used to reduce mNADs to from cofactor cycling 

systems with cytochrome P450s12,13, horse liver alcohol dehydrogenase13,21, and enoate reductases6 

(Table 1). Ryan et al. constructed an mNAD cycling system around BNA+ using a 

[Cp*Rh(bpy)(H2O)](Otf)2 complex with an engineered cytochrome P450 from Bacillus 

megaterium. Using the reduction of p-nitrophenoxydecanoic acid as a model system, a total 

turnover number (TTN) of 312 was achieved12 (Table 1). In addition, these metal catalysts can 

serve as mediators for indirect photochemical reduction of mNADs40. However, in some cases, 

Rh-complex cycling has been shown to cause mutual inactivation of both the catalyst and the 

enzyme, resulting in decreased system activity and TTN41. 

To combat the mutual inactivation between catalyst and enzyme, the docking of catalysts 

into protein scaffolds to “shield” the catalyst and enzyme from each other has been proposed14,42. 

Okamoto et al. demonstrated the use of a biotinylated iridium-pianostool cofactor docked into a 

streptavidin enzyme scaffold to reduce the mNADs BNA+, MNA+, 1-benzyl-3-acetylpyridinium 

(BAP+), 1-benzyl-3-carboxypyridinium (BCOA+), and 1-benzyl-3-cyanopyridinium (BCNP+)14 

(Table 1). They subsequently paired their artificial metalloenzyme, with the enoate reductase from 

Thermus scotoductus, TsOYE, to reduce the activated C=C double bond in N-ethyl-2-

methylmaleimide. Using BAP+ as the cofactor, a TTN of 1980 was achieved14 (Table 1). 

Consistent with the Rh-complex-based cofactor cycling41, when the Ir-complex was not docking 

into the enzyme scaffold, catalyst activity was repressed in the presence of TsOYE14. 

In Nature, enzymes are used to regenerate reduced cofactor in the cellular environment, 

especially though the central metabolism. However, wild type enzymes regularly exhibit low 

activities towards the oxidation of mNADs9,10,23. Recently, protein engineering has produced a 

variety of candidate enzymes for mNAD reduction (Table 1), including enzymes which consume 
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cheap sacrificial feed stocks like formate20, phosphite16,18, and glucose9,23. In addition, a few 

examples of intra-pathway enzymes which can be used to couple cofactor reduction and oxidation 

with pathway flux or de novo production, have also been engineered15,17,26. 
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Table 2: Apparent Kinetic Parameters for Engineered Enzymes with Oxidized mNADs 

Enzyme Mutations Cofactora KM (mM) kcat (s-1) kcat/KM 
(mM-1 s-1) 

mNAD Preference 
(kcat/KM ratio) 

Ref. 

mNAD/ 
NAD+ 

mNAD/ 
NADP+ 

Escherichia coli 
Malic Enzyme L310R/Q401C 

NAD+ 10.4 3.8 0.36     

[15] NADP+ n.r. n.r. n.r.     
NFCD+ 1.70 162.4 96.7 269 n.r. 
NCD+ 1.02 158.2 154.6 427 n.r. 

Pseudomonas sp. 
101 
Formate 
Dehydrogenase 

V198I/C256I/P
260S/E261P/S
381N/S383F 

NAD+ 7.97 0.07 0.00878     

[20] NADP+ n.r. n.r. n.r.     
NCD+ 0.12382 0.18 1.45 165 n.r. 

Sulfolobus 
solfataricus 
Glucose 
Dehydrogenase 

I192T/V306I 

NAD+ 0.17 0.95 5.65     

[23] 
NADP+ n.r. n.r. n.r.     
BNA+ 5.49 0.00900 0.00164 2.90×10-4 n.r. 
P2NA+ 8.16 0.04217 0.00517 0.0009 n.r. 
P3NA+ 4.1 0.0070 0.00170 3.01×10-4 n.r. 

Bacillus subtilis 
Glucose 
Dehydrogenase 

Y39Q/A93K/I1
95R 

NAD+ 3.7 0.41 0.11     

[9] 

NADP+ 0.61 4.4 7.5     
NMN+ 6.4 3.1 0.51 4.6 0.068 

S17E/Y39Q/A9
3K/I195R 

NAD+ 6.5 0.025 0.0038     
NADP+ 2.0 0.022 0.011     
NMN+ 5.9 1.2 0.21 55.3 19.1 

Lactobacillus 
helveticus 
Lactate 
Dehydrogenase 

V152R/I177K/
N213E 

NAD+ 1.60 0.08 0.049     

[17] 

NADP+ n.r. n.r. n.r.     
NCD+ 1.38 2.95 2.1 44.1 n.r. 

V152R/I177K/
N213I 

NAD+ 1.05 0.08 0.074     
NADP+ n.r. n.r. n.r.     
NCD+ 0.6600 2.02 3.1 41.4 n.r. 

Thermotoga 
maritima 
6-phosphogluconate 
dehydrogenase 

Mut6-1b 

NAD+ n.r. n.r. n.r.     

[26] NADP+ 0.19 28.9 148.6     
NMN+ 13.5 27.4 2.04 n.r. 0.014 

Ralstonia sp. 4506 
Phosphite 
Dehydrogenase 

I151R/P176R/
M207A 

NAD+ 4.7 0.21 0.045     

[16] 

NADP+ n.r. n.r. n.r.     
NCD+ 0.0991 0.20 2.04 44.9 n.r. 

I151R/P176E/
M207A 

NAD+ 11.7 0.40 0.034     
NADP+ n.r. n.r. n.r.     
NCD+ 0.2815 0.35 1.24 36.5 n.r. 

Pyrococcus furiosus 
Alcohol 
Dehydrogenase 

K249G/H255R 
NAD+ 0.46 3 6.5     

[10] NADP+ n.r. n.r. n.r.   
 

NMN+ 2.6 0.027 0.0104 0.0016 n.r. 
Entries in italics (not including organism names) represents work in this thesis 
a Names of cofactors: NAD+, nicotinamide adenine dinucleotide; NADP+, nicotinamide adenine dinucleotide 
phosphate; NFCD+, nicotinamide flucytosine dinucleotide; NCD+, nicotinamide cytosine dinucleotide; BNA+, 1-
benzylnicotinamide; P2NA+, 3-carbamoyl-1-phenethylpyridin-1-ium; P3NA+, 3-carbamoyl-1-(3-
phenylpropyl)pyridin-1-ium; NMN+, nicotinamide mononucleotide. 
bMut6-1: A11G/K27R/R33I/T34I/F60Y/D82L/T83L/Q86L/K118N/I120F/D251E/D294V/F326S/F329Y/Y383C/ 
N387S/V390G/A447V 
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On a systems level, enzymatic mNAD regeneration can be approached from two directions, 

high activity reduction for in vitro applications and specific, or orthogonal, mNAD reduction for 

in vivo and crude lysate-based systems. In a purified enzyme system, enzymes can be engineered 

for high activity with the mNAD without the need to limit native cofactor activity. However, in 

applications with high cellular background, orthogonal cofactor reduction is required to maintain 

an insulated system. For example, Huang et al. engineered a 6-phosphogluconate dehydrogenase, 

6PGDH, to reduce NMN+ 26. This 6PGDH mutant exhibited a kcat of 27.4 s-1 with NMN+ (Table 

2), ~1.74 higher than the kcat of the wild type enzyme with its native cofactor NADP+ 26. However, 

since the 6GPDH mutant still exhibited high levels of activity with the native NADP+ and a high 

KM for NNM+ of 13.5 mM (Table 2) 26, this enzyme is a strong candidate for use in in vitro 

biotransformation, but not for specific reduction in vivo. When paired with the ene reductase from 

Thermus scotodutus for the reduction of 2-methyl-2-cyclohexen-1-one to methylcyclohexanone, 

the system demonstrated nearly identical activity with NMN+ as the wild type enzyme and NADP+, 

10 mM of methylcyclohexanone in 2 hours 26. Since the amount of cofactor supplied to in vitro 

systems is user defined, the high KM of the 6PGDH mutant was overcome by supplementing 20 

mM of NMN+, enabling the full utilization of the mutant’s high turnover number 26.  

For in vivo applications, Liu et al. engineered a phosphite dehydrogenase, Pdh*, to reduce 

NCD+ 16. This mutant had a low KM, 0.282 mM, for NCD+, and a comparable kcat to the wild type 

enzyme with NAD+ (Table 2) 16. Importantly, the KM of Pdh* with NAD+ (Table 2) was high, well 

above expected intracellular NAD+ levels, so in a cellular environment, this enzyme would likely 

selectively reduce NCD+ over NAD+ 16. However, kinetic parameters with this mutant were not 

reported with NADP+, so the ability for the enzyme to function orthogonally to both native 

cofactors in vivo is not clear. Similar orthogonal cofactor regeneration systems have been 
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demonstrated with other enzymes using NCD+ and NFCD+, however, NADP+ activity was not 

investigated (Table 2) 15,20. The ideal orthogonal mNAD regenerating enzyme retains a high kcat 

and low KM for the target cofactor, but it exhibits a high KM (above intracellular levels of native 

cofactors) and a low kcat for both NAD+ and NADP+. 

 
1.5 Interfacing mNADs with complex cellular systems for orthogonal electron delivery 

In contrast to purified protein-based systems, integration of mNADs into cellular systems 

requires careful component selection to ensure the cellular background does not interfere with the 

mNAD system and vice versa. When working with an in vivo, whole cell system, a mechanism is 

needed to accumulate intracellular mNAD. Once the mNAD is present in the cell, mNAD 

degradation needs to be minimized. Next, the mNAD needs to be readily accepted by the 

enzyme(s) of interest, but not readily consumed by the cell’s native enzymes.  Finally, an efficient, 

orthogonal method for cofactor regeneration needs to be integrated. 

Prior to this thesis, only one system had been demonstrated with the ability to drive in vivo 

biotransformation using mNADs, employing engineered enzymes to specifically reduce their 

respective mNADs (Table 3). Zhao and coworkers have developed a noncanonical redox cofactor 

system around the semi-synthetic mNAD NCD+ in E. coli through a series of papers.  In this 

system, they utilized the nucleotide transporter, Ndt, from Arapidopsis thaliana to transport 

exogenously supplied NCD+ into the cells18,20. Since NCD(H) is structurally similar to NAD(H), 

the native NAD degradation enzyme, UshA, is active upon it43. Subsequent disruption of this 

enzyme decreases extracellular NCD+ degradation and subsequently aided in increased NCD+ 

uptake. However, intracellular NCD+ degradation still persisted in the ΔushA strain, especially in 

the presence of glucose44. The primary readout used for this system is the de novo production of 

malate from glucose. This has been achieved by coupling a malic enzyme from E. coli, which has 
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been engineered for NCD+ preference15, with an engineered formate dehydrogenase, FDH*20, or 

engineered phosphite dehydrogenase, Pdh*18. When Pdh* was used as the NCD regenerating 

system, 3.91 mM of malate was produced (Table 3)18. When FDH* was coupled with malic 

enzyme, FDH* was used to reduce NCD+ and as a mechanism for CO2 generation within the cell, 

generating ~2.5 mM of malate (Table 3)20. However, when NCD was not supplied, malate 

production was still present at a lower level (Table 3), indicating NAD(H)-dependent activity in 

the system was still present with the engineered enzymes18,20.  

in vivo mNAD systems are relatively under-explored compared to their in vitro 

counterparts. Further investigation into methods of cofactor reduction which are whole-cell 

compatible and engineering of reductases for orthogonal mNAD utilization are critical to the 

success of this growing field. Additionally, tuning of these whole cells systems is important since 

they are not regulated by the host’s system. Therefore, rapid prototyping tools like crude lysate-

based screening can serve as a valuable tool to understand the relationship of system balance, 

cofactor supply needs, and large pathway development, especially since users have direct access 

to the cellular components 19,45. 
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Table 3: In vivo Noncanonical Redox Cofactor Systems 

Cofactor Organism Enzymes Buffer Substrates Product 
Formation 

Non-specific 
Product 
Formationc 

Ref. 

Oxidizinga Reducingb 

NCD+ E. coli Malic 
Enzyme* 

Phosphite 
dehydrogenase* 

MOPS 
medium, 10 
mM NaHCO3 

2.5 mM phosphite, 
100 mM glucose 

3.91 mM 
malate 

2.82 mM malate [18] 

NCD+ E. coli Malic 
Enzyme* 

Formate 
Dehydrogenase* 

40 mM MOPS, 
pH 6.5 

5 mM formate, 
100 mM glucose 

~2.5 mM 
malate 

~0.25 mM 
malate 

[20] 

NMN+ E. coli Enoate 
Reductase 

Glucose 
Dehydrogenase* 

100 mM 
potassium 
phosphate, pH 
7.5 

33 mM 
ketoisophorone, 
200 mM glucose 

6.48 mM 
levodione 

0.87 mM 
levodioned 

[9] 

NMN+ E. coli Enoate 
Reductase 

Glucose 
Dehydrogenase* 

100 mM 
potassium 
phosphate, pH 
7.4 

3.28 mM citral, 
200 mM glucose 

0.21 mM 
citronellal 

0 mM citronellal [19] 

* indicates engineered enzyme 
Entries in italics (not including organism names) represents work from this thesis 
aEnzyme functions in the cofactor oxidizing direction 
bEnzyme functions in the cofactor reducing direction 
cNon-specific product formation is defined as when no mNAD was supplied, unless otherwise stated 
dCofactor reducing enzyme was not supplied 

 
1.6 Motivation 

To date, the majority of work with mNADs has focused on the activity of synthetic 

cofactors in purified protein-based systems, especially with enoate reductases. Additionally, many 

of the mNADs studied to date use similar “handles”, namely benzyl groups, for the enzymes to 

grip and position the cofactor in the active site. Expanded investigation of diverse cofactor 

“handles”, especially within the minimally-investigated natural mNAD group, may produce 

additional highly active mNAD candidates. Crucially, mNAD regeneration systems have been met 

with limited success, especially for the specific reduction of the mNAD over NAD+ and NADP+, 

which is key for applications with high cellular background like crude lysate- and whole cell-based 

biotransformation. The successful construction of a highly active and orthogonal mNAD system 

has potential to be applied universally as an inexpensive, in vitro biotransformation system and as 

a highly-tunable, insulated redox system in engineered microorganisms.  
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1.7 Objectives 

The goal of this thesis was to construct, optimize, and apply an orthogonal redox cofactor 

system centered around the noncanonical redox cofactor nicotinamide mononucleotide, NMN+, 

for both in vitro and in vivo biotransformation. The specific aims were as follows. First, build an 

in vitro system using purified proteins to enzymatically cycle NMN(H) with high activity, 

temporal stability, and broad application with different enzymes and substrates classes. Second, 

translate the NMN(H)-cycling system into E. coli whole cells to construct an orthogonal, third 

redox cofactor system capable of delivering specific reducing power in the cell. Third, develop a 

crude lysate-based biotransformation system to rapidly prototype, optimize, and tune the activity 

and orthogonality of NMN(H)-cycling system in high cellular background. Ideally, information 

learned in optimization of the crude lysate system translates well into whole cell design, and it can 

therefore be used as a facile tool for pathway design and optimization in the future. Fourth, use 

metabolic engineering to enable NMN+ accumulation and production in E. coli cells. Finally, 

translate the NMN(H)-cycling system into Saccharomyces cerevisiae to enable the specific 

delivery of reducing power by a noncanonical redox cofactor in both prokaryotic and eukaryotic 

systems.  

 
The following chapters will discuss these objectives.  
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2.1 Introduction 

Biomanufacturing is the synthesis of chemicals from renewable resources by engineered 

microbes. Although numerous fuels, pharmaceuticals, and commodities have been 

biomanufactured, most of these processes failed to proceed beyond laboratory scale because the 

productivity, titer, and yield are still low 1. This problem highlights the existence of a critical 

knowledge gap in our understanding of cell metabolism. This knowledge gap exists largely due to 

the extraordinary complexity of metabolic systems 2,3. 

To overcome the complexity problem, one solution is to insulate the much simpler, 

engineered pathways in an orthogonal metabolic system that operates in parallel to the hosts’ 

complex native metabolism 2,4. Catabolism and anabolism are the most universal orthogonal 

metabolic systems in nature. These two seemingly opposing processes coexist without interference 

largely because they each have a designated redox cofactor, nicotinamide adenine dinucleotide 

(NAD+) and nicotinamide adenine dinucleotide phosphate (NADP+), respectively. Therefore, it 

has been hypothesized that a third, orthogonal metabolic system could be established if one could 

introduce a noncanonical redox cofactor inside the cells 5. 

In addition to their applications in vivo, noncanonical redox cofactors have also been explored as 

alternatives to NADP+ during in vitro biotransformation, where purified enzymes are used to 

manufacture chemicals. The majority of industrial biotransformation processes developed so far 

involve oxidoreductase enzymes 6,7, which require redox cofactors. Analogs of NADP+ with 

simpler structures are easier to synthesize and have faster mass transfer rates, which may greatly 

reduce the cost of in vitro biotransformation 8,9,10. 

However, with the exception of some flavoenzymes 9,10, most natural enzymes have low 

activity with noncanonical redox cofactors. Moreover, shifting enzymes’ cofactor preference 
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toward noncanonical redox cofactors remains a challenging task 8,10-12. For example, Sulfolobus 

solfataricus glucose dehydrogenase (Ss GDH) has been engineered to use simpler NAD+ analogs 

10. However, the catalytic efficiency of the engineered enzyme was still low 

(kcat/Km ≈ 5.17 × 10−3 mM−1 s−1, for the cofactor 3-carbamoyl-1-phenethylpyridin-1-ium chloride, 

where kcat is turnover number and Km is the Michaelis constant for the cofactor). Furthermore, 

most engineered enzymes still retain substantial levels of activity with the natural redox cofactor 

NADP+, which lowers their orthogonality in vivo. For example, a metabolic circuit based on the 

synthetic cofactor nicotinamide cytosine dinucleotide (NCD+) has been constructed in E. coli 5. 

However, the engineered phosphite dehydrogenase enzyme responsible for reducing NCD+ only 

had a ~four-fold preference of NCD+ over NAD+, which resulted in cross-talk between the 

metabolic circuit and the NAD+-dependent natural metabolism. 

To overcome this challenge, we used a computationally designed glucose dehydrogenase 

from Bacillus subtilis which readily reduces NMN+, but not the native cofactors 13. By coupling 

the engineered Bs GDH with various enzymes, we first demonstrated that NMN+ can support 

diverse chemistries during in vitro biotransformation processes, which include the reduction of 

C=C double bonds, C≡C triple bonds, and nitro groups, as well as supply electrons to cytochrome 

P450. In particular, C=C double bonds were reduced with industrially relevant activity and 

robustness (total turnover number (TTN) ≈ 39,000) 14. Then, we demonstrated in E. coli whole 

cells that NMN+ can mediate orthogonal reducing power delivery from glucose to the production 

of a pharmaceutical intermediate, levodione, while keeping other NAD(P)H-dependent competing 

reactions inactive. 
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2.2 Methods 

2.2.1 Plasmids and strains 

 All plasmids and strains used in this study are summarized in Table 4. The plasmids and 

strains were previously generated in the lab 13. The accession numbers for proteins used in this 

study are summarized in Table 5.  

Table 4: Strains and Plasmids Used in Chapter 2 

Strains Description  Reference  
XL-1 Blue  Cloning strain  Stratagene  

BL21 
(DE3) 

Protein expression strain   Invitrogen 

BW25113  E. coli ∆(araD-araB)567, ∆lacZ4787(::rrnB-3), !-, rph-1, 
∆(rhaD-rhaB)568, hsdR514 

Keio 
Collection 

JW2670-1 BW25113 ΔpncC::kan Keio 
Collection 

MX101 BW25113 ΔpncC ΔnadR::kan [42] 
MX102 BW25113 ΔpncC Δpgi Δzwf ΔgntK::kan [42] 
MX103 BW25113 ΔpncC Δpgi Δzwf ΔnadR Δgnd::kan [42] 

Plasmids Description Reference 
pEK101 PLlacO1::Bs gdh, ColE1 ori, AmpR [42] 

pEK102 PLlacO1::Pp xenA, ColE1 ori, AmpR [42] 
   

pLZ201 PLlacO1::Bs gdh N92A, ColE1 ori, AmpR [42] 

pLZ202 PLlacO1::Bs gdh N92V, ColE1 ori, AmpR [42] 

pLZ203 PLlacO1::Bs gdh G94S, ColE1 ori, AmpR [42] 

pLZ204 PLlacO1::Bs gdh I195R, ColE1 ori, AmpR [42] 

pLZ205 PLlacO1::Bs gdh I195S, ColE1 ori, AmpR [42] 

pLZ206 PLlacO1::Bs gdh I195T, ColE1 ori, AmpR [42] 

pLZ207 PLlacO1::Bs gdh S17Q-P194N, ColE1 ori, AmpR [42] 

pLZ208 PLlacO1::Bs gdh M143S, ColE1 ori, AmpR [42] 

pLZ209 PLlacO1::Bs gdh M143T, ColE1 ori, AmpR [42] 

pLZ210 PLlacO1::Bs gdh I195R-A93K-Y39Q, ColE1 ori, AmpR [42] 

pLZ211 PLlacO1::Bs gdh I195R-Y39Q, ColE1 ori, AmpR [42] 
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pLZ212 PLlacO1::Bs gdh I195R-A93K, ColE1 ori, AmpR [42] 

pLZ213 PLlacO1::Bs gdh A93K, ColE1 ori, AmpR [42] 

pLZ214 PLlacO1::Bs gdh Y39Q, ColE1 ori, AmpR [42] 

pLZ215 PLlacO1::Bs gdh A93K-Y39Q, ColE1 ori, AmpR [42] 

pLZ216 PLlacO1::Bs gdh I195R-A93K-Y39Q-S17E, ColE1 ori, AmpR [42] 

pLZ217 PBAD::Pp xenA, RSF ori, SpecR [42] 

pLZ218 PBAD::Bs gdh I195R-A93K-Y39Q-S17E - Pp xenA, RSF ori, 
SpecR 

[42] 

pLZ219 PBAD::Bs gdh - Pp xenA, RSF ori, SpecR [42] 

pLZ220 PBAD::Bs gdh - Ca lvr, RSF ori, SpecR [42] 

pLZ221 PBAD::Bs gdh I195R-A93K-Y39Q-S17E - Ca lvr, RSF ori, 
SpecR 

[42] 

pLZ222 PBAD::Ca lvr, RSF ori, SpecR [42] 

pLZ223 PBAD::Bs gdh - Rs adh, RSF ori, SpecR [42] 

pLZ224 PBAD::Bs gdh I195R-A93K-Y39Q-S17E - Rs adh, RSF ori, 
SpecR 

[42] 

pLZ225 PBAD::Rs adh, RSF ori, SpecR [42] 

pLZ226 PLlacO1::Pp xenA - Ca lvr - Rs adh, ColE1 ori, AmpR [42] 
   

pSM101 PLlacO1::Bm BM3, ColE1 ori, AmpR [42] 

pSM102 PLlacO1::Bm BM3 W1046S, ColE1 ori, AmpR [42] 

pSM103 PLlacO1::Ft nadEV - Zm glf - Re gntK, ColE1 ori, AmpR [42] 

pSM104 PLlacO1::Zm glf, ColE1 ori, AmpR [42] 

pSM105 PLlacO1::Empty, ColE1 ori, AmpR [42] 

pSM106 PBAD::Bs gdh I195R-A93K-Y39Q-S17E, RSF ori, SpecR [42] 

pSM107 PBAD::Bs gdh, RSF ori, SpecR [42] 

pSM108 PBAD::Empty, RSF ori, SpecR [42] 

pSM109 PLlacO1::Zm glf, p15A ori, CmR [42] 

pSM110 PLlacO1::Zm glf, ColE1 ori, CmR [42] 
   

pWB201 PLlacO1::Sc OYE3, ColE1 ori, AmpR [42] 

pWB202 PLlacO1::Ec nfsB, ColE1 ori, AmpR [42] 

pWB203 PLlacO1::Ft nadEV, ColE1 ori, AmpR [42] 
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Table 5: Accession Numbers for Proteins Used in Chapter 2 

Protein Name Full Name Protein ID 
Ec PncC NMN aminohydrolase P0A6G3.1 
Ec NadR NMN adenylyltransferase P27278.2 
Ec Pgi Glucose-6-phosphate isomerase P0A6T1  
Ec Zwf NADP(+)-dependent glucose-6-phosphate dehydrogenase NP_416366.1 
Ec Gnd 6-phosphogluconate dehydrogenase P00350  
Ec GntK D-gluconate kinase P46859 
Ec NfsB Oxygen-insensitive NAD(P)H nitroreductase WP_000351487.1 
Ft NadE NAD(+) synthase WP_003015145.1 
Ft NadV Nicotinate phosphoribosyltransferase WP_003018116.1 
Zm Glf UDP-galactopytanose AVZ41684.1 
Sc OYE3 Old Yellow Enzyme 3 NP_015154 
Re GntK Gluconate kinase CAJ92320.1 

Bm BM3 Bifunctional fatty acid monooxygenase 
Addgene plasmid 
#85102 

Bs Gdh Glucose 1-dehydrogenase WP_003246720.1 
Pp XenA NADH: flavin oxidoreductase/NADH oxidase  WP_016711963.1 
Ca LVR Levodione Reductase Q9LBG2.1 
Rs ADH Alcohol dehydrogenase ACB78191.1 

 

2.2.2 Protein expression and purification 

Proteins were purified as 6×His tag fusion at the N-terminus. E. coli BL21 (DE3) with 

plasmids were inoculated into LB medium with 200 mg L-1 ampicillin. Cells were induced with 

0.5 mM IPTG, and the proteins were expressed for 24 hours at 30°C while shaking at 250 

rpm. BM3 cytochrome P450 was extracted with the BugBuster Plus Lysonase Kit (EMD 

Millipore) and purified using the HisPur Ni-NTA Superflow Purification System (Thermo Fisher) 

according to the manufacturer's instructions. Others proteins were purified using His-Spin Protein 

Miniprep kit (Zymo Research Corporation). The purified proteins were quantified by Bradford 

assay. 
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2.2.3 GDH enzymatic assays and kinetics study 

 The GDH activity was measured as described previously 40. The reactions were started by 

adding the purified protein to the assay mixture containing 35 mM Tris-HCl buffer (pH 8.0), 

cofactors, and glucose. The absorbance variation at 340 nm was detected by a spectrophotometer 

at 25 °C. For specific activity, 3 mM NAD+, NADP+, or NMN+ and 140 mM glucose were used. 

For apparent kinetics parameter determination, cofactor concentrations were varied with a constant 

140 mM glucose. For full steady-state kinetics parameter determination, both cofactor and glucose 

concentrations were varied.  

 For apparent kinetic parameter analysis, the results were fitted to the standard Michaelis–

Menten equation.  

"! = "!#"#!$
%$&$

     (1) 

where v0 is the initial reaction rate, Et is the total enzyme concentration, kcat is turnover number, S 

is the concentration of cofactor, KM is Michaelis constant for cofactor. In the case of Bs GDH wild 

type with NMN+, The reaction rate is linearly proportional to the cofactor concentration, and the 

enzyme could not be saturated with the cofactor concentrations tested. Therefore, the data was 

fitted to equation (2), which is a simplified form of equation (1) under KM>>S: 

"! = "!#"#!
%$

∙ %   (2) 

 For full steady-state kinetic parameter analysis, the results were fitted to the following 

ordered bi-bi rate equation 41: 

"! = "!#"#!'(
#%#%&&%&'&%'(&'(

    (3) 

Where v0 is the initial reaction rate, Et is the total enzyme concentration, kcat is turnover number, 

A and B are the concentrations of cofactor and glucose, respectively, KA and KB are Michaelis 
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constants for cofactor and substrate, respectively. kia is the dissociation constant for cofactor 

binding.  

 In the case of wild type Bs GDH with NMN+, and Bs GDH Ortho with NAD+, the data 

fitted poorly to equation (3) due to very large KA. The reaction rate is linearly proportional to the 

cofactor concentration, and the enzyme could not be saturated with the cofactor concentrations 

tested. Therefore, equation (4) was used, which is a simplified form of equation (3) when KA>>A: 

"! =
"!)("#!)'

*'(

)(%#)'*%&&(
        (4) 

 Similarly, in the case of Bs GDH Triple with NAD+, the reaction rate is linearly 

proportional to the glucose concentration, and the enzyme could not be saturated with the glucose 

concentrations tested. Therefore, equation (5) was used, which is a simplified form of equation (3) 

when KB>>B: 

"! =
"!)("#!)&

*'(
#%#&'

       (5) 

 The microscopic reaction rates were calculated from the relationships 41: 

&+ = #"#!
%'

, 	&, = #"#!#%#
%'

, 	&- = #"#!
%&

        (6) 

 Where k1 is the on-rate of cofactor, k2 is the off-rate of cofactor, k3 is the on-rate of glucose. 

2.2.4 Coupled enzymatic biotransformation 

 All biotransformation reactions were performed in buffer A at 30°C for 24 hours. Buffer 

A, modified from a previous system 15,  contained 200 mM potassium phosphate buffer (pH 7.5), 

1 M NaCl, 300 mM D-glucose, 6 mM NMN+ (or NADP+ as the positive control), and substrates. 

All assays were performed in triplicate, with no proteins or no cofactors added as negative controls. 
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The protein loading for GDH variants was kept at 0.33 mg mL-1 or 11.7 μM. The various enzymes 

for biotransformation reactions were added at the concentration of 0.75 mg mL-1.  

 For XenA-Bs GDH coupled cycling assays, the substrates ketoisophorone, citral, or trans-

2-hexen-1-al were added at 33 mM, 10 mM, or 50 mM, respectively. For the OYE3-GDH coupled 

cycling assays, the substrate 4-phenyl-3-butyn-2-one 16 was added at 5 mM. At various time points 

over 24 hours, 100 µL samples were taken and extracted with 100 µL ethyl acetate. Conversion 

was determined via GC-FID with octanol as an internal standard (see below). For NfsB-Bs GDH 

coupled cycling assays, 2 mM nitrofurazone was used as the substrate 17. Nitrofurazone conversion 

was measured spectroscopically at 400 nm and quantification was performed using a standard 

curve 17. The initial levels added of the above-mentioned substrates were mainly determined by 

their solubility in the assay buffer. For P450 BM3-Bs GDH coupled cycling assays, 50 μM 

cytochrome c (C2506 Sigma) was used as the substrate. The reduction of cytochrome c was 

measured spectroscopically at 550 nm, and the quantification was performed using extinction 

coefficient ԑ550 of 21.1 mM-1 cm-1 18. 

2.2.5 NMN+-dependent whole-cell biotransformation 

 One biotransformation plasmid expressing XenA, LVR, or ADH with a GDH (selected 

from pLZ217-pLZ225) and pSM104 containing the glucose transport facilitator were transformed 

into strain MX102 by electroporation. 4 mL seed cultures of 2xYT media with appropriate 

antibiotics, 0.1 mM IPTG, and 0.2 % (w/v) glucose were cultured at 30 °C while shaking at 250 

rpm for 16 hours. 0.5 % (v/v) seed cultures were used to inoculate 150 mL of 2xYT media with 

appropriate antibiotics, A5 trace metals with cobalt, and 0.5 mM IPTG in a 250 mL baffled shake 

flask and cultured at 30 °C at 250 rpm. When an OD600 ~ 0.4 was reached, protein expression was 

induced with 0.1 % (w/v) arabinose and cultured for an additional 8 hours at 30 °C while shaking 
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at 250 rpm. Cells were harvested by centrifugation for 15 minutes at 20 °C at 3750 rpm. The 

supernatant was discarded. Cells were washed 3 times with 50 mL of 100 mM potassium phosphate 

(pH 7.5), followed by being resuspended to an OD600 of 100 in assay buffer consisting of 100 mM 

potassium phosphate buffer (pH 7.5), 200 mM D-glucose, 0.5 % arabinose, and 0.5 mM IPTG. 1 

mL of resuspended cells were added to 20 mL of identical assay buffer in a 250 mL unbaffled, 

screw-cap shake flask. KIP was spiked into the flask to 5 g/L to initiate the reaction. Flask caps 

were secured tightly to prevent evaporative loss of substrate or products. Flasks were incubated at 

30 °C while shaking at 250 rpm for 48 hours. After 48 hours, 1 mL of culture was pelleted, and 

the supernatant was used for analysis. 200 µL of supernatant was extracted with an equal volume 

of ethyl acetate containing 200 mg/L octanol as an internal standard, and the samples were 

analyzed by gas chromatography (See detailed method below). For samples expressing all three 

conversion enzymes (XenA, LVR, and ADH) on the same vector (pLZ226), the Bs GDH was 

expressed individually on a separate vector (pSM106, pSM107, or pSM108). The Zm glf gene was 

also expressed in this system (pSM110). 

 

2.2.6 GC-FID analytical methods  

All gas chromatography (GC) was performed on an Agilent 6850 (Agilent Technologies) 

equipped with a flame ionization detector (FID). An Agilent DB-WAXetr capillary column (30 m 

x 0.56 mm x 1 µm) was used for separation. The inlet and detector were held at 250 °C and 260 

°C, respectively. The GC was operated in constant pressure mode with a pressure of 3.66 psi. 

Helium was used as the carrier gas. Air and Hydrogen were supplied to the FID at 350 mL/min 

and 40 mL/min respectively. All gasses were purchased from Airgas (Radnor Township, PA). 5 

µL of sample was injected with a split ratio of 2:1. 
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For analysis of citral and its reduction product citronellal, the oven was initially held at 150 

°C for 10 minutes and then ramped at a rate of 45 °C/min to 240 °C. Citral and citronellal eluted 

at 9.32 and 4.50 minutes, respectively. Octanol was used as an internal standard. 

For analysis of trans-2-hexen-1-al and its reduction product trans-2-hexan-1-al,  the oven 

was initially held at 50 °C for 1 minute, the oven was ramped at 15 °C/min to 120 °C, then ramped 

at 20 °C/min to 230 °C, and held for 3 minutes. Trans-2-hexen-1-al and trans-2-hexan-1-al eluted 

at 6.41 minutes and 4.78 minutes, respectively. Octanol was used as an internal standard. 

For analysis of 4-phenyl-3-butyne-2-one (containing C≡C triple bond) and its fully reduced 

product 4-phenyl-2-butanone, as well as the intermediate 4-phenyl-2-butene-2-one (containing 

C=C double bond), the oven was initially held at  200 °C for 1 minute, then ramped at 5 °C/min 

to 230 °C, and held for 1 minute. Octanol was used as an internal standard. In vitro ketoisophorone 

reduction to levodione was analyzed using the same method. Elution times are as follows: 4-

phenyl-3-butyne-2-one (5.53 minutes), 4-phenyl-2-butene-2-one (6.76 minutes), 4-phenyl-2-

butanone (4.55 minutes), ketoisophorone (3.65 minutes), levodione (4.08 minutes), and octanol 

(2.80 minutes). 

 

For analysis of in vivo ketoisophorone biotransformation. The oven was held at 200 °C for 

15 minutes. Elution times are as follows: Octanol (2.80 minutes), ketoisophorone (3.76 minutes), 

levodione (7.25 minutes), phorenol (8.35 minutes), and 4-hydroxyisophorone (12.90 minutes). 

2.2.7 GDH Total Turnover Number (TTN) Determination 

 Total turnover number (TTN) (Figure 2C) was determined by the number of moles of 

product formed divided by the moles of purified GDH added. The assays were performed in 

reaction buffer A, as shown above, at 30°C. 33 mM ketoisophorone was used as the substrate. The 
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reaction was started by spiking purified proteins (0.0132 mg mL-1 or 0.47 μM for GDH, 0.75 mg 

mL-1 for XenA). Samples were taken every 12 hours for 96 hours. The extraction and GC-FID 

analysis were performed using similar method mentioned above. 

2.2.8 Quantification of intracellular NMN+ and NAD+ levels     

A plasmid containing Ft nadE and nadV (pWB203) was transformed into E. coli strains 

BW25113, JW2670-1, and MX101 to examine their effects on NMN+ generation. Overnight 

cultures were grown at 30 °C while shaking at 250 rpm in 2xYT media containing 0.1 mM IPTG, 

0.2 % D-glucose, and appropriate antibiotics for 12 hours. To cultivate cells for nucleotide 

analysis, 10 mL of 2xYT media containing 0.5 mM IPTG, 1 mM nicotinamide, and appropriate 

antibiotics in a 50 mL conical tube was inoculated with 1 % v/v overnight culture. Tubes were 

incubated at 30 °C at 250 rpm for 4 hours.  

 Before harvesting cells, cell density was measured at 600 nm. 1 mL of culture was pelleted 

in a 1.5 mL microcentrifuge tube. Supernatant was removed by pipetting. The cell pellet was 

washed once with 1 mL of room temperature deionized water, repelleted, and the supernatant was 

removed by pipetting. Cells were lysed with 1 mL of 95 °C 1 % formic acid with 1 )M 1-

methylnicotinamide as an internal standard. Cells were incubated at 95 °C for 2 minutes while 

intermittently vortexing to ensure complete lysis. Lysates were quenched in an ice water bath 

before pelleting cell debris. Supernatant was run on a UPLC-MS/MS system for analysis. Values 

from LC/MS/MS were correlated back to intracellular concentration using the number of cells per 

OD600 of 1 in 1 mL of culture = 1x109 and the intracellular volume of an E. coli cell as 1×10-15 

L/cell 19. 

Liquid chromatography was performed on a Waters ACQUITY UPLC with a Waters 

ACQUITY UPLC CSH C18 column (1.7 )m x 2.1 mm x 50 mm). Mobile phases used in the 
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separation were (A) water with 2 % acetonitrile and 0.2 % acetic acid and (B) acetonitrile with 0.2 

% acetic acid.  The compounds were separated with a linear gradient from 10 % to 90 % buffer B 

over 1 minute, held at 90 % buffer B for 1 minute, then returned to 10 % buffer B and held at 10 

% buffer B for 1 minute. Flow rate was held constant at 0.3 mL/min. 10 )L of sample was injected 

for analysis. 

MS/MS detection was performed by a Waters Micromass Quattro Premier XE Mass 

Spectrometer operating in positive ion, MRM mode. Capillary voltage was set to 3.3 kV. 

Desolvation gas flow rate was 800 L/hr at 300 °C. Cone gas flow rate was 50 L/hr. The source was 

maintained at 120 °C. Primary mass, fragment mass, cone voltages, and collision energies for each 

compound are listed in Table 6. 

Table 6: Mass Spectrometry Parameters for Intracellular Cofactor Concentration Analysis 

Compound Primary Mass Secondary Mass Cone Voltage Collison Energy 

MNA+ (IS) 137 94 20 20 
NMN+ 335 123 10 10 
NAD+ 664 135.9 20 40 

  IS: Internal Standard 

 
2.3 Results 

2.3.1 Engineering Bs GDH to utilize NMN+ 

NMN+ is very similar to NAD(P)+ in redox chemistry. With no modification on the 

nicotinamide, NMN+ is suggested to have very similar redox potential to that of NAD(P)+ 20 

(Standard biochemical redox potential, E°=-320 mV 21), which makes NMN+ potentially 

compatible with all NAD(P)+-mediated chemistries in metabolism. More than 2,000 types of redox 

reactions directly use NAD(P)+ as cofactors, which comprise one-fourth of all metabolic reaction 

types known to date (according to KEGG database). 
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 On the other hand, NMN+ is structurally distinct from NAD(P)+ because it lacks the 

adenosine monophosphate (AMP) moiety (Figure 2A). With that in mind, our lab previously 

constructed two variants of the glucose dehydrogenase from Bacillus subtilis, Bs GDH, which 

were capable of the reduction of NMN+ to NMNH 13. They achieved this by strengthening 

interactions between the terminal phosphate on NMN+ with the protein, since the AMP 

“recognition handle” on NAD(P)+ is not present in NMN+. The wild type protein exhibited near-

zero activity with the NMN+. The first variant, Bs GDH Triple, contained mutations Y39Q-A93K-

I195R, which enabled Bs GDH Triple to readily reduce NMN+ (kcat = 3.1 s-1, KM = 6.4 mM)  13. 

The second variant, Bs GDH Ortho, added an additional mutation, S17E, on top of the previous 

mutations, which was designed to add steric hinderance with the native cofactors. This 

significantly decreased the enzyme’s activity with NAD+ and NADP+ (kcat = 0.025 and 0.022 s-1, 

respectively; KM = 6.5 mM and 2.0 mM, respectively), with minimal decrease in activity towards 

NMN+ (kcat = 1.2 s-1, KM = 5.9 mM) 13. Full steady state parameters are shown in Table 7. As 

discussed in Chapter 1, these two variants of Bs GDH have different applications due to their 

kinetic parameters with NMN+ and NAD(P)+. GDH Triple is a strong candidate for in vitro, 

purified protein-based biotransformation based on its high kcat. Whereas, Bs GDH Ortho is a strong 

candidate to in vivo, whole cell-based biotransformation based on its high KM for the native 

cofactors relative to their intracellular concentrations. 
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Table 7: Full Steady-State Kinetics Parameters 

Enzyme Cofactor Kia (mM) kcat (s-1) KA (mM) KB (mM) k1 (mM-1s-1) k2 (s-1) k3 (mM-1s-1) (k1k3/k2) (mM-2s-1) 

Bs GDH WT 

NAD+ (6.8±2.0) × 10-2 (3.7±0.5) × 101 (5.1±0.2) × 10-2 8.3±2.8 (7.2±1.3) × 102 (5.0±2.3) × 101 4.8±2.3 (6.9±1.3) × 101 

NADP+ (8.5±0.4) × 10-3 (3.0±0.7) × 101 (1.0±0.1) × 10-2 7.2±0.8 (3.0±0.4) × 103 (2.5±0.2) × 101 4.1±0.6 (4.9±0.9) × 102 

NMN+ n.d.† n.d.† n.d.† n.d.† (8.6±2.2) × 10-2 n.d.† n.d.† (2.5±0.3) × 10-4 

Bs GDH Triple 
(I195R-A93K-

Y39Q) 

NAD+ n.d. ‡ n.d. ‡ n.d. ‡ n.d. ‡ n.d. ‡ n.d. ‡ (2.6±0.2) × 10-4 (6.6±1.1) × 10-5 

NADP+ 4.6±0.6 (3.7±1.3) × 10-1 (4.7±2.3) × 101 (1.7±0.6) × 102 (8.8±3.0) × 10-2 (4.2±1.8) × 10-1 (2.2±0.1) × 10-3 (4.8±0.6) × 10-4 

NMN+ (3.4±0.6) × 10-1 (4.1±0.1) × 10-1 (1.9±0.2) × 10-1 (9.0±1.6) × 101 (2.2±0.2) × 101 (7.5±1.8) × 10-1 (4.7±0.8) × 10-3 (1.4±0.1) × 10-2 

Bs GDH Ortho 
(I195R-A93K-
Y39Q-S17E) 

NAD+ n.d.† n.d.† n.d.† n.d.† (1.4±0.7) × 10-3 n.d.† n.d.† (0.6±0.2) × 10-5 

NADP+ (5.2±0.5) × 10-1 (2.9±0.3) × 10-1 (6.5±1.4) × 10-1 (4.2±0.7) × 102 (4.6±1.0) × 10-1 (2.4±0.3) × 10-1 (7.1±0.9) × 10-4 (1.4±0.1) × 10-3 

NMN+ 4.6±2.7 (2.7±0.7) × 10-1 4.9±4.1 (3.9±1.2) × 101 (8.9±6.4) × 10-2 (3.1±2.2) × 10-1 (6.8±0.3) × 10-3 (2.4±2.1) × 10-3 

Reactions were performed in 35 mM Tris-HCl buffer (pH 8.0) at 25 °C. KM is the apparent Michaelis constant for cofactor, kcat is 
turnover number, KA and KB are full steady-state Michaelis constants for cofactor and substrate, respectively. kia is the dissociation 
constant for cofactor binding. k1 is the on-rate of cofactor, k2 is the off-rate of cofactor, k3 is the on-rate of glucose. The microscopic 
reaction rates were calculated from the relationships k1= kcat/KA, k2= kcat kia /KA, k3= kcat/KB. Detailed rate equations can be found in 
Methods. Errors shown are the standard deviation of three independent measurements. 
†Not determined. Enzyme could not be saturated with cofactor concentrations tested.  
‡Not determined. Enzyme could not be saturated with glucose concentrations tested.
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2.3.2 in vitro NMN(H) cycling supports efficient biocatalysis 

First, we sought to determine whether NMN+ and Bs GDH Triple could efficiently sustain 

enzymatic biotransformation in vitro. Previous studies using enoate reductases revealed true 

opportunities for industrial utilization of biomimetic cofactors at preparative scale 22. The model 

reaction we chose was the asymmetric reduction of the activated C=C double bond in 

ketoisophorone (KIP) catalyzed by the enoate reductase XenA from Pseudomonas putida 9, 

producing the chiral pharmaceutical intermediate, levodione 23. XenA has been shown to be 

promiscuous for a range of biomimetic redox cofactors 9, and it has been shown to accept NMNH 

with comparable activity to NADH and NADPH 13. 

Subsequently, KIP biotransformation was performed using Bs GDH variants to generate 

NMNH in situ. When using 6 mM NADP+ as the cycling cofactor, the wild type Bs GDH supported 

an initial productivity of ~3.00 μM s-1 (Figure 2B). However, when NMN+ was used in place of 

NADP+, the initial productivity dropped to ~0.05 μM s-1. Importantly, the engineered Bs GDH 

Triple improved the NMN+-dependent productivity by 22-fold, reaching ~1.15 μM s-1. Given an 

enzyme loading of Bs GDH Triple at 11.7 μM, the initial turn over frequency of the triple mutant 

reached ~0.10 s-1, which is within the range of industrial catalysts (10-2 - 102 s-1) 14. With no redox 

cofactors added, the system showed virtually no conversion, which ruled out the possibility that 

the observed conversion in NMN(H) cycling reaction was conferred by the NAD(P)+ 

contamination in recombinant proteins 10.  
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Figure 2: GDH Tripe efficiently recycles NMN+ in in vitro biotransformation (A) Structures 
of the natural redox cofactor NAD+, the noncanonical redox cofactor NMN+, and the sliced 
representation of the NAD+/NMN+ binding pocket. Wild-type Bs GDH (GDH WT) interacts with 
both the NMN+ moiety (blue) and the AMP moiety (yellow) of NAD+. GDH Triple was engineered 
with positively charged regions (black dashed lines) for the monophosphate of NMN+ to anchor 
the ligand in  a catalytically relevant conformation. (B) Bs GDH Triple (I195R-A93K-Y39Q), in 
combination with Pseudomonas putida XenA, supported NMN(H)-dependent levodione 
generation from ketoisophorone (KIP) in vitro. (C) Bs GDH Triple was stable for at least 96 hours, 
as suggested by the steadily increasing of levodione and decreasing of KIP over 96 hours. 
Reactions were performed in 200 mM potassium phosphate buffer (pH 7.5), 1 M NaCl, 300 mM 
D-glucose, 6 mM NMN+, and 33 mM ketoisophorone at 30°C while mixing. Bs GDH variants 
were supplied at 0.33 mg mL-1 (A) or 0.0132 mg mL-1 (B). Values are an average of at least three 
biological replicates with error bars represent one standard deviation.  

  

The stability of an enzymatic catalyst is critical for its practicality. Using a lower enzyme 

loading of 0.47 μM for Bs GDH Triple, longer-term KIP biotransformation was performed. The 

results showed robust conversion over 96 hours (Figure 2C). The TTN number of Bs GDH Triple 

was calculated to be ~39,000, which is substantially higher than those of previously reported 
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biomimetic cofactor recycling methods involving an artificial metalloenzyme (TTN ~2000) 24 or 

an engineered Ss GDH (TTN ~1183) 10.  

 XenA is active towards a broad range of substrates containing activated C=C double 

bonds 15. In addition to a >99 % conversion of 33 mM KIP to levodione in 24 hours (Table 8), 

the coupled XenA-Bs GDH Triple system also achieved ~76 % conversion of 10 mM citral, and 

~49 % conversion of 50 mM trans-2-hexen-1-al in 24 hours, using NMN+ as the cycling cofactor 

(Table 8).  
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Table 8: Conversion of a range of substrates using NMN+ as the cycling cofactor 

Substrate Product Enzyme Substrate 
Concentrationa 

Conversion 
(%) 

 

 

XenA 33 mM >99 

  

XenA 10 mM 76 ± 2 

 

 

XenA 50 mM 49 ± 3 

 

 

OYE3 5 mM >99 

 

 

NfsB 2 mM 92 ± 1 

cytochrome c 
(oxidized) 

cytochrome c 
(reduced) 

P450 BM3 
W1046S 50 μM >99 

Reactions were performed in 200 mM potassium phosphate buffer (pH 7.5), 1 M NaCl, 300 mM 
D-glucose, 6 mM NMN+, and substrates at 30°C while mixing for 24 hours. Bs GDH was supplied 
at 0.33 mg mL-1. XenA, OYE3, NsfB, and P450 BM3 W1046S were supplied at 0.75 mg mL-1. 
Values are an average of at least three replicates with values after ± represent one standard 
deviation. 
a Substrate concentration was limited by substrate solubility in the buffer.  
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2.3.3 In vitro NMN(H) cycling supports diverse chemistries  

 XenA's promiscuity for non-canonical redox cofactors may be attributed to its ping-pong 

mechanism of catalysis involving the flavin prosthetic groups. Specifically, the hydride transfer 

from cofactors to flavin might be less sensitive to the differences in binding modes of various 

cofactors 9. Indeed, several other classes of flavoenzymes have been shown to accept biomimetic 

redox cofactors 18,25,26. Given the versatility of flavoenzymes, there might be opportunities to 

extend the application of the NMN(H) cycling systems to other chemistries.  

 The NMN(H) cycling process was coupled with three enzymes other than XenA (Table 8). 

In the presence of Bs GDH Triple and NMN+, the enoate reductase OYE3 from Saccharomyces 

cerevisiae 16 reduced the activated C≡C triple bond in 4-phenyl-3-butyne-2-one with >99 % 

conversion, and the nitro reductase NfsB from E. coli 17,26 reduced the nitro group in nitrofurazone 

with ~92 % conversion (Table 8). Cytochrome P450 BM3 from Bacillus megaterium natively has 

low activity with NMNH. By mutating the highly conserved "shielding" tryptophan at the cofactor 

binding site to serine 18, our lab previously demonstrated an improved NMNH-dependent activity 

of BM3 by ~46 fold 13. Using the engineered BM3, we showed that Bs GDH Triple generated 

NMNH in situ to supply electrons to the engineered BM3 W1046S, allowing the latter to reduce 

cytochrome c with > 99% conversion (Table 8). 

2.3.4 In vivo NMN(H) accumulation 

 After demonstrating efficient NMN(H) cycling in vitro, we looked to integrate the system 

in E. coli to support in vivo biotransformation. To achieve this, we first looked to accumulate 

NMN+ in E. coli cells. Although NMN+ is naturally produced by DNA ligases in E. coli in a small 

amount 27, we hypothesized that this low level may not be sufficient to support effective redox 

cycling. Interestingly, other microorganisms possess NMN+ biosynthetic pathways as part of the 
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salvage pathway of NAD+ 27. To build up the intracellular NMN+ pool in E. coli, we over-expressed 

the genes encoding nicotinamide phosphoribosyl transferase (nadV) and NMN synthetase (nadE) 

from Francisella tularensis 28. Furthermore, we disrupted potential NMN+-degradation pathways 

in E. coli by knocking out genes pncC and nadR 27. These manipulations together resulted in a 

~1000-fold increase in intracellular NMN+ concentration compared to that of wild type E. coli 

(from ~1 μM to ~1077 μM, Figure 3A). In the highest NMN+-producing strain, the level of the 

NMN+ reached around 30% that of NAD+ (Figure 3B).   

 

Figure 3: In vivo NMN+ cycling supports E. coli growth (A) Disruption of NMN+ degrading 
genes (pncC and nadR) and over-expression of NMN+ producing genes (Ft nadE and Ft nadV) 
enabled elevated intracellular levels of NMN+. (B) Intracellular levels of NAD+ were slightly 
lowered in the ΔpncC and ΔnadR cells. Values are an average of at least three biological replicates 
with error bars represent one standard deviation. XenA, enoate reductase from Pseudomonas 
putida. Ft, Francisella tularensis.  

 

 In other work from our lab, it was demonstrated that the built-in NMN+ pool could support 

effective redox cycling, but it was shown that supplementing NMN+ in the medium was beneficial. 

E. coli cells have been shown to both uptake and excrete NMN+ 29,30. As NMN+-transporting 

systems continue to be discovered in various organisms 31,32, genomics information may aid in the 

elucidation of transport mechanism of NMN+ in E. coli.   
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2.3.5 NMN(H) enables specific electron delivery in E. coli  

 Compared to in vitro biotransformation, whole cell-based processes are considered more 

robust and inexpensive. However, one drawback is that the host’s natural metabolism often 

interferes with the desired biotransformation reaction in vivo. For example, aldehydes are often 

reduced by the numerous, non-specific, C=O bond reducing-enzymes native to the hosts 33-35. As 

such, a tool is needed to deliver reducing power only to the desired reaction in vivo. We sought to 

test if the Bs GDH Ortho-mediated NMN(H) cycling system can serve as such a tool.  

We chose the levodione production reaction (Figure 2B, C) as the model system. In the 

substrate KIP, three sites are susceptible for enzymatic reduction (Figure 4A). While reduction of 

the C=C double bond by XenA yields the desired product levodione, reduction of the two C=O 

groups by the enzymes levodione reductase 36 (LVR from Corynebacterium aquaticum) and 

alcohol dehydrogenase 37 (ADH from Ralstonia sp) will result in the side products phorenol and 

4-hydroxyisophorone (HIP), respectively.  

 

Figure 4: Bs GDH Ortho selectively provides reducing power for levodione production in E. 
coli whole cells. (a) Bs GDH derives reducing power from glucose, which can support the 
biotransformation enzymes LVR, XenA, and ADH to convert ketoisophorone (KIP) into phorenol, 
levodione, and 4-hydroxyisophorone (HIP), respectively. (b-d) KIP conversion using resting E. 
coli cells expressing Bs GDH variants and individual conversion enzymes (LVR, XenA, or ADH). 
Wild-type Bs GDH (GDH WT) supported all three conversion reactions, while Bs GDH Ortho 
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specifically facilitated the conversion of KIP to levodione, which is catalyzed by an NMNH-
utilizing enzyme, XenA. (e) KIP conversion using resting E. coli cells expressing Bs GDH variants 
and all three conversion enzymes (LVR, XenA, and ADH) simultaneously. Total product 
composition switched towards levodione production when Bs GDH Ortho was expressed instead 
of Bs GDH WT. Whole-cell biotransformation was performed using resting E. coli cells of 
OD600nm ~ 2, in buffer containing 100 mM potassium phosphate, 2 mM NMN+, 200 mM glucose, 
and 5 g/L KIP, at 30°C for 48 hours. Values are an average of at least three biological replicates 
with error bars represent one standard deviation. Two-tailed t-tests were used to determine 
statistical significance (P < 0.05), indicated by an asterisk. XenA, enoate reductase from 
Pseudomonas putida. LVR, levodione reductase from Corynebacterium aquaticum. ADH, alcohol 
dehydrogenase from Ralstonia sp. 

 We first built the whole-cell biotransformation chassis by disrupting the Embden–

Meyerhof–Parnas (EMP pathway), pentose phosphate pathway (PPP), and Entner-Doudoroff 

pathways by disrupting pgi, zwf, and gntk genes in E. coli, leaving Bs GDH as the only enzyme 

that can generate reducing power from glucose. Next, we paired Bs GDH wild type or Bs GDH 

Ortho with XenA, LVR, or ADH, individually (Figure 4B, C, D). In resting cells with XenA and 

wild type Bs GDH, the whole cells produced ~3 g/L levodione from 5 g/L KIP, using glucose as 

the co-substrate. Importantly, Bs GDH Ortho was also able to power the XenA-catalyzed reaction 

with NMN+ supplementation in the buffer (~1 g/L levodione was formed under the same 

conditions) (Figure 4B). By contrast, LVR and ADH-catalyzed reactions were only active when 

wild type Bs GDH was used (Figure 4C, D). When Bs GDH Ortho was used, minimal levels of 

phorenol or HIP was produced (Figure 4C, D), indicating that LVR and ADH, which catalyze the 

competing reactions in our model system, were not supplied with reducing power.  

 Lastly, we over-expressed XenA, LVR, and ADH simultaneously in resting cells, which 

resulted in a mixture of products being formed from KIP. Interestingly, by using different Bs GDH 

variants to generate reducing power, the composition of the mixtures can shift greatly (Figure 4E). 

When using wild type Bs GDH to generate NADH and NADPH, all three enzymes were active. 

However, XenA could not compete favorably with LVR and ADH for substrate conversion, which 

led to low product-to-byproduct ratio (levodione only constituted ~2 % of total products by mass, 



 45 

Figure 4E). On the other hand, when using Bs GDH Ortho, the fraction of levodione in the product 

mixture increased to ~80%. Analysis of the levodione, phorenol, and HIP concentrations suggested 

that the improved ratio was largely due to the substantially decreased byproduct formation (Figure 

5).   

 

Figure 5: Product levels in whole-cell ketoisophorone (KIP) conversion with co-expression 
of XenA, LVR, and ADH. With simultaneous expression of all three KIP converting enzymes, 
the principal product was determined by the cofactor specificity of GDH. (a) Production of 4-
hydroxyisophorone (HIP) was dominant when the redox system was coupled with GDH WT 
(NAD(P)+ preference). (b) Production of levodione was dominant when the redox system was 
coupled with GDH Ortho  (NMN+ preference). XenA, enoate reductase from Pseudomonas putida. 
LVR, levodione reductase from Corynebacterium aquaticum. ADH, alcohol dehydrogenase from 
Ralstonia sp. The error bars represent one standard deviation above the mean of triplicate 
experiments. Two-tailed t-tests were used to determine statistical significance (P < 0.05), indicated 
by an asterisk. 
 

These results support that NMNH can be established as an alternative reducing power in E. coli to 

increase selectivity in whole-cell biotransformation. E. coli' s endogenous enoate reductase, 

NemA, might also contribute to levodione production. Based on previous report, this contribution 

may be minor due to the relatively low background activity of NemA without over-expression 38. 

2.4 Conclusion 

In summary, we have developed a noncanonical redox cofactor system based on NMN+. 

We explored its applications in redox cycling in vitro and specific electron delivery in vivo. This 
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was enabled by a computationally designed Bs GDH that possesses the largest specificity switch 

toward a noncanonical nicotinamide cofactor achieved so far. 

To increase the reaction rate of NMN+-dependent whole-cell biotransformation, future 

work may focus on further improving the catalytic efficiencies of the NMN+-dependent enzymes, 

potentially via directed evolution as mentioned above. Furthermore, recent efforts demonstrated 

pathways for efficient NMN+ biosynthesis 39, which could be used to further increase intracellular 

NMN+ concentration toward ultimately eliminating the need for NMN+ supplementation. We did 

not observe substantial growth deficiency in NMN+-accumulating cells. Future work is needed to 

characterize the physiological impacts of NMN+ accumulation, such as potentially identifying host 

enzymes that are regulated by NMN(H) and studying transcriptomic changes caused by varying 

NMN(H) level. 
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3.1 Introduction 

Traditionally, biotransformation has been carried out either in vivo with engineered 

microbial whole cells or in vitro with purified enzymes. Recently, crude lysate-based 

biotransformation has emerged as an alternative which brings the benefits of both worlds: it 

contains a cell-like metabolism which includes glycolysis and TCA cycle that generate energy, 

cofactors, and key intermediates from inexpensive feedstocks1-4; it is easier to monitor, manipulate, 

and optimize because cell membrane barrier does not exist and operational parameters can be 

varied well outside what's tolerable by living cells5-7; it also eliminates the high cost of purifying 

proteins for in vitro biotransformation in large scale1. 

 However, just like in whole cells, crude lysate-based biotransformation faces the 

challenge of controlling side reactions, which are catalyzed by the numerous endogenous enzymes 

of the host1,2. A traditional method to tackle this challenge in whole cells involves identifying and 

genetically disrupting competing enzymes8,9, which, albeit effective, can often be time consuming 

and labor intensive. Instead of replicating the same approach in crude lysate-based process to 

eliminating competing enzymes, here we report an alternative method, which is based on an 

orthogonal redox cofactor system10.  

We chose citronellal as the model product, which is a terpenoid aldehyde with wide usage 

in the flavor and fragrance industries, as the precursor of nonracemic menthol, and as an insect 

repellant11,12. Using enoate reductases (ERs), citronellal can be produced from citral (Figure 6), a 

low-cost substrate that can be readily obtained in large quantities. However, since both citral and 

citronellal are aldehydes, which are rapidly reduced to alcohols by a myriad of broad substrate-

range alcohol dehydrogenases (ADHs) in the cell, this conversion is inefficient in microbial hosts 

in vivo11 and with crude lysates in vitro13. Previously, Paul and coworkers employed a biomimetic 
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cofactor, 1-Benzyl-1,4-dihydronicotinamide, to increase the production of citronellal using poorly 

purified ER from E. coli13. This system operated based on the principle that only ER could utilize 

the biomimetic cofactor as reducing power, while the E. coli endogenous ADHs, which were also 

present in the crude ER-extract, could not. This method eliminated the cost of extensively 

purifying ER. However, because this system did not utilize a method of cofactor regeneration, a 

stoichiometric amount of biomimetic cofactor was required, which could add a formidable cost in 

large scale. In addition, application of this system in vivo was not examined. 

As discussed in Chapter 2, we demonstrated the nicotinamide mononucleotide (NMN+)-

dependent orthogonal redox cofactor system in E. coli, which features an engineered glucose 

dehydrogenase (GDH Ortho) from Bacillus subtilis, that can efficiently and specifically recycle 

NMN+ using glucose as an inexpensive substrate10. In this work, we first demonstrate that the 

NMN+-based orthogonal redox cofactor system can enable efficient conversion of citral to 

citronellal in crude lysate-based, cell-free biotransformation without the need to identify or disrupt 

competing ADHs in E. coli. Next, we systematically optimized enzyme ratios, lysate preparation 

procedure, cofactor concentration, buffer composition, and pH to achieve citronellal production 

with 97-100% product purity with nominal levels alcohol byproducts, and ~60% conversion. 

Finally, the optimized crude lysate system was used to inform the design of whole-cell 

biotransformation in E. coli (Figure 6A), which produced 33 mg/L citronellal with 83% product 

purity. In contrast, biotransformation processes relying on the natural cofactors nicotinamide 

adenine dinucleotide (phosphate) (NAD(P)+) only yielded the alcohol byproducts, namely 

citronellol, nerol, and geraniol. We envision this approach may be adapted for different target 

products and different chassis hosts with relative ease. 
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3.2 Methods 

3.2.1 Plasmids and Strains 

 All plasmids and strain MX102 were taken from previous work in our lab10 (Table 9, Table 

10). All plasmids were transformed by electroporation. When multiple plasmids were used in a 

strain, they were transformed simultaneously. When applicable, the following antibiotic 

concentrations were used, unless stated otherwise: 100 mg/L ampicillin, 50 mg/L kanamycin, 50 

mg spectinomycin, or 20 mg/L chloramphenicol.   

Table 9: Strain and Plasmids Used in Chapter 3 

Strains Description Reference 

MX102 E. coli ∆(araD-araB)567, ∆lacZ4787(::rrnB-3), λ-, rph-1, ∆(rhaD-
rhaB)568, hsdR514, ΔpncC, Δpgi, Δzwf, ΔgntK::kan 

[10] 

Plasmids Description Reference 

pEK101 PLlacO1::Bs gdh, ColE1 ori, AmpR [10] 
pEK102 PLlacO1::Pp xenA, ColE1 ori, AmpR [10] 
pLZ216 PLlacO1::Bs gdh I195R-A93K-Y39Q-S17E, ColE1 ori, AmpR [10] 
pLZ217 PBAD::Pp xenA, RSF ori, SpecR [10] 
pSM106 PBAD::Bs gdh I195R-A93K-Y39Q-S17E, RSF ori, SpecR [10] 
pSM107 PBAD::Bs gdh, RSF ori, SpecR [10] 
pSM109 PLlacO1::Zm glf, p15A ori, CmR [10] 

Abbreviations indicate source of genes: Bs, Bacillus subtilis; Pp, Pseudomonas putida; Zm, Zymomonas 
mobilis  

 

Table 10: Accession Numbers for Proteins Used in Chapter 3 

Protein Name Full Name Protein ID 

Pp XenA NADH: flavin oxidoreductase/NADH oxidase Q9R9V9 

Bs Gdh Glucose 1-dehydrogenase P12310 

Zm Glf Glucose facilitated diffusion porin P21906 
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3.2.2 Crude Lysate Biotransformations 

 Cell-free reactions were performed with crude E. coli lysates in a modular system. In this 

system, each protein was overexpressed and processed separately. Then, different lysates were 

mixed at controlled ratios to complete the full system. E. coli strain MX102 was transformed with 

a plasmid expressing XenA (pEK102), GDH WT (pEK101), or GDH Ortho (pLZ216). 4 mL seed 

cultures containing 2xYT medium supplemented with 1% w/v mannitol and appropriate antibiotics 

were incubated at 30 °C while shaking at 250 r. p. m. for 16 hours. Next, 0.5% v/v seed cultures 

were used to inoculate 250 mL of 2xYT medium supplemented with 1% w/v mannitol and 200 

mg/L ampicillin in a 500 mL baffled shake flask. Cultures were incubated at 30 °C while shaking 

at 250 r. p. m. for 4 hours. Protein expression was induced with 0.5 mM IPTG and 0.1% w/v 

arabinose. Cultures shook for an additional 10 hours under the same conditions. To harvest and 

process the cells, cultures were centrifuged at 4000 RCF for 20 minutes at 4 °C. The resulting cell 

pellets were washed 3 times in 250 mL of ice-cold wash buffer containing 120 mM potassium 

acetate, 28 mM magnesium acetate, and 20 mM tris base pH 8.2. After washing, cells were 

resuspended in 0.7 mL of wash buffer per 1 g wet-cell-weight of pelleted cells. The resuspended 

cells were then lysed by French press. The cell lysate was clarified by centrifugation twice at 

20,000 RCF for 20 minutes at 4 °C. When stated in the text, an additional ultracentrifugation step 

was applied by centrifuging the supernatant from the preceding centrifugation step at 30,000 RCF 

for 30 minutes at 4 °C. The clarified lysate was aliquoted into 1.5 mL microcentrifuge tubes and 

stored at -80 °C until use. The total protein concentration in the lysate was quantified by Bradford 

Assay. 

Cell-free reactions were performed at a 1 mL working volume in 2 mL glass vials sealed 

with a PTFE-lined cap at 37 °C without shaking.  Clarified cell lysate was thawed on ice. The 
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XenA-enriched lysate was mixed with the GDH WT- or GDH Ortho-enriched lysate at various 

ratios to create a complete cycling system. The total lysate protein concentration was maintained 

constant at 4.5 mg/mL in the final reaction mixture. Lysate mixture was spiked into pre-warmed, 

concentrated assay buffer to start the reaction. Two different reaction mixtures were used 

depending on whether Buffer A or phosphate buffer was being investigated. The working 

concentration and composition of the Buffer A reaction mixture was 12 mM magnesium acetate, 

10 mM ammonium acetate, 130 mM potassium acetate, 10 mM potassium phosphate, 200 mM D-

glucose, 1 mM of oxidized cofactor (when optimizing, cofactor concentration was varied at 0, 0.1, 

0.2, 0.5, 1, 2, 5, or 10 mM), and 500 mg/L citral. The working concentration and composition of 

the phosphate buffer reaction mixture was 200 mM potassium phosphate at pH 7.0, pH 7.5, or pH 

8.0, 200 mM NaCl, 200 mM D-glucose, 0.1, 0.2, or 0.5 mM NMN+, and 500 mg/L citral. Samples 

were taken intermittently for analysis. Samples were extracted with an equal volume of chloroform 

containing 200 mg/L octanol as an internal standard. The organic fraction was used for GC-FID 

analysis, as detailed below.  

3.2.3 Determination of Molar Concentrations of Recombinant Protein in Crude Lysates 

 The molar concentration of XenA and GDH Ortho in crude lysates was determined by 

comparing the level of specific protein activity to a standard curve derived from purified proteins. 

To generate the purified proteins, E. coli strain BL21 (DE3) was transformed with a plasmid 

expressing XenA (pEK102) or GDH Ortho (pLZ216) with a 6x His-tag fusion at the N terminus. 

4 mL seed cultures containing LB medium and appropriate antibiotics were incubated at 37 °C for 

~16 hours while shaking at 250 r.p.m.. The seed cultures were used to inoculate 10 mL of LB 

medium with appropriate antibiotics in a 50 mL conical tube. Protein expression was induced with 

0.5 mM IPTG. The tube cap was loosely affixed with tape. The cultures were then incubated at 30 
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°C for 24 hours while shaking at 250 r.p.m.. Proteins were purified using His-Spin Protein 

Purification Miniprep kit (Zymo Research Corporation). The purified protein concentrations were 

quantified by Bradford assay. 

 To generate the standard curves, purified protein was serially diluted with His-Elution 

Buffer (Zymo Research Corporation). The dilution series was spiked into assay buffer to start the 

reactions. For XenA, the assay buffer contained 200 mM potassium phosphate at pH 7.5, 0.2 mM 

NADPH, and 5 mM ketoisophorone at 37 °C. The initial reaction rate was determined by observing 

the decrease in light absorption at 340 nm, corresponding to the rate of NADPH consumption. 

Reactions containing no substrate were run to determine the non-specific XenA activity rate. 

Reaction rate was determined by subtracting the no substrate reaction rate from the reaction rate 

with substrate. For GDH Ortho, the assay buffer contained 50 mM Tris-Cl at pH 8, 140 mM D-

glucose, 3 mM NMN+ at 25 °C. The initial reaction rate was determined by observing the increase 

in light absorption at 340 nm, corresponding to NMNH production. The rate of cofactor 

consumption or formation was plotted against enzyme concentration, and a best-fit line was fit to 

the data. The equation of the best-fit line was used to determine molar concentrations of 

recombinant protein in crude lysate. To test XenA and GDH Ortho concentration in crude lysates, 

crude lysates were diluted with His-Elution Buffer (Zymo Research Corporation), and the diluted 

lysates were spiked into identical assay buffer as their respective purified proteins. Reaction rate 

was measured in the same way. The reaction rate in the crude lysates was compared to the standard 

curve to obtain the concentration of the respective recombinant protein in the lysates. 

3.2.4 Resting Whole-Cell Biotransformation 

 Three plasmids, one expressing XenA (selected from pEK102 or pLZ217), one expressing 

one of the GDH variants (selected from pLZ216, pSM106, or pSM107), and pSM109 expressing 
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a glucose transport facilitator were transformed into MX102. 4 mL seed cultures containing 2xYT 

medium supplemented with 1% w/v mannitol and appropriate antibiotics were incubated at 30 °C 

while shaking at 250 r.p.m. for 16 hours. Next, 0.5% v/v seed cultures were used to inoculate 100 

mL of 2xYT medium supplemented with 1% w/v mannitol in a 250 mL baffled shake flask. 

Cultures were incubated at 30 °C while shaking at 250 r. p. m. for 4 hours. Protein expression was 

induced with 0.5 mM IPTG and 0.1% w/v arabinose. Cultures were shaken for an additional 10 

hours under the same conditions. Cells were collected by centrifugation in 50 mL conical tubes for 

15 minutes at 20 °C at 3,750 r.p.m.. The supernatant was discarded, and the cells were washed 

three times with 50 mL of room temperature 100 mM potassium phosphate (pH 7.4), followed by 

resuspension in room temperature 100 mM potassium phosphate at pH 7.4 to a standardized OD600 

= 50. 1 mL of washed cells were spiked into 4 mL of concentrated assay buffer in a 15 mL conical 

tube. The working concentration and composition of buffer contained 100 mM potassium 

phosphate (pH 7.4), 200 mM D-glucose, 2 mM NMN+, and 0.5 g/L citral. The tubes were sealed 

tight and mounted horizontally in an incubating shaker. The tubes were incubated at 30 °C while 

shaking at 250 r.p.m. for 3 hours. After incubation, 0.5 mL of cell suspension was pelleted, and 

200 µL of supernatant was extracted with an equal volume of chloroform containing 200 mg/L 

octanol as an internal standard. The organic fraction was analyzed by GC-FID, as detailed below. 

3.2.5 GC-FID Analysis 

 All GC analysis was performed on an Agilent 6850 (Agilent Technologies) equipped with 

an FID. An Agilent DB-WAXetr capillary column (30 m x 0.56 mm x 1 µm) was used for 

separation. The inlet and detector were held at 250 and 260 °C, respectively. The GC was operated 

in constant flow mode with a flowrate of 3 mL/min. Helium was used as the carrier gas. Air and 

hydrogen were supplied to the FID at 350 and 40 mL/min, respectively. All gasses were purchased 
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from Airgas. 5 µL of sample was injected with a 2:1 split ratio. The oven was held at 150 °C for 

15 minutes, then ramped to 240 °C at a rate of 20 °C/minute before equilibration back to 150 °C. 

Elution times are as follows: citral, 7.26 and 8.42 minutes; citronellal, 4.08 minutes; citronellol, 

8.72 minutes; nerol, 10.04 minutes; geraniol, 11.55 minutes; octanol, 4.59 minutes. 

3.2.6 Determination of Relative Plasmid Expression Levels  

 Strain MX102 was transformed with two sets of plasmids. The first set expressed XenA on 

a PLlacO1 ColE1 ori vector (pEK102) and GDH Ortho on a PBAD RSF ori (pSM106). The second 

set expressed the same genes, but on the opposite vector (pLZ217 and pEK101 for XenA and GDH 

Ortho, respectively). Cells were cultured identically as resting whole-cell biotransformations 

detailed in the previous Methods section. 10 mL of culture was incubated on ice for 15 minutes, 

and then pelleted by centrifugation at 4 °C. The supernatant was discarded. The cell pellet was 

resuspended in 1 mL of ice-cold 35 mM Tris-Cl at pH 8.0. The resuspended cells were lysed by 

bead beading with glass beads. Lysates were quickly cooled in an ice water bath to remove any 

heat accumulated from bead beating. The lysate was clarified by centrifugation at 20,000 RCF for 

20 minutes at 4 °C. The clarified lysate was transferred to a fresh 1.5 mL microcentrifuge tube on 

ice for immediate analysis. The protein concentration in the lysate was determined by Bradford 

Assay. 

 To measure the relative expression levels of the vector, GDH Ortho activity was measured 

by the change in light absorption at 340 nm, due to NMNH formation using a SpectraMax M3 at 

room temperature. No substrate was supplied to XenA, so change in light absorption is a measure 

of only GDH Ortho activity, not cycling activity. Lysate was spiked into concentrated assay buffer 

to start the reaction. The working concentration and composition of assay buffer was 35 mM Tris-

Cl at pH 8.0, 140 mM glucose, 2 mM NMN+. 
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3.3 Results 

3.3.1 Citronellal production in crude lysate-based biotransformation 

 Using purified ER (Pseudomonas putida XenA) and GDH Ortho in vitro, we have 

demonstrated citronellal production from citral with NMN+ as the cycling cofactor10. However, 

whether this redox cycle is well insulated from the numerous endogenous ADHs in E. coli crude 

lysates has not been tested. Based on previous studies, XenA can accept reducing power in the 

forms of both NADP(H) and reduced NMN+ (NMNH)10, while endogenous ADHs greatly prefer 

NAD(P)H over NMNH, likely due to NMNH’s truncated structure which lacks the adenosine 

moiety “handle” of NAD(P)H10,14-16. Thus, we hypothesized that when using GDH wild type (WT) 

to derive reducing power from glucose, both XenA and ADHs will receive electrons because 

NAD(P)+ are the cycling cofactor (Figure 6B). On the other hand, when GDH Ortho is used with 

the supplementation of NMN+, only XenA will receive electrons because the stringent cofactor 

specificity of GDH Ortho allows it to only generate NMNH but not NAD(P)H10 (Figure 6C). 
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Figure 6: System design and reaction scheme for citronellal production. (A) Crude E. coli 
lysates are used to form a two-part redox cofactor cycling system which facilitates the conversion 
of citral to citronellal through the action of Pseudomonas putida XenA. Redox cofactors are 
continuously regenerated by the glucose dehydrogenase, GDH, from Bacillus subtilis. Information 
gained from crude lysate-based biotransformation can be used to inform whole cell engineering. 
(B) When the wild type GDH is supplied, the native cofactors nicotinamide dinucleotide 
(phosphate), NAD(P)+, are reduced. This supplies the reducing power to both XenA and E. coli 's 
endogenous alcohol dehydrogenases (ADHs), resulting in the formation of alcohols (nerol, 
geraniol, citronellol) as the final products. (C) When a nicotinamide mononucleotide (NMN+)-
specific GDH, GDH Ortho, is introduced, reducing power is only delivered to XenA, which can 
readily receive NMNH. Endogenous ADH activity is silenced since ADHs cannot receive NMNH. 
Therefore, citronellal, the target product, will accumulate. 
 

 To test this hypothesis, we performed the crude lysate-based biotransformation by paring 

the XenA module with GDH WT or GDH Ortho module, respectively (Figure 7). GDH WT, GDH 

Ortho (on plasmids pEK101 or pLZ216, Table 9), and XenA (on plasmid pEK102) were 

individually overexpressed in E. coli strain MX102 (Table 9). The resulted cells were 

homogenized to yield three different lysates, which were subsequently mixed-and-matched 

(Figure 6A). The E. coli host, MX102 (Table 9), contains glycolysis knockouts (Δpgi, Δzwf, 

ΔgntK) to ensure that glucose is only metabolized by GDH, not the cell’s central metabolism10. 
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When XenA and GDH WT lysates were mixed at a 1:1 mass ratio, and with the supplementation 

of no additional cofactor, 1 mM NAD+, or 1 mM NADP+, citronellal only transiently accumulated 

to a low level (<10 mg/L) before being rapidly consumed (Figure 7A). Importantly, when GDH 

Ortho was used in place of GDH WT, 89 mg/L of citronellal was produced in 4 hours with a 39% 

product purity (the percentage of citronellal in the sum of all products including citronellal, 

geraniol, nerol, and citronellol) when 1 mM of NMN+ was supplemented (Figure 7A, B). When 

NMN+ was omitted, citronellal production was not significant, demonstrating that aldehyde 

accumulation was indeed NMN+-dependent (Figure 7A). Remarkably, this was achieved without 

disrupting any aldehyde reductases or ADHs genes. 

 
Figure 7: NMN+-dependent orthogonal redox cofactor system enables citronellal 
accumulation. Crude Escherichia coli lysates enriched with XenA and wild type Bacillus subtilis 
GDH (GDH WT) or engineered GDH (GDH Ortho) was used to convert citral to citronellal. (A) 
When GDH WT was used with XenA, citronellal only transiently accumulated to low levels. When 
GDH Ortho was used with XenA, citronellal was able to accumulate. (B) Product distribution of 
cycling reactions. The reactions were performed in Buffer A containing 4.5 mg/mL lysates, 1 mM 
of oxidized cofactor, and 500 mg/L citral. Reactions were incubated at 37 °C. Values are an 
average of at least three replicates, and the error bars represent one standard deviation. 
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3.3.3 Optimizing the crude lysate-based biotransformation 

 Although the crude-lysate system was able to accumulate citronellal, key limitations 

existed (Figure 7B). First, the product purity was suboptimal (~60% of the products were still 

alcohols, with the major byproduct being citronellol). Second, the conversion was low (89 mg/L 

citronellal produced from 500 mg/L citral, a ~18% conversion).  

 We first focused on improving product purity. By running a short-term conversion for 1 

hour, we used the crude lysate system as a tool to rapidly prototype various ratios of XenA:GDH 

Ortho lysates1,17,18, with the total amount of lysates held constant (Figure 8A). We quantified the 

active enzymes in crude lysates using specific activity assays and revealed that the 1:1 lysate mass 

ratio tested in the initial proof-of-concept (Figure 7) contained XenA at a much lower molar 

concentration than GDH Ortho (8.7 μM XenA versus 23.1 μM GDH Ortho in the reaction system), 

which led to the hypothesis that XenA might be limiting. Consistent with this hypothesis, 

increasing the proportion of XenA resulted in increased citronellal production and product purity. 

The best condition with 7:1 (XenA:GDH Ortho) lysate mass ratio (or 15.1 μM XenA and 5.8 μM 

GDH Ortho) produced 69 mg/L of citronellal with 16 mg/L citronellol and undetectable levels of 

geraniol and nerol (Figure 8A), which corresponds to a ~78% product purity, a two-fold 

improvement compared to the 39% product purity initially obtained using 1:1 ratio (Figure 7B). 

Citronellal production began to decline when XenA:GDH Ortho was further increased, likely 

because GDH Ortho became limiting (Figure 8A).  

When we optimized the lysate preparation to include an ultracentrifugation step, the productivity 

and purity was further improved (Figure 8B), with 75 mg/L citronellal produced in 1 hour with a 

98% product purity. Alcohol byproduct formation was minimized, with < 2 mg/L citronellol and 

undetectable levels of geraniol and nerol produced (Figure 8B). However, this high purity could 
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not be maintained as the conversion goes beyond 1 hour (Figure 8C, D, E, grey line with 1 mM 

NMN+), which motivated further optimization. 

 
Figure 8: Optimizing crude lysate conditions for citronellal production in Buffer A. (A) 
Increasing the relative amount of XenA- to GDH Ortho-enriched E. coli crude lysate enabled 
increased citronellal production and specificity. The molar concentration of each enzyme in the 
final reaction was calculated for each mass ratio. (B) Further clarifying the lysate with an 
ultracentrifuge step further improved the performance, yielding a >98% pure production of 
citronellal. (C-E) Varying NMN+ supplementation in reactions containing ultracentrifuged lysates 
at a 7:1 XenA:GDH Ortho mass ratio. Product purity was determined as a percentage of citronellal 
in the total amount of products formed (citronellal, citronellol, nerol, and geraniol). The reactions 
were performed in Buffer A containing 4.5 mg/mL lysates, 1 mM of NMN+ (unless stated 
otherwise), and 500 mg/L citral. The reactions were incubated at 37 °C for 1 hour unless stated 
otherwise. Values are an average of at least three replicates, and the error bars represent one 
standard deviation. n.d., not detected. 
 

Next, we examined the effect of NMN+ concentration (Figure 8C, D, E). Increasing NMN+ 

supplementation from 1 mM to 2, 5, or 10 mM did not improve final citronellal titer or product 
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purity because significant amount of alcohols (citronellol, nerol, and geraniol) were produced 

(Figure 8C, D, E). Further investigation is needed to identify the cause of increased alcohols, but 

one possible explanation could be that ADHs may be able to utilize NMNH only at a very high 

concentration. Although this NMNH-dependent ADH activity is much slower compared to the 

NMNH-dependent ER activity, at later time points, the former became significant. On the other 

hand, decreasing NMN+ supplementation to 0.1, 0.2, and 0.5 mM enhanced the product purity 

(Figure 8E). Notably, a 0.1mM NMN+ supplementation yielded a 100% product purity with non-

detectable levels of alcohol byproducts throughout the entire conversion period. However, the 

productivity was slow which led to a low final titer of ~30 mg/L citronellal before the reaction 

plateaued at 6 hours (Figure 8C, D, E).  

 We next focused on improving the final citronellal titer and percent conversion (amount 

of citronellal produced over that of citral supplied), without sacrificing product purity. First, by 

switching the buffer system in the reaction from Buffer A to phosphate buffer, we increased the 

citronellal titer by roughly 4-fold, reaching ~114 mg/L, while still maintaining 100% product 

purity (Figure 9A). Second, we optimized the phosphate buffer conditions by varying both 

NMN+ concentrations and pH simultaneously (Figure 9B, C, D). In light of the results mentioned 

above, NMN+ titration focused on the lower concentration range.  
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Figure 9: Crude lysate-based biotransformation in potassium phosphate buffer (A) 
Performing the crude lysate-based biotransformations in phosphate buffer at pH 7.5 increased 
citronellal production over Buffer A without producing alcohol byproducts after 6 hours. Reactions 
were supplemented with 0.1 mM NMN+. (B-D) Optimizing pH and NMN+ supplementation for 
citronellal production, product purity, and conversion. Product purity was determined as a 
percentage of citronellal in the total amount of products formed (citronellal, citronellol, nerol, and 
geraniol). Conversion was determined as a percentage of citronellal produced from the 500 mg/L 
of citral supplied. Phosphate buffered reactions contained 200 mM potassium phosphate, 200 mM 
sodium chloride, 200 mM D-glucose, 0.1-0.5 mM NMN+, and 500 mg/L citral. All reactions 
contained 4.5 mg/mL ultracentrifuged lysates at a 7:1 XenA:GDH Ortho mass ratio and were 
incubated at 37 °C for 6 hours. Values are an average of at least three replicates, and the error bars 
represent one standard deviation. 
 

We identified the best condition at 0.5 mM NMN+ and pH 7.5 in phosphate buffer (with 

ultracentrifuged lysates, and an enzyme loading of 15.1 μM XenA and 5.8 μM GDH Ortho, as 

previously mentioned). In this condition, ~292 mg/L citronellal was produced, resulting in ~60% 

conversion. Product purity was ~97%, with < 9 mg/L citronellol and undetectable levels of geraniol 

and nerol formed (Figure 10). In our previous work using purified GDH and XenA at a similar 

enzyme loading, we achieved ~75% conversion from citral to citronellal using NMN+ 10. Alcohol 

byproducts were not produced in that process because ADHs were removed during protein 
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purification. Using crude lysates here, we were able to recapitulate the high purity and a 

comparable conversion, while bypassing the need to eliminate any ADHs or purify any proteins. 



 68 

 
Figure 10 Time-course of citral biotransformation and optimization in Phosphate Buffer (A-
I) Citral consumption and product formation with varying NMN+ supplementation and buffer pH. 
Nerol and geraniol were not detected at any condition tested. Reactions were performed in assay 
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buffer containing 200 mM potassium phosphate at pH 7.0, 7.5, or 8.0, 200 mM NaCl, 200 mM D-
glucose, 0.1-0.5 mM of oxidized cofactor, and 500 mg/L citral. Lysates were mixed at a 7:1 
XenA:GDH Ortho mass ratio. Lysate was spiked into concentrated assay buffer to a final 
concentration of 4.5 mg/mL of protein in solution. Reactions were incubated at 37 °C without 
shaking. A detailed method can be found in the Methods section. Values are an average of at least 
three replicates, and error bars represent one standard deviation.  

 

3.3.4 Citronellal production in E. coli whole cells 

We next examined the ability of the orthogonal cofactor system to produce citronellal in 

vivo in E. coli whole cells. Previously, crude-lysate based biotransformation has been shown as a 

powerful tool to prototype and inform pathway design in whole-cells1,3,19. Here, we demonstrated 

the benefit of maintaining a high XenA:GDH Ortho ratio is translatable from in vitro to in vivo. 

To modulate the XenA:GDH ratio, XenA and GDH were expressed in strain MX102 on two, 

multicopy plasmids with different copy numbers and promoters (PBAD RSF ori versus PLlacO1 

ColE1 ori). The relative expression level of the two plasmids was determined by measuring GDH 

Ortho’s NMN+ reducing activity in crude lysate derived from the whole-cells (Figure 11A). When 

GDH Ortho was expressed on the PLlacO1 ColE1 ori vector (pLZ216), the activity was ~7-fold 

higher than on the PBAD RSF ori vector (pSM106) (Figure 11A). Therefore, the PBAD RSF ori or 

PLlacO1 ColE1 ori vectors were designated as the low and high expression vectors, respectively, for 

in vivo biotransformation. 
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Figure 11: Orthogonal cofactor system enables specific aldehyde accumulation in E. coli 
whole cells  
(A) Relative expression levels of PBAD RSF ori and PLlacO1 ColE1 ori vectors as measured by the 
levels of GDH Ortho activity in crude lysate derived from the co-expressed whole cells. The results 
indicate that PLlacO1 ColE1 ori and PBAD RSF ori vectors can be treated as a high and low expression 
vectors, respectively. (B) With GDH Ortho, citronellal accumulation was achieved. High XenA 
expression relative to GDH Ortho resulted in higher citronellal productivity and product purity. 
With GDH WT, only alcohol byproducts were produced. When NMN+ was not supplemented to 
cells expressing GDH Ortho, no product accumulation was observed. Whole-cell 
biotransformation was performed with resting E. coli cells at an OD600 of 10 in 100 mM 
potassium phosphate at pH 7.5, 200 mM D-glucose, 2 mM NMN+, and 500 mg/L citral, at 30 °C 
for 3 hours while shaking at 250 r.p.m. Values are an average of at least three replicates, and the 
error bars represent one standard deviation. n.d., not detected. 

When resting E. coli whole cells were supplied with high XenA expression (on plasmid 

pEK102, Table 9), with low GDH Ortho expression (on plasmid pSM106), and a glucose 

facilitator, Zymomonas mobilis Glf (on plasmid pSM109) which transports glucose into the cell, 

33 mg/L of citronellal was produced with a product purity of 83% (Figure 11B). Conversely, 

pairing high GDH Ortho expression with low XenA expression (on plasmids pLZ216 and pLZ217, 

respectively) caused a significant decrease in citronellal production (6 mg/L), and a poor product 

purity of 42%. In both conditions, the major byproduct citronellol was formed at 7 mg/L. When 

GDH Ortho was not supplied with NMN+, citronellal production was not observed (Figure 11B). 
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Expectedly, when GDH WT was supplied (on plasmid pSM107), endogenous ADH activity 

completely consumed citral and citronellal, resulting in the production of only geraniol, nerol, and 

citronellol (Figure 11B). Ongoing work in our lab is focused on further optimizing the whole-cell 

system.  

3.4 Conclusions 

This work demonstrates the use of an NMN+-dependent redox cofactor system as a facile method 

to develop biocatalysts for aldehyde production. As a proof-of-concept, we achieved effective 

conversion of citral to citronellal (both are aldehydes) by silencing the highly active ADHs in both 

E. coli crude lysates and whole cells. Notably, we decreased the level of alcohol byproducts in 

crude lysate-based biotransformation from 60% to essentially zero by only optimizing the 

components in the NMN+ redox loop and without relying on information about the host's metabolic 

background. The ease in optimization highlights the advantage of an insulated, orthogonal 

metabolic system, which may be particularly beneficial in engineering non-model organisms 

without well understood metabolisms. As more enzymes are engineered to efficiently utilize 

NMN(H), the methods established here may be readily adapted to produce various chemicals. 

 The orthogonal redox cofactor system is highly complementary to the commonly used 

host engineering methods. For example, while the orthogonal redox cofactor system bypassed the 

laborious process of knocking out the numerous, highly promiscuous ADHs and aldehyde 

reductases20,21, efforts to genetically eliminate the fewer, more substrate specific, and more easily 

identifiable competing enzymes that consume citral and citronellal (namely aldehyde 

dehydrogenases and citral lyase) may further improve biotransformation performance11,22.  
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4.1 Introduction 

As discussed in Chapter 3, cell free biosynthesis has emerged as a prominent tool in the 

production of renewable chemicals, fuels, and pharmaceuticals1-3. Cell-free systems, both purified 

enzyme-based and crude lysate-based, have unique advantages over whole-cell biotransformation 

systems. For example, environmental conditions can be varied within a wider range to favor 

product formation4; transportation issues across cell membranes are eliminated5; toxic compounds 

can be produced at much higher titers than the cell's tolerance limit6. Because components of the 

biosynthetic pathways can be readily mix-and-matched in a combinatorial fashion, cell-free 

biosynthesis has also been used as a high-throughput prototyping tool to inform pathway design 

in whole-cell biosynthesis7,8. 

 Cofactors such as nicotinamide adenine dinucleotide (phosphate) (NAD(P)+) are essential 

reagents in biosynthesis. In cell-free biosynthesis, cofactors are freed from the life-sustaining roles 

they play in vivo. Therefore, true opportunities exist to significantly expand the toolkit of cofactors 

beyond what is offered by Nature to achieve desirable goals in biocatalysis. For example, cheaper 

noncanonical cofactors, such as 3-carbamoyl-1-phenethylpyridin-1-ium chloride (P2NA+)9,10, 

have been used in purified enzyme-based redox catalysis to increase economic viability. 

Noncanonical cofactors with stronger electron-accepting capability, such as 3-acetylpyridine 

adenine dinucleotide11,12, have been used to drive the thermodynamically unfavorable reactions of 

alcohol oxidation.  

 As described in Chapter 2, we recently developed a cell-free biosynthesis platform 

surrounding the noncanonical redox cofactor nicotinamide mononucleotide (NMN+)13. NMN+ was 

enzymatically cycled by pairing an engineered glucose dehydrogenase from Bacillus subtilis with 

a variety of enzymes to reduce activated C=C double bonds, activated C≡C triple bonds, nitro 
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groups, and to supply electrons to a cytochrome P450. This system demonstrated robust temporal 

stability over 96 hours and a total turnover number of ~39,000. Because of its smaller size, NMN+ 

has also been shown to provide a faster mass transfer rate in enzymatic biofuel cells14.  

 Compared to other noncanonical cofactors which are made through chemical synthesis15-

17, NMN+ is particularly suited for fully renewable biomanufacturing processes because it is 

accessible through biosynthesis18-20. This feature is especially desirable in crude lysate-based cell-

free biosynthesis and whole-cell biosynthesis, where NMN+ produced in the cells does not need to 

be purified or exogenously supplied, and it can be directly used for downstream biocatalysis. 

Importantly, since we demonstrated its successful application in E. coli whole cells to enable 

orthogonal electron delivery13, NMN+ can potentially be utilized in crude lysate-based 

biosynthesis to control the flow of reducing power and mitigate side reactions based on the same 

principles13,21. 

 Although NMN+ has been biosynthesized previously in metabolically engineered E. 

coli13,19, further improving NMN+ production requires more efficient pathways and a better 

understanding of its metabolism in the host. While previous efforts have primarily used the 

nicotinamide phosphoribosyltransferases, NadV, to convert nicotinamide to NMN+, only a few 

NadV homologs have been tested and many other NadV-independent pathways for NMN+ 

biosynthesis remain unexplored. Furthermore, whether and how NMN+ accumulation impacts cell 

physiology remains largely unknown. In this work, we developed a growth-based screening 

platform to identify pathways for efficient NMN+ generation in vivo. This platform was designed 

by making NMN+ an essential precursor in NAD+ biosynthesis in engineered E. coli. We used this 

platform to demonstrate that NMN+ synthetase, NadE* from Francisella tularensis, effectively 

mediates an additional route for NMN+ biosynthesis in E. coli. We also bioprospected for NadV 
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homologs based on comparative genomic data18, and we tested their ability to produce NMN+ in 

combination with F. tularensis NadE*. The best NMN+ producing strain accumulated ~1.5 mM of 

intracellular NMN+ while overexpressing F. tularensis NadE* and Ralstonia solanacearum NadV 

simultaneously, as well as harboring a disruption in the gene encoding NMN+ amidohydrolase, 

PncC. Although our current highest NMN+ production titer did not cause growth inhibition, we 

observed inhibitory effect when very high concentrations of NMN+ was fed to the cells through a 

heterologous NMN+ transporter. Interestingly, we showed that this inhibitory effect can be 

alleviated when the transcriptional regulator of NAD+ biosynthesis, NadR, was disrupted. 

Together, these results provide insight for future metabolic engineering efforts aiming to further 

improve NMN+ biosynthesis. Compared to NAD(P)+, NMN+ has been suggested to be less 

expensive22. The development of an efficient NMN+ biosynthetic route from even cheaper 

precursors may further increase the economic viability of NMN+-dependent biotransformation 

processes. 

4.2 Materials and methods 

4.2.1 Plasmid and Strain Construction 

 All molecular cloning was performed in E. coli XL1-Blue cells (Stratagene). A summary 

of strains and plasmids used in this study can be found in Table 11. Plasmids were assembled by 

Gibson Isothermal DNA Assembly38. Polymerase chain reaction (PCR) fragments were generated 

using PrimeSTAR Max DNA Polymerase (TaKaRa). The method for plasmid construction is 

described below. 

 The yqhD gene was isolated from E. coli BL21 chromosomal DNA by PCR. The resulting 

PCR fragment was gel purified and assembled into a ColE1 ori, AmpR vector backbone by Gibson 

isothermal DNA assembly method. We used the yqhD-harboring plasmid (pWB301) as a control 
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vector in the growth rescue experiments, because it expresses a similar sized-protein to the NMN+-

producing enzymes using the same promoter, and hence may cause similar growth burden. The 

gene product of yqhD has unrelated function to NMN+ biosynthesis. 

 E. coli pnuC, S. enterica nadR, S. cerevisiae NRK1, Synechocystis sp nadV, and S. 

elongatus nadV were isolated by PCR from their respective chromosomal DNA. F. tularensis 

nadE*, R. solanacearum nadV, and H. ducreyi nadV genes were amplified from E. coli codon 

optimized synthesized DNA templates and assembled as described above.  

 S. enterica PnuC* is generated by site-directed mutagenesis based on the wild type S. 

enterica pnuC gene30. The S. enterica pnuC gene was isolated by PCR from chromosomal DNA 

and assembled as discussed above. To perform the KA insertion, which has been shown to enable 

NMN+ transport30, a sequence of AAAGCA was inserted directly after the 321 base pair. This 

resulted in the insertion of a lysine and an alanine residue at the 108 and 109 residue positions. 

The insertion was introduced by PCR. The subsequent mutant PCR fragments were assembled at 

discussed above. To generate multi-gene plasmids, the genes were inserted sequentially with a 

ribosome binding site preceding each gene in the synthetic operon.  
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Table 11: Strains and Plasmids Used in Chapter 4 

Strains Description Reference 
XL-1 Blue Cloning strain Stratagene 

BW25113 
E. coli ∆(araD-araB)567, ∆lacZ4787(::rrnB-3), #-, rph-1, 
∆(rhaD- rhaB)568, hsdR514 Invitrogen 

JW2670-1 BW25113 ΔpncC::kan  Yale E. coli Genetic 
Stock Center 

MX101 BW25113 ΔpncC ΔnadR::kan [13] 
72c E. coli F-, lacZ4, nadD72(ts,Fs), #-, argG75 [28] 
   
Plasmids Descriptions Reference 

pWB203 PLlacO1::Ft nadE - Ft nadV, ColE1 ori, AmpR [13] 

pWB301 PLlacO1::Ec yqhD, ColE1 ori, AmpR This study 

pWB302 PLlacO1::Se pnuC* KA, ColE1 ori, AmpR This study 

pWB303 PLlacO1::Ft nadE, ColE1 ori, AmpR This study 

pWB304 PLlacO1::Ec pnuC - Se nadR, ColE1 ori, AmpR This study 

pWB305 PLlacO1::Ec pnuC - Sc NRK1, ColE1 ori, AmpR This study 

pWB306 PLlacO1::Hd nadV, ColE1 ori, AmpR This study 

pWB307 PLlacO1::Rs nadV, ColE1 ori, AmpR This study 

pWB308 PLlacO1:: Ss nadV, ColE1 ori, AmpR This study 

pWB309 PLlacO1:: SynE nadV, ColE1 ori, AmpR This study 

pDB102 PLlacO1::Ft nadE - Rs nadV, ColE1 ori, AmpR This study 

pDB103 PLlacO1::Ft nadE - Ss nadV, ColE1 ori, AmpR This study 

pDB104 PLlacO1::Ft nadE - SynE nadV, ColE1 ori, AmpR This study 

pLZ301 PLlacO1::Ft nadE - Hd nadV, ColE1 ori, AmpR This study 

Abbreviations indicate source of genes: Ec, Escherichia coli; Se, Salmonella enterica; Ft, 
Francisella tularensis; Sc, Saccharomyces cerevisiae; Rs, Ralstonia solanacearum; Ss, 
Synechocystis sp. PCC 6803; SynE, Synechococcus elongatus PCC 7942; Hd, Haemophilus 
ducreyi. Se pnuC* KA contains mutations compared to the wild type sequence (see section 4.2.1). 

 

4.2.2 Growth-based Screening Platform 

 Plasmids (selected from pWB301-305) were transformed into E. coli strains BW25113 and 

72c28 using the Mix & Go E. coli Transformation Kit (Zymo Research). 
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 Overnight cultures were grown in LB medium supplemented with 2 g/L D-glucose, 0.1 

mM IPTG, appropriate antibiotics in test tubes at 30 °C while shaking at 250 r.p.m. for 16 hours. 

For the growth assay, cells were cultured in 1 mL of LB medium supplemented with 2 g/L D-

glucose, 0.1 mM isopropyl-b-D-thiogalactopyranoside (IPTG), appropriate antibiotics, and 200 

µM of feeding compound, if applicable, in a 2 mL deep-well plate, with square wells, sealed with 

air permeable film. The medium was inoculated with 1% v/v overnight cultures. Cultures were 

grown at 42 °C while shaking at 250 r.p.m.. Cell growth was monitored by measuring optical 

density at 600 nm. When applicable, media contained 100 mg/L ampicillin to maintain the 

plasmids. 

4.2.3 Intracellular NMN+ Generation and Quantification 

 NMN+ generation and quantification were performed as previously reported13. Briefly, 

plasmids (selected from pWB203, pDB102-104, and pLZ301) were transformed into E. coli strains 

BW25113 and JW2670-1 (ΔpncC) as described previously. Overnight cultures were grown in 

2xYT medium containing 0.1 mM IPTG, 2 g/L D-glucose, and appropriate antibiotics for 12 hours 

at 30°C at 250 rotations per minute (r.p.m.). To cultivate cells for nucleotide analysis, cells were 

grown in a 50 mL conical tube containing 10 mL of 2xYT media supplemented with 0.5 mM 

IPTG, 1 mM nicotinamide, and appropriate antibiotics. Cultures were inoculated with 1% v/v 

overnight culture. Tubes were incubated at 30 °C with shaking at 250 r.p.m. for 4 hours. All media 

contained 100 mg/L ampicillin to maintain the plasmids. 

Cells were processed as previously reported13. Briefly, 1 mL of cell culture was pelleted, 

washed with 1 mL of deionized water, and lysed by resuspension in 1 mL of 95 °C 1% formic acid 

containing 1 µM of 1-methylnicotinamide as an internal standard. Lysates were quenched in an 

ice bath before pelleting cell debris. Supernatants were run on a Waters ACQUITY Ultra 
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Performance Liquid Chromatograph with a Waters ACQUITY UPLC CSH C18 column (1.7 µM 

x 2.1 mm x 50mm). Mobile phases used for separation were (A) water with 2% acetonitrile and 

0.2% acetic acid and (B) acetonitrile with 0.2% acetic acid. MS/MS detection was performed by a 

Waters Micromass Quattro Premier XE Mass Spectrometer. The detailed UPLC and MS 

parameters were reported previously13. Values from LC-MS/MS were correlated back to 

intracellular concentration using the number of cells per unit OD600nm in 1 mL of culture = 1×109 

and the intracellular volume of an E. coli cell as 1×10-15 L per cell39. 

4.2.4 Cell growth with high concentrations of NMN+ 

 A plasmid containing the NMN+ transporter S. enterica PnuC* (pWB302) was transformed 

into E. coli strains JW2670-1 (ΔpncC) and MX101 (ΔpncC ΔnadR). Overnight cultures were 

grown in 2xYT medium supplemented with 1 g/L D-glucose, 0.1 mM IPTG, and 100 mg/L 

ampicillin at 30 °C while shaking at 250 r.p.m. for ~14 hours. 1 mL of overnight culture was 

pelleted in a 1.5 mL microcentrifuge tube and washed twice with 1 mL of 1x M9 salts. The washed 

cells were resuspended in 1 mL of 1x M9 salts and used for inoculations. For the growth assay, 

cells were cultured in 1 mL of M9 minimal medium (1x M9 salts, 1 g/L glucose, 1 mM MgSO4, 

0.1 mM CaCl2, 40 mg/L FeSO4, 1x A5 trace metals with cobalt) containing 0.5 mM IPTG in a 2 

mL deep-well plate, with square wells, sealed with air permeable film. The medium was inoculated 

with 1% v/v of washed overnight cultures. Cultures were grown at 30 °C while shaking at 250 

r.p.m.. Cell growth was monitored by measuring optical density at 600 nm. Media contained 100 

mg/L ampicillin to maintain the plasmid. 
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4.3 Results 

4.3.1 Identification of NMN+ Biosynthetic Routes 

In E. coli cells, NMN+ is only present at a nominal level, ~11.5 µM as previously 

reported13, as the product of the DNA ligase reaction18. On the other hand, NMN+ accumulates to 

higher levels and serves as a main intermediate in NAD+ biosynthesis in other organisms23,24. 

Here, we sought to systematically investigate the effectiveness of these heterologous NMN+ 

biosynthetic routes in E. coli (Figure 12).    

 

 

Figure 12: Establishing NMN+ Biosynthetic Routes in Escherichia coli. NMN+ is produced in 
a small amount through the DNA ligase reaction in the E. coli cell. Heterologous enzymes, shown 
in green, can introduce new routes to generate NMN+. E. coli endogenous genes and transport 
processes are shown in blue.  Pathway 1 introduces an NMN+ synthase from Francisella tularensis 
to produce NMN+ from NaMN+.  Pathway 2, NR salvage, produces NAD+ from NR. Pathway 3, 
NA salvage, produces NMN+ from NA.  The NMN+ transporter PnuC* from Salmonella enterica, 
shown in orange, enabled transport of NMN+ into the cell. The endogenous pncC, was targeted for 
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gene disruption to prevent NMN+ degradation. In the presence of NAD+, NadR inhibits 
transcription of the genes involved in de novo NAD+ biosynthesis, nicotinate salvage, and E. coli 
pnuC. NaMN+, nicotinic acid mononucleotide; NaAD+, nicotinic adenine dinucleotide; NAD+, 
nicotinamide adenine dinucleotide; NMN+, nicotinamide mononucleotide; NR, nicotinamide 
riboside; NadD, NaMN adenylyltransferase; NadR, NMN adenylyltransferase; NadE, NAD 
synthase; Ft NadE*, NMN synthase from Francisella tularensis; PncC, NMN amidohydrolase; 
NadV, nicotinamide phosphoribosyltransferase; Pnuc, nicotinamide riboside transporter; Pnuc*, a 
mutant PnuC enabling direct transport of NMN+ across the cell membrane. 

 

 

 Three major NMN+ biosynthetic pathways exist in Nature (Figure 12): Pathway 1 produces 

NMN+ from nicotinic acid mononucleotide (NaMN+) using NMN+ synthetase (NadE*), and it was 

shown to be part of the de novo NAD+ biosynthetic pathway in a small group of prokaryotes 

including F. tularensis24. Pathway 2 involves phosphorylation of nicotinamide riboside (NR) and 

functions to salvage NR to ultimately yield NAD+. To establish this pathway, we chose to 

overexpress the native NR transporter in E. coli, PnuC25, in conjunction with two different NR 

kinases, Nrk1 from Saccharomyces cerevisiae26 and NadR from Salmonella enterica27. Pathway 3 

uses nicotinamide phosphoribosyltransferase (NadV) to convert nicotinamide (NA) to NMN+; it 

plays a role in NA salvage in vertebrates and some bacteria. Marinescu and coworkers 

demonstrated NMN+ accumulation in E. coli by heterologously expressing three NadV homologs 

from Haemophilus ducreyi, Shewanella oneidensis, and Mus musculus while feeding NA19, and 

they showed that H. ducreyi NadV performed the best19. We previously showed that NadV from 

F. tularensis, which belongs to a different clade in the NadV phylogenetic tree to H. ducreyi 

NadV18, can also effectively produce NMN+ in E. coli13. Here, we sought to explore more bacterial 

NadVs in the same family of F. tularensis NadV and compare them with H. ducreyi and F. 

tularensis NadV. Namely, we chose NadV homologs from R. solanacearum, Synechocystis sp., 

and Synechococcus elongatus18.  
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 All three pathways have unique advantages. While Pathway 3 requires a much cheaper 

substrate than Pathway 2 (NA versus NR), the latter incorporates ATP hydrolysis as a robust 

driving force. Since NaMN+ is an intermediate in E. coli's de novo NAD+ biosynthesis and can 

be efficiently produced from central metabolites (Figure 12), Pathway 1 has the potential to 

achieve complete de novo NMN+ biosynthesis from simple feed stocks such as glucose. 

4.3.2 Evaluating the NMN+ biosynthetic pathways in vivo 

We evaluated the three above-mentioned pathways in E. coli using a growth-based 

screening platform (Figure 12, Figure 13). To link NMN+ production to cell survival, we employed 

E. coli strain 72c, which contains a temperature sensitive allele of nadD, an essential gene in NAD+ 

biosynthesis. As a result, the cells cannot grow at 42 °C 28 unless NMN+ can accumulate inside the 

cells and be converted to NAD+ by E. coli NadR (Figure 12, Figure 13). Previous work has also 

established NMN+-dependent NAD+ biosynthesis to rescue NAD+ auxotrophy in E. coli 29.  
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Figure 13: Identification of efficient NMN+ production pathways in vivo using a growth-
based screening platform. A growth-base screening platform was used to identify pathways 
which efficiently generated NMN+ in vivo. E. coli strain 72c, which contains a temperature 
sensitive allele of nadD (ts nadD), which exhibits a conditionally lethal phenotype when cultured 
at 42 °C because the native NAD+ biosynthesis is disrupted. Therefore, the cell must rely on 
intracellular NMN+ to restore NAD+ formation and growth. (A) Direct feeding of NMN+ into the 
growth medium with the overexpression of an NMN+ transporter, PnuC* from S. enterica, restored 
growth to levels near the wild type control, indicating the platform is effective for NMN+ 
production screening. (B) Introducing F. tularensis NadE* also restored growth with the 
supplementation of nicotinamide. (C, D) Overexpression of E. coli 's native nicotinamide riboside 
(NR) transporter PnuC, paired with S. enterica NadR (C) or S. cerevisiae Nrk1 (D) while feeding 
NR failed to efficiently restore growth. Screening was performed in a deep-well 96-well plate 
containing 1 mL of LB medium supplemented with 2 g/L D-glucose and 200 μM of NMN+ 
precursors, if applicable. 

 

 When 200 μM NMN+ was directly fed to the cells expressing an NMN+ transporter from 

S. enterica PnuC* 30 (on a multiple-copy plasmid pWB302), growth was restored to levels 

comparable to wild type cells after 6 hours (Figure 13A). In contrast, cells carrying a control 

plasmid (pWB301) could not grow, suggesting the basal level of NMN+ in E. coli cells does not 
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cause background issues in this growth-based screening, possibly because E. coli NadR has low 

affinity towards NMN+ 31. These results demonstrate that the screening platform is functioning 

properly, and cell growth is serving as a readout for intracellular NMN+ level. We and others have 

previously shown that NMN+ can enter E. coli cells without expressing a heterologous transporter 

13,29. In this work, the amount of NMN+ supplementation can be substantially reduced, suggesting 

that S. enterica PnuC* improves the efficiency of NMN+ transportation into E. coli cells.  

 Overexpression of F. tularensis NadE* (Figure 12, Pathway 1, on the plasmid pWB303) 

with 200 μM nicotinamide supplementation restored growth to a similar level as directly feeding 

NMN+ (Figure 13B). Nicotinamide can yield the substrate of NadE*, namely NaMN+, through E. 

coli 's native salvage pathway. Interestingly, growth restoration by F. tularensis NadE* does not 

depend on nicotinamide feeding (Figure 14). NMN+ production using S. cerevisiae Nrk1 or S. 

enterica NadR (Figure 13, Pathway 2, on the plasmids pWB304 and pWB305) with 200 μM NR 

supplementation was not efficient enough to restore growth (Figure 13C, D). This may be due to 

the poor expression of these heterologous kinases in E. coli and their relatively high KM for NR 

and ATP 30. Therefore, we did not proceed with Pathway 2.  
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Figure 14: Francisella tularensis NadE*-based Growth Restoration is Not Nicotinamide 
Feeding Dependent. A growth restoration platform was used to screen pathways for the efficient 
generation of nicotinamide mononucleotide (NMN+). The Escherichia coli strain 72c contains a 
temperature sensitive allele of nadD (ts nadD). As a result, this strain cannot grow at 42 °C. By 
overexpressing Francisella tularensis nadE*, cells are able to produce NMN+, which can then be 
converted to NAD+, and thus restoring growth. We observed no dependence of growth restoration 
with feeding 200 µM nicotinamide (NA). This indicates either efficient NMN+ generation can be 
achieved through channeling the intermediate nicotinic acid mononucleotide (NaMN+) from E. 
coli 's native de novo NAD+ biosynthesis pathway, or LB medium used in this experiment already 
contains sufficient precursors for this pathway. Screening was performed in a deep-well 96-well 
plate containing 1 mL of LB medium supplemented with 2 g/L D-glucose and 200 μM of NA if 
applicable. Detailed conditions are described in the Methods section. 

 

 Taken together, these results suggest that besides the well-established NadV route (Figure 

12, Pathway 3) 19, the F. tularensis NadE*-dependent pathway (Pathway 1) is also effective in E. 

coli for NMN+ biosynthesis.  

4.3.3 Bioprospecting NadV homologs and optimizing NMN+ biosynthesis 

After demonstrating NMN+ can be effectively generated by overexpressing F. tularensis 

NadE*, we examined the effects of pairing it with different NadV homologs. F. tularensis NadE* 

was overexpressed in a synthetic operon on a multiple-copy plasmid with each of the five NadV 
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candidates as described above (pWB203, pDB101, pDB102, pDB103, pDB104). Cells were fed 1 

mM of NA and grown for four hours before processing and quantification of intracellular NMN+ 

and NAD+ levels via LC-MS analysis as previously described13. When using the wild type 

BW25113 cells as the host, ~12 to 51 µM of NMN+ was produced through these pathways (Figure 

15). We previously found that low levels of intracellular NMN+ could be attributed to NMN+ 

degradation by the NMN+ amidohydrolase, PncC 13. Expression of the NadE*/NadV pathways in 

a ΔpncC strain, JW2670-1 significantly increased the intracellular NMN+ levels. When the NadV 

candidates were expressed without F. tularensis NadE* in JW2670-1 (on plasmids pWB303, 

pWB306, pWB307, pWB308, pWB309), intracellular NMN+ levels were lower for all NadVs 

except H. ducreyi (Figure 15). Notably, expressing R. solanacerum and S. elongatus NadVs alone 

resulted in a significant growth challenge (Figure 16) and the concomitant diminishing of NMN+ 

production (Figure 15). However, this growth challenge could be overcome by expressing the 

NadV with F. tularensis NadE* (Figure 16), indicating that Ft NadE* may provide a synergistic 

benefit to the stability, activity, or expression for some NadV candidates. Future work is needed 

to pinpoint the molecular mechanism behind this synergy. 
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Figure 15: Pathway combination and strain modification improved NMN+ production. NadV 
homologs were co-overexpressed with and without F. tularensis NadE* in wild type and ΔpncC 
cells. In wild type cells, introducing F. tularensis NadE* and NadV homologs only resulted in low 
levels of NMN+ accumulation. Disrupting the NMN+ degrading-enzyme PncC greatly increased 
intracellular NMN+ levels. When the NadV homologs were expressed without F. tularensis 
NadE*, intracellular NMN+ levels decreased for all candidates except H. ducreyi. In some cases, 
only expressing NadV caused a significant growth detriment (shown as n.d.). Of the NadV 
homologs tested, R. solanacearum NadV demonstrated the highest intracellular NMN+ production 
of ~1.5 mM in ΔpncC cells, a 130-fold increase over the cell’s basal level when expressed with F. 
tularensis NadE*. Cells were grown in 2xYT medium supplemented with 1 mM nicotinamide at 
30 °C for 4 hours. NMN+ concentration was determined by LC-MS. Ft, Francisella tularensis; 
Hd, Haemophilus ducreyi; Rs, Ralstonia solanacearum; Ss, Synechocystis sp.; SynE, 
Synechococcus elongatus. n.d., not determined due to poor growth. 
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Figure 16: Francisella tularensis NadE* Expression Alleviates R. solanacearum NadV 
Growth Challenge. BW25113 Dpncc cells expressing R. solanacearum NadV demonstrate a 
growth challenge. However, when paired with F. tularensis NadE*, the growth challenge is 
alleviated. Interestingly, this challenge is not seen when H. ducreyi NadV is expressed. Therefore, 
F. tularensis NadE* may play a synergistic role in stability, activity, or expression of some NadV 
candidates. Cells were cultured identically to the intracellular NMN+ generation cultures described 
in the Methods section. Cell growth was monitored by measuring optical density at 600 nm. 
Abbreviations indicate source of genes: Ft, Francisella tularensis, Hd, Haemophilus ducreyi; Rs, 
Ralstonia solanaceaum.  

 

Cells expressing F. tularensis NadE* and R. solanacearum NadV in ΔpncC strain reached 

the highest intracellular NMN+ level of ~1.5 mM, a 130-fold increase over the cell’s basal NMN+ 

level 13, when tested under the same conditions (Figure 15). Furthermore, the R. solanacearum 

NadV strain performed better than F. tularensis NadV, the NadV we used in our previous work13, 

exhibiting a 2.8-fold increase in intracellular NMN+ concentration. R. solanacearum NadV also 

performed better than H. ducreyi NadV19 when paired with F. tularensis NadE*.  
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4.3.4 Investigating the physiological response to NMN+ accumulation 

Even though the de novo NAD+ biosynthesis pathway was unmodified, the ΔpncC cells 

overexpressing F. tularensis NadE* and NadV homologs had lower intracellular NAD+ levels 

compared to the control strain in which no proteins were overexpressed and intracellular NMN+ 

level was low (Figure 15, Figure 17). This suggests that maintaining intracellular NMN+ at 

millimolar-range concentrations may be detrimental to cellular fitness. Although we observed no 

growth defects in our current best NMN+ producing strain, the potential physiological effects of 

NMN+ accumulation may become a bottleneck for future strain optimization. 

 

Figure 17: Intracellular NAD+ Decreases in NMN+ Accumulating Strains From Figure 15, co-
overexpression of NMN+ generating Francisella tularensis NadE* and NadVs increases 
intracellular NMN+ when the NMN+ degrading PncC is disrupted. However, as shown here, NAD+ 
levels decreased in cells expressing F. tularensis NadE* and NadV compared to cells without 
overexpression. This potentially indicates NMN+ plays a regulatory role in NAD+ biosynthesis. 
Cells were cultured in 2xYT medium supplemented with 1 mM nicotinamide at 30 °C for four 
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hours. Intracellular NAD+ concentrations were determined by UPLC-MS/MS. Detailed conditions 
and analytical techniques are described in the Methods section.  

 

Since the effects of NMN+ accumulation on E. coli are not well understood, we sought to 

stress the cells by drastically increasing the intracellular NMN+ levels in the ΔpncC strain and 

observe cellular growth. NMN+ concentration was titrated in the medium while expressing the 

exogenous NMN+ transporter S. enterica PnuC*. We found that cell growth was inhibited at high 

NMN+ concentrations (> 5 mM) (Figure 18), which suggests that elevated NMN+ level may 

interfere with physiological processes in E. coli. Although intracellular NMN+ levels were not 

measured in this application, PnuC*-mediated NMN+ transport was shown to be active with as 

low as 200 µM of NMN+ supplementation to support growth restoration (Figure 13A). Given the 

decrease in intracellular NAD+ level upon NMN+ accumulation (Figure 17), we hypothesized that 

NMN+ may regulate NAD+ biosynthesis, and we sought to examine whether this regulation was 

mediated by the transcriptional regulator of NAD+ biosynthesis, NadR 32. Interestingly, when 

NadR was disrupted, the growth inhibition effect of NMN+ was significantly alleviated (Figure 

18). These results suggest that NadR may indeed play a role in the physiological response to NMN+ 

accumulation in E. coli. NAD+ has been suggested to allosterically modulate NadR's function 33. 

Given NadR's capability to also recognize NMN+ 31, further studies are needed to investigate 

whether NMN+ binding induces conformational change in the DNA-binding domain of NadR and 

modulates its function as a transcriptional regulator. 
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Figure 18 NMN+ accumulation affects cell physiology possibly via NadR. To determine if 
NMN+ accumulation impacts cell fitness, NMN+ was titrated in the growth medium of cells 
expressing the NMN+ transporter S. enterica PnuC*. The ΔpncC strain exhibited decreased growth 
at high NMN+ concentrations. Disruption of nadR significantly alleviated the growth inhibition. 
This suggests the NadR may mediate the physiological response to NMN+ accumulation in E. coli. 
Cells were grown at 30 °C for 6.5 hours in a deep-well 96-well plate containing 1 mL of medium 
per well. 

4.4 Discussion 

 This work represents the initial steps towards filling some of the fundamental knowledge 

gaps that remained open in previous work on NMN+ biosynthesis in E. coli. The important work 

by Marinescu and coworkers 19 focused on the NadV pathway, but it left many other naturally 

occurring NMN+ biosynthetic routes unexplored. Our previous work 13 sought to simply 

recapitulate the NMN+ metabolism of F. tularensis24 by overexpressing both NadE* and NadV 

from this organism, without dissecting the role of each pathway. Moreover, both efforts did not 

study the physiological response in E. coli to NMN+ accumulation. Beside functioning as a 

cofactor, NAD+ is also a universal signaling compound that allosterically controls key enzymes 
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and transcriptional regulators in response to the fluctuating cellular redox state 31, 34-37. Since 

NMN+ is an analog of NAD+, it is an open question whether NMN+, when it accumulates to a high 

level, can also interact with the numerous proteins that are modulated by NAD+. 

 The rich information provided by comparative genomic analysis can greatly aid metabolic 

engineering efforts. By bioprospecting NadV homologs from evolutionarily diverse organisms, we 

identified R. solanacearum NadV, which outperformed the two NadVs that have been previously 

reported as efficient NMN+-producing enzymes in E. coli 13,19, when they are compared in the 

same condition at a bench scale (Figure 15). Since F. tularensis NadE* also showed promise to 

produce NMN+ efficiently, a similar approach may be taken in the future to bioprospect NadE* 

homologs.  

 To gain fundamental understanding of nicotinamide cofactor biosynthesis, the mass 

spectrometry method reported in this work needs to be further expanded to quantify the 

biosynthetic intermediates of NMN+, such as NR and NaMN+. While we only produced NMN+ in 

oxidized form, quantification of intracellular NMNH is also important when enzymes that can 

cycle NMN+ are introduced. Our future work will focus on investigating the reduction potential of 

NMN(H) redox pair in vivo, as well as its interplay with NAD(P)/H redox pairs. 

 An intracellular NMN+ level of 1.5 mM is comparable to the levels of native cofactors 

found E. coli, and similar concentrations have been shown to enable NMN-dependent 

biotransformation in whole cells13. In the future, additional work will be performed to determine 

the optimal NMN+ production levels to pair with cell-free applications. Moving forward, culture 

medium and growth conditions can be optimized to potentially yield increased intracellular NMN+ 

levels. In this work, all NMN+ production was performed with laboratory standard medium and 

without optimization. Marinescu and coworkers demonstrated a 32.7-fold increase from 0.72 mM 
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to 23.57 mM of intracellular NMN+ upon scale-up to a 500 mL bioreactor while optimizing pH, 

NA feeding concentration, and dissolved oxygen while culturing in PYA8 medium 19. Therefore, 

performing a similar scale-up with our NMN+ producing strain may yield significant increases in 

NMN+ production. 

 In addition, host selection may play a significant role in efficient NMN+ biosynthesis. 

While most industrial model hosts including E. coli and S. cerevisiae utilize a nicotinic acid 

adenine dinucleotide (NaAD)-mediated route for de novo NAD+ biosynthesis, a small group of 

prokaryotes use NMN+ as the primary precursor to NAD+ 18,24. Since NMN+ adopts a distinct role 

and is naturally maintained at a higher level in these organisms 23,24, the physiological responses 

to intracellular NMN+ accumulation may be different. Thus, organisms which utilize NMN+-

mediated NAD+ biosynthesis may be interesting targets for metabolic engineering. 

 Ultimately, efficient and cost-effective production and purification of NMN+ is key for the 

long-term viability of NMN+-based cell-free biotransformation. Once upstream pathways for the 

renewable production of NMN+ are further established, NMN+ will need to be extracted and 

purified before use in cell-free systems. Cells can be isolated through centrifugation, washed, and 

lysed through homogenization to isolate NMN+ from cellular debris. Alternatively, cells can also 

be permeabilized to release NMN+ across the cell membrane, allowing for fewer steps of isolating 

NMN+ from cell mass. Finally, a major advantage of producing NMN+ in vivo is the direct 

compatibility with crude lysate-based cell-free and whole-cell biosynthesis. By using cells that are 

capable of both producing intracellular NMN+ and expressing enzymes of interest, crude lysates 

or whole cells can be directly used for NMN+-dependent biosynthesis without the exogenous 

supply of redox cofactors.  
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4.5 Conclusions 

In this work, we explored routes to efficiently produce NMN+ in E. coli. After surveying 

the routes for NMN+ production in vivo, bioprospecting NadVs enabled the production of 1.5 mM 

of NMN+ using the NadV from R. solanacearum. Under the conditions tested, R. solanacearum 

outperformed the previous best NadV’s shown to accumulate NMN+ efficiently 13,19. In addition, 

this work began to elucidate the physiological effects of NMN+ accumulation in E. coli. However, 

further investigation is necessary to maintain productivity as NMN+ levels are further increased. 

Ultimately, advancing noncanonical redox cofactor biosynthesis in microorganisms may enable 

the application of self-sustained, fully renewable cell-free and whole-cell biocatalysis. 
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5.1 Introduction 

As discussed in Chapters 3 and 4, we have successfully demonstrated the construction and 

application of an NMN(H)-dependent orthogonal redox cofactor system in E. coli. However, E. 

coli, and prokaryotic hosts in general, are not always ideal microbial hosts for biotransformation 

and renewable product generation. Saccharomyces cerevisiae, baker’s yeast, has been used for 

millennia for fermentation and more recently as a model eukaryotic host for metabolic engineering. 

In biotransformation, S. cerevisiae has been engineered to produce a wide array of products 

including biofuels 1-3, polyketides 4,5, and therapeutics 6-10. Interestingly, S. cerevisiae natively 

maintains higher levels of intracellular NMN+ than E. coli, in some conditions as high as 20% of 

the native NAD+ pool 11. Therefore, S. cerevisiae may serve as a strong host to engineer, maintain, 

and utilize an intracellular NMN+ pool for a bio-orthogonal redox cofactor system. 

An advantage of the NMN(H)-cycling system is that it can be integrated into a microbial 

host by simply expressing the NMN(H) reducing (Bs GDH Ortho) and oxidizing proteins (XenA) 

and delivering intracellular NMN+. Then, to deliver specific reducing power, native consumption 

of glucose needs to be disrupted, which is highly conserved and understood in many organisms. 

In this chapter, we translate our NMN(H)-cycling system into S. cerevisiae, and we demonstrate 

its ability to deliver specific reducing power to XenA for the production of citronellal, 12 mg/L, 

while minimizing endogenous alcohol dehydrogenase activity without the need to disrupt the 

genes encoding the ADHs. Furthermore, we investigate pathways to increase the intracellular 

NMN+ pool to 188 μM by feeding nicotinamide riboside and introducing the NMN+ synthetase, 

NadE*, and phosphoribosyltransferase, NadV, from Francisella tularensis into the genome. 

Pairing of the NMN(H)-cycling system with the NMN+-overproducing strain may enable NMN-
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dependent biotransformation without the need for exogenous NMN+ supplementation into the 

assay buffer.  

5.2 Methods 

5.2.1 Plasmid and Strain Construction 

All molecular cloning was performed in E. coli XL1-Blue cells (Stratagene). The strains 

and plasmids used in this study are summarized in Table 12. Plasmids were assembled by 

restriction enzyme digestion and ligation. Gene fragments used for digestion and ligation were 

generated by polymerase chain reaction (PCR) using PrimeSTAR Max DNA Polymerase 

(TaKaRa). The method of plasmid construction is described below.  

 
Table 12: Strains and Plasmids Used in Chapter 5 

Abbreviations indicate source of genes: Ft, Francisella tularensis; Pp, Pseudomonas putida; Bs, 
Bacillus subtilis. Empty: no gene encoded. 
  
 The xenA gene was amplified from a plasmid which was previously generated in our lab 

13. Primers for PCR contained an overhang region on the 5’ side to add multiple cloning digestion 

sites on either side of the gene. The resulting DNA fragment was digested with appropriate 

restriction digestion enzymes. A vector containing a CEN/ARS replication origin, a KanMX 

cassette, and two gene expression cassettes with a TEF1 promoter and CYC1 terminator with 

Strain Description Reference 
BY4741 MATa his3Δ1; leu2Δ0; met15Δ0; ura3Δ0 [12] 
WB601 BY4741 ZWF1Δ PGI1::URA3 This work 
WB602 BY4741 ZWF1Δ PGI1:URA3 ho::PPGK1-Ft nadV-TADH1-PTEF2-Ft 

nadE*-TENO1-natMX6 
This work 

Plasmid Description Reference 
pWB601 CEN/ARS, KanMX, PTEF1-NRT1-TCYC1, PTEF1-NRK1-TCYC1 This work 
pWB602 CEN/ARS, KanMX, PTEF1-Ft nadE*-TCYC1, PTEF1-Ft nadV-TCYC1 This work 
pWB603 CEN/ARS, KanMX, PTEF1-Pp xenA-TCYC1, PTEF1-Bs gdh-TCYC1 This work 
pWB604 CEN/ARS, KanMX, PTEF1- Pp xenA-TCYC1, PTEF1- Bs gdh (I195R-

A93K-Y39Q-S17E)-TCYC1 
This work 

pWB605 CEN/ARS, KanMX, PTEF1-Pp xenA-TCYC1, PTEF1-Empty-TCYC1 This work 
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multiple cloning sites was digested with identical restriction digest enzymes at one of the multiple 

cloning sites for ligation with xenA using T4 DNA Ligase (Roche). The resulting plasmid was used 

for the subsequent ligation of B. subtilis gdh into the second expression cassette by the same 

method to generate the resulting plasmid pWB603.  

 The additional plasmids were constructed in the same manner. B. subtilis gdh, B. subtilis 

gdh S17E-Y39Q-A93K-I195R, F. tularensis nadE*, and F. tularensis nadV were isolated from 

plasmids which were previously generated in our lab. S. cerevisiae NRT1 and NRK1 were isolated 

from S. cerevisiae BY4741 genomic DNA. 

 The ZWF1 and PGI1 knockout strain was generated with two genome editing methods. 

First, ZWF1 was disrupted in S. cerevisiae BY4741 using CRISPR/Cas9.  The CRISPR/Cas9 

system was introduced on plasmid pRCC-K (Addgene #81191) using the gRNA target sequence 

CGGGTCTAAGCCCGCCTACG. The donor DNA used the fix the double strand break contained 

two 40 base pair regions directly before or after the start and stop codon of ZWF1, respectively. 

The plasmid and donor DNA were transformed into BY4741 using the Zymo Research Frozen-EZ 

Yeast Transformation II Kit and plated on YPD plates containing 2% D-glucose and 50 mg/L 

G418. After disruption, the plasmid was lost through sequential growth on non-selective YPD 

media containing 2% D-glucose. The disruption was confirmed by sequencing. To disrupt PGI1, 

homologous recombination with PCR generated donor DNA was used as described by Akada et 

al. with slight modification 14. Briefly, a PCR fragment containing a URA3 expression cassette 

with short homologous flanking regions as described by Akada et al.14 was constructed. In 

addition, two 1000 base pair homologous arms directly upstream and downstream of the PGI1 

start and stop codon, respectively, were isolated by PCR from S. cerevisiae genomic DNA. The 

three fragments were spliced together by splicing-overlap-extension PCR. The resultant fragment 
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was transformed into the aforementioned BY4741 ZWF1Δ cells using the Zymo Research Frozen-

EZ Yeast Transformation II Kit, and the cells were plated on selective synthetic media containing 

6.7 g/L yeast nitrogen base without amino acids, 5 g/L casamino acids, 40 mg/L adenine, 0.1 g/L 

glucose, 5 g/L fructose, and 15 g/L agarose. The resulting strain, WB601, was confirmed by 

sequencing. 

To integrate F. tularensis nadE and nadV into the genomic DNA of WB601 to generate 

strain WB602, homologous recombination at the ho locus was used. The PPGK1-Ft nadV-TADH1-

PTEF2-Ft nadE*-TENO1 fragment was prepared by isolating each component from previously 

constructed or obtained plasmids by PCR. Ft nadV and Ft nadE* were isolated from pWB602. 

The promoters, terminators, and connector were isolated from plasmids from the Yeast Toolkit15. 

The PCR fragments were spliced together using splicing-overlap-extension PCR. The subsequent 

PCR fragment was integrated by Gibson Isothermal DNA Assembly16 into a high copy plasmid 

containing two 500 base pair homology arms which were split by a natMX6 cassette. The PPGK1-

Ft nadV-TADH1-PTEF2-Ft nadE*-TENO1 was placed between the natMX6 cassette and the upstream 

homology arm. The resultant plasmid was digested with EcoRI-HF on either side of the homology 

arms, linearizing the complete homologous fragment. The digestion was directly transformed into 

strain WB601 and plated on selective synthetic media containing 6.7 g/L yeast nitrogen base 

without amino acids, 5 g/L casamino acids, 5 g/L ammonium acetate, 40 mg/L adenine, 0.1 g/L 

glucose, 20 g/L fructose, 15 g/L agarose, and 100 mg/L nourseothricin. Integration was confirmed 

by sequencing.  
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5.2.2 Resting Cell Biotransformations 

S. cerevisiae strain WB601 was transformed with a plasmid containing XenA and Bs GDH 

variant (selected from pWB603, pWB604, and pWB605) using the Zymo Research Frozen-EZ 

Yeast Transformation II Kit. Then, 4 mL seed cultures with synthetic media containing 6.7 g/L 

yeast nitrogen base without amino acids, 5 g/L casamino acids, 5 g/L ammonium acetate, 40 mg/L 

adenine, 0.1 g/L glucose, 20 g/L fructose, and 100 mg/L G418 were cultured at 30 °C while 

shaking at 250 r.p.m. for 48 hours. Next, 0.5% v/v seed cultures were used to inoculate 100 mL of 

identical media in a 250 mL baffled shake flask and cultured at 30 °C while shaking at 250 r.p.m. 

for 36 hours. Cells were collected by centrifugation for 5 minutes at 20 °C at 3750 r.p.m.. The 

supernatant was discarded, and the cell pellet was washed three times by resuspending in 50 mL 

of 100 mM potassium phosphate buffer at pH 7.4. The pellets of both the non-permeabilized and 

permeabilized cells were then resuspended to an OD600 = 400. The cells were then spiked into 

assay buffer at a 10x dilution, resulting in a final cell density of OD600 = 40. The working assay 

buffer concentration was 100 mM potassium phosphate at pH 7.4, 200 mM D-glucose, and 500 

mg/L citral. 2 mM NMN+ was also added unless otherwise stated. Reactions were performed in 2 

mL glass vials sealed with a PTFE-lined cap. Vials were incubated at 30 °C while shaking at 250 

r.p.m. for 24 hours. After 24 hours, the cell suspension was pelleted, and the supernatant was used 

for analysis. 200 μL of supernatant was extracted with an equal volume of chloroform containing 

200 mg/L octanol as an internal standard, and the organic fraction was analyzed by GC (see 

detailed method below).  

If cells were permeabilized, the 3x washed pellet was resuspended in 10 mL of 0.4% wt/v 

Triton X-100 in water per 1 g wet cell weight, and the cell suspension was shook at 350 r.p.m on 

a shake table at 20 °C for 15 minutes. Then, the cells were immediately pelleted by centrifugation 
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for 5 minutes at 20 °C and 3,750 r.p.m.. The pellet was then washed twice in 5 mL of 100 mM 

potassium phosphate buffer at pH 7.4.. Then, the cell pellet was resuspended to an OD600 = 400 

and used as stated above. 

5.2.3 GC-FID Analytical Method 

All GC analysis was performed on an Agilent Technologies 6850 equipped with an FID as 

described previously 17. Briefly, an Agilent Technologies DB-WAXetr capillary column (30 m × 

0.56 mm × 1 μm) was used for separation. 5 μL of samples was injected at a 2:1 split ratio. The 

oven was held at 150 °C for 15 minutes, then ramped to 240 °C at a rate of 20 °C/min before 

equilibration back to 150 °C. Compound elution times are as follows: citral, 7.26 and 8.42 minutes; 

citronellal, 4.08 minutes; citronellol, 8.72 minutes; nerol, 10.04 minutes; geraniol, 11.55 minutes; 

octanol, 4.59 minutes. 

5.2.4 Intracellular NMN+ Generation 

S. cerevisiae strain WB601 was transformed with either plasmid pWB601 or pWB602, 

which encoded candidate NMN+ generating proteins. When genomic expression of F. tularensis 

NadE* and NadV was investigated, pWB604 was transformed to enable growth in media 

containing G418. Then, 4 mL seed cultures of synthetic media containing 6.7 g/L yeast nitrogen 

base without amino acids, 5 g/L casamino acids, 5 g/L ammonium acetate, 40 mg/L adenine, 0.1 

g/L glucose, 20 g/L fructose, and 100 mg/L G418 were cultured at 30 °C while shaking at 250 

r.p.m. for 48 hours. Next, 0.5% v/v seed cultures were used to inoculate 10 mL of identical media 

containing varying nicotinamide riboside in a 50 mL conical tube and cultured at 30 °C while 

shaking at 250 r.p.m. for 48 hours, unless otherwise specified. Tube caps were loosely placed on 

the tube and secured with tape. After the specified growth time, 1.4 mL of culture was pelleted for 

30 seconds at 20 °C and 20,000 RCF. The supernatant was discarded, and the pellet was washed 
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once with 1 mL of deionized water and repelleted. The washed pellet was resuspended in 100 μL 

of deionized water, and the resuspended pellet was spiked into 2 mL screw-cap tube containing 

0.5 mL of 0.5 mm zirconium beads (Cole-Parmer) and 1 mL 1% formic acid with 1 μM 1-

methylnicotinamide. The tube and its contents were preheated at 95 °C for 10 minutes prior to 

spiking the cells. After spiking the cells, the tube was closed and incubated for 2 minutes at 95 °C 

with intermittent vortexing to ensure the solution was well mixed. Then, the samples were 

homogenized by bead beating at 6 m/s for 2 minutes using a FastPrep-24 (MP Biomedicals). Then, 

the samples were immediately quenched in an ice water bath. To remove the cell debris, the 

samples were pelleted for 20 minutes at 4 °C and 20,000 RCF. The supernatant was removed and 

used for UPLC-MS/MS analysis. UPLC-MS/MS was performed as previously described 13. 

Briefly, UPLC-MS/MS was performed on a Waters ACQUITY UPLC using a Waters ACQUITY 

UPLC CSH C18 column (1.7 μm × 2.1 mm × 50 mm) for separation. Mobile phases consisted of 

(A) water with 2% acetonitrile and 0.2% acetic acid and (B) acetonitrile with 0.2% acetic acid. 

The instrument was equipped with a Waters Micromass Quattro Premier XE Mass Spectrometer. 

Detailed method parameters were listed previously. Values from UPLC-MS/MS were used to 

determine intracellular metabolite concentration using 4.2 × 10-14 L as the intracellular volume18 

and 3 × 107 cells per unit OD600 per mL19. 

5.3 Results and Discussion 

5.3.1 System and Stain Construction 

Next, we sought to translate our in vivo NMN(H) cycling system to S. cerevisiae. A 

plasmid-based expression system was designed to express XenA and the Bs GDH candidates. 

Three plasmids were generated (pWB603, pWB604, and pWB605). Each plasmid contained two 

expression cassettes for XenA and the Bs GDH variants, a CEN/ARS origin of replication, and a 
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KanMX marker. Both XenA and the Bs GDH variants were expressed under the control of a TEF1 

promoter and CYC1 terminator. As a negative control, and empty expression cassette (pTEF1-

tCYC1) was used. 

 Next, similarly to E. coli, in order for specific reducing power to be delivered to NMN+ in 

vivo, the ability of the cell to consume glucose through the central metabolism was removed. To 

achieve this, the genes encoding the phosphoglucoisomerase, PGI1, and glucose-6-phosphate 

dehydrogenase, ZWF1, were disrupted in S. cerevisiae strain BY4741. The resultant strain 

(WB601) was unable to grow on glucose as the sole carbon source, and fructose was used as the 

primary carbon source for cell growth (2% w/v). Consistent with literature reports, this strain still 

required trace amounts of glucose to grow (0.01% w/v) 20. However, growth was curtailed with 

glucose concentrations above 0.01% w/v.  

5.3.2 Resting Whole Cell Biotransformation in S. cerevisiae 

 To examine the ability to orthogonally deliver reducing power in S. cerevisiae through 

NMN(H), we chose the production of citronellal from citral, as previously discussed17, as a model 

system. Briefly, the activated C=C double bond in citral can be reduced by XenA to produce 

citronellal, both compounds are aldehydes.  However, these aldehydes are highly reactive in the 

cellular matrix. The multitude of alcohol dehydrogenases expressed by S. cerevisiae can readily 

reduce citral and citronellal to their respective alcohols, nerol and geraniol or citronellol, 

respectively17. Since alcohol dehydrogenases have demonstrated low activity with NMNH, GDH 

Ortho generation of NMNH should enable XenA activity while keeping alcohol dehydrogenase 

activity low. The plasmids containing XenA and the GDH variants (pWB603, pWB604, and 

pWB605) were transformed into S. cerevisiae strain WB601 to express the system. In resting cells 

with XenA and Bs GDH wild type (pWB603), citral was rapidly consumed and only alcohol 
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products were formed (Figure 19). However, when cells expressed Bs GDH Ortho (pWB604), 

citronellal accumulated at 0.8 mg/L, and alcohol production was significantly decreased, resulting 

in a citronellal product purity of 6% (Figure 19). When no Bs GDH was supplied to the cells 

(pWB605), citronellal was not detected (Figure 19).  

 
Figure 19: Citral Biotransformation with resting S. cerevisiae cells. When wild type glucose 
dehydrogenase is supplied, native cofactors were recycled, delivering reducing power to XenA 
and endogenous ADHs, and only citronellol, nerol, and geraniol accumulated. When GDH Ortho 
is supplied, citronellal only accumulates to a low level. When no GDH is supplied, no citronellal 
was detected, and alcohol accumulation remained low. When cells with GDH Ortho are 
permeabilized, citronellal production increased in an NMN+-dependent manner. Resting cell 
assays are performed at OD600 = 40. NMN+ is supplemented to the assay buffer when stated. 
Assay buffer contained 100 mM potassium phosphate at pH 7.4, 200 mM D-glucose, and 500 
mg/L citral. Reactions were incubated at 30 °C for 24 hours with shaking at 250 r.p.m.. Values are 
an average of three replicates, and the error bars represent one standard deviation of the mean. n.d., 
not detected.  

While these data indicate that GDH Ortho was able to selectively deliver reducing power 

to the cell through NMNH, citronellal production levels were low. We hypothesized that this was 

due to low intracellular NMN+ levels. Although 2 mM NMN+ was exogenously supplied to the 
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assay buffer, an NMN+ transporter has not been demonstrated in S. cerevisiae. Therefore, to enable 

NMN+ to enter the cell, we added a permeabilization step with 0.4% w/v Triton X-100 to the 

resting cell preparation protocol. When permeabilized cells expressing GDH Ortho were 

supplemented to 2 mM NMN+, citronellal accumulated to 12 mg/L at a product purity of 25%, 

indicating NMN+ levels were indeed limiting citronellal production (Figure 19). However, this 

increase also resulted in increased accumulation of citronellol, 28 mg/L. Previously, we 

demonstrated that increasing the relative level of XenA to GDH Ortho in E. coli whole cells 

enables significantly increased product purity17. Further tuning of the expression ratio and total 

level of the two proteins may enable a similar improvement in both yield and purity in S. 

cerevisiae. Furthermore, when NMN+ was not supplied to the permeabilized resting cells, no 

citronellal was produced, indicating the citronellal accumulation was indeed NMN-dependent 

(Figure 19). 

5.3.3 Intracellular NMN+ Generation in S. cerevisiae  

 Interestingly, the inability for NMN+ to freely cross the cell wall may be able to be used as 

an advantage for biotransformation. To date, in vivo orthogonal redox cofactor systems have relied 

on exogenous cofactor supply to accumulate high intracellular cofactor levels 13,17,21,22. Using the 

cell wall as a barrier, engineering cells to accumulate increased levels of NMN+ may enable NMN-

based in vivo biotransformation without the need to supply exogenous NMN+ to the assay buffer.  

To examine the accumulation of NMN+ in vivo, we expressed two candidate pathways to 

produce NMN+ from nicotinamide riboside, NR (Figure 20). The first pathway we investigated 

was the NR salvage pathway for NAD+ biosynthesis, which uses NMN+ as an intermediate 23,24. 

In NR salvage, NR is natively transported into the cell by a nicotinamide riboside transporter, 

Nrt125. Then, NR is converted to NMN+ by the nicotinamide riboside kinase, Nrk1 23. After, NMN+ 
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can be converted to NAD+ by multiple enzymes. However, in some conditions, NMN+ has been 

shown to accumulate to levels ~20% of NAD+ 11, indicating NMN+ consuming enzymes may not 

need to be disrupted for high levels of NMN+ accumulation. The second pathway we investigated 

was the previously demonstrated pairing of F. tularensis NMN+ synthetase, NadE*, and 

phosphoribosyl transferase, NadV 13,26 (Figure 20). F. tularensis NadE* produces NMN+ from 

nicotinic acid mononucleotide, and F. tularensis NadV produces NMN+ from nicotinamide, NA27. 

While both of these genes do not use NR directly, NA can be produced from NR using 

nucleosidases28, and NaMN+ is an intermediate in de novo NAD+ biosynthesis 29,30 (Figure 20).  

 
Figure 20: Establishing NMN+ biosynthetic routes in Saccharomyces cerevisiae. NMN+ is 
produced in vivo as an intermediate in NAD+ salvage pathways. Endogenous enzymes are shown 
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with blue arrows. Heterologous enzymes used for NMN synthesis in this study are shown with 
green arrows. NMN+ is predominantly produced endogenously as an intermediate in nicotinamide 
riboside (NR) salvage. A route for NMN+ production can be established from nicotinamide by 
introducing a phosphoribosyltransferase (NadV). An additional route for NMN+ production can be 
established from nicotinic acid mononucleotide, NaMN+, by introducing the NMN+ synthase from 
Francisella tularensis, FtNadE*.  NaAD+, nicotinic acid adenine dinucleotide; NAD+, nicotinamide 
adenine dinucleotide (oxidized); NADH, nicotinamide adenine dinucleotide (reduced); NMN+, 
nicotinamide mononucleotide; NR, nicotinamide riboside; NaR, nicotinic acid riboside; NaMN+, 
nicotinic acid mononucleotide; NADPH, nicotinamide adenine dinucleotide phosphate (reduced); 
NADP+, nicotinamide adenine dinucleotide phosphate (oxidized).  

 

To test the ability of these two pathways to produce NMN+, cells expressing the 

endogenous NR salvage pathway (Nrt1/Nrk1, pWB601) or the heterologous enzymes (F. tularensis 

NadE*/NadV, pWB602) were fed varying concentrations of NR, and their intracellular NMN+ 

levels were measured after 48 hours of growth (Figure 21A). Cells expressing the F. tularensis 

genes accumulated 52 μM of NMN+ without feeding NR, while the cells overexpressing the native 

NR pathway only accumulated 10 μM (Figure 21A). When 1 mM of NR was supplemented into 

the growth media, cells expressing the F. tularensis genes produced 131 μM NMN+, while the 

native NR pathway overexpression cells only produced 25 μM (Figure 21A).  Interestingly, as NR 

supplementation was further increased, NMN+ levels only increased slowly in the cells expressing 

the F. tularensis genes, while the native NR salvage pathway expressing cells eventually reached 

127 μM NMN+ when 10 mM NR was supplemented (Figure 21A). The slow increase of NMN+ 

production in the NR salvage overexpression cells may be caused by regulatory effects at the 

protein level which are not active towards the heterologous F. tularensis genes. Next, F. tularensis 

nadE* and nadV were integrated into the genomic DNA at the ho locus (strain WB602). Genomic 

integration of the genes performed comparably to the plasmid-based expression, achieving 188 

μM of intracellular NMN+ accumulation after 36 hours with 2 mM NR supplementation (Figure 

21B). 
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Figure 21: Intracellular NMN+ levels increase with heterologous pathway introduction. (A) 
NMN producing pathways were overexpressed in S. cerevisiae strain WB601. When the native 
pathway to produce NMN is overexpressed, NMN+ concentration increases slowly. When the 
heterologous NMN+ pathway is introduced, NMN+ levels quickly rose with only 1 mM of NR 
supplementation. (B) When the genes encoding F. tularensis NadE* and NadV were integrated in 
the genome, intracellular NMN+ levels were comparable to a plasmid-based expression system. 
Cells were cultured in synthetic media containing 2% fructose and 0.01% D-glucose. Cultures 
were grown at 30 °C for 48 (A) or 36 hours (B). Values represent an average of three replicates. 
Error bars represent on standard deviation of the average.  

 

Although the intracellular NMN+ levels achieved here, 188 μM, is lower than the 2 mM 

fed to the permeabilized cells, we have previously demonstrated that levels as low as 100 μM in 

E. coli crude lysate were capable of supporting efficient biotransformation with our NMN-cycling 

system (Figure 8) 17. If additional intracellular NMN+ is necessary to support biotransformation, 

further investigation of NadV candidate and disruption of genes encoding NMN+-consuming 

enzymes may further increase the ability to maintain higher intracellular NMN+. 



 114 

5.4 Conclusion 

In conclusion, the work in this chapter demonstrates the use of an orthogonal redox cofactor 

cycling system in S. cerevisiae. By selectively recycling the noncanonical redox cofactor NMN+ 

using an engineering glucose dehydrogenase, specific reducing power was used to reduce the 

terpenoid aldehyde citral to citronellal, producing 12 mg/L. Interestingly, this was achieved 

without the need to disrupt any endogenous alcohol dehydrogenases. In addition, S. cerevisiae was 

engineered to accumulate NMN+ in vivo by introducing new pathways with the NMN+ synthetase 

and phosphoribosyltransferase from F. tularensis. Pairing the NMN+ accumulating strain with the 

NMN(H)-cycling system may enable NMN-mediated biotransformation without the need to 

exogenously supply cofactor to the cells. 
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