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ABSTRACT 

N-hydroxylating monooxygenases (NMOs) are Class B flavin-dependent monooxygenases found only in 

fungi and bacteria. These enzymes catalyze the hydroxylation of nucleophilic primary amines, such as those 

found in histamine, L-ornithine, L-lysine, and small aliphatic diamines. The hydroxamate moiety produced 

by this reaction is key for the production of siderophores, small chelating compounds that allow survival in 

iron limiting conditions. NMOs involved in siderophore biosynthesis have been shown to be essential for 

pathogenesis in organisms such as Aspergillus fumigatus, Pseudomonas aeruginosa, and Mycobacterium 

tuberculosis. Therefore, NMOs are considered novel drug targets for the treatment associated with these 

diseases. Herein we present the characterization of TheA, an NMO from Thermocrispum agreste. The 

enzyme mechanism was studied using steady state kinetic measurements, thermostability, and stopped flow 

spectrophotometry assays. Using these techniques, the catalytic rates, substrate binding affinities, thermal 

stability, and coenzyme specificities were determined. Additionally, NADPH analogues were produced to 

use as tools to study FAD reduction in NMOs. An unspecific reduction reaction of NADP+ using NaB2H4 

yielded [6-2H]-NADPH, [2-2H]-NADPH, and [4-2H]-NADPH. Compound identity was confirmed by mass 

spectrometry and unidimensional proton nuclear magnetic resonance (NMR). Results presented in this 

thesis lay the foundation for future studies of NMOs using NADPH analogues. In conjunction, these results 

will improve the general knowledge and understanding of flavoenzymes, ornithine monooxygenases, and 

their associated mechanisms. 
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GENERAL AUDIENCE ABSTRACT 

Due to the surge of more potent and prevalent microbial pathogens, there is a constant search for new and 

more specific drugs. One approach is to identify and inhibit enzymes that are key for growth of these 

pathogens. An example of such enzymes is a group called N-hydroxylating monooxygenases (NMOs) that 

are key for the production of siderophores, small chelating compounds that allow survival of some fungi 

and bacteria in iron limiting conditions. NMOs involved in siderophore biosynthesis have been shown to 

be essential for pathogenesis in organisms such as Aspergillus fumigatus, Pseudomonas aeruginosa, and 

Mycobacterium tuberculosis. Therefore, NMOs are considered novel drug targets for the treatment 

associated with these diseases. To develop specific inhibitors of NMOs that can be used as drugs to treat 

these infections, we first need to understand how these enzymes work. Herein, we characterized a novel 

NMO from Thermocrispum agrestre. Our results highlight the similarities and differences from previously 

characterized NMOs. Furthermore, we produced analogues of NADPH, a molecule needed for the 

mechanism of NMOs. The produced compounds will be used in future studies to understand the step-by-

step mechanism of the enzyme. In conjunction, these results will improve the general knowledge and 

understanding of NMOs and their associated mechanisms and lay the foundation for future studies on the 

identification of drugs that can be used to treat these diseases. 
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CHAPTER ONE: INTRODUCTION 

I. Flavins and flavoenzymes  

Flavoenzymes are proteins requiring a flavin cofactor, FMN or FAD, to perform a variety of physiologically 

significant functions in both catabolic and anabolic reaction pathways1, 2. The tricyclic isoalloxazine ring 

system of the flavin moiety offers kinetically and thermodynamically accessible redox states3, which allows 

chemical intermediates to catalyze otherwise energetically unfavorable reactions (Figure 1.1). The 

ubiquitous presence of these enzymes across species, the diverse array of reactions they catalyze, and their 

potential applications in pharmaceutical, fine chemical and food industry, have rendered flavoenzymes a 

promising target of continuous research. 

 

Figure 1.1 Redox states of flavin (only the isoalloxazine ring is shown). 

 

While the reactions catalyzed by flavoenzymes are extremely diverse, these proteins share several 

conserved features. Flavoenzymes typically display high-affinity binding to the flavin via non-covalent 

interactions or, less commonly, covalent linkages. This high-affinity binding results in an extremely stable 

microenvironment in the active site, allowing for precise regulation of flavin reactivity2. The flavin binding 

site will vary depending on the specific flavin cofactor: those that bind FAD contain a Rossmann fold and 

those that bind FMN, a classic TIM barrel4. 

In general, flavoenzymes undergo a catalytic cycle consisting of two half reactions3. First, oxidized bound 

flavin is reduced by the incoming substrate in the reductive half reaction. Next, the flavin cofactor 

undergoes reoxidation to complete the subsequent oxidative half reaction2. 

1 e- 1 e-

+ H+ + H+

Oxidized Semiquinone Reduced
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The isoalloxazine ring contains two sites capable of undergoing covalent bond transformations. The N5 can 

undergo hydride additions and eliminations5 as well as carbanion nucleophilic additions6. Additionally, the 

C4a can be covalently attached to thiols7 or to oxygen adducts through the activation of molecular oxygen8. 

Flavoenzymes exploit the reactivity of these sites to facilitate reactions by stabilizing intermediates to 

decrease the activation energy of the reactions they catalyze. 

II. Flavin-dependent monooxygenases 

In flavin-dependent monooxygenases, the C(4a)-oxygen adducts act as stable intermediates to catalyze 

substrate oxidation in a wide range of biological processes (Figure 1.2). These enzymes incorporate one 

oxygen atom from the adduct into the substrate and reducing the other oxygen atom into water9. Flavin-

dependent monooxygenases are the largest group of flavoenzymes that have been characterized4 and are of 

particular interest due to their high enantio- and regio- selectivity1. 

Flavin-dependent monooxygenases are present in many biological processes, where they catalyze a number 

of reactions. Members of this group are known to catalyze hydroxylation, Baeyer-Villiger oxidation, 

sulfoxidation, epoxidation, oxidative decarboxylation, oxidative denitration, and halogenation reactions9. 

Flavin-dependent monooxygenases are further classified into eight groups, named A through H, based on 

fold and the reaction they catalyze. Groups A and B are encoded in a single gene and require NAD(P)H as 

an external electron donor. Groups C–F are two-component systems consisting of a flavin reductase that 

performs the first half reaction and a monooxygenase that uses reduced FAD or FMN to catalyze the second 

half reaction. Groups G and H comprise internal monooxygenases that reduce the flavin cofactor through 

substrate oxidation9, 10. 
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Figure 1.2 General mechanism of substrate oxygenation by flavin-dependent monooxygenases through 

C(4a)-oxygen adducts. S corresponds to the substrate. 

 

Group B flavin-dependent monooxygenases are of particular interest due to their unique mechanism of 

action. In contrast to group A, group B enzymes do not require the substrate to initiate flavin reduction11. 

Furthermore, the nicotinamide cofactor remains bound to the enzyme even after the reduction step, forming 

a complex that plays key roles in the consecutive steps of the mechanism12-15. Group B flavin-dependent 

monooxygenases are encoded in a single gene and are composed of two Rossmann folds that bind FAD and 

NADPH. Based on sequence homology, four subgroups of group B have been described: Baeyer-Villiger 

monooxygenases, flavoprotein monooxygenases, N-hydroxylating monooxygenases (NMOs), and the 

YUCCA auxin biosynthesis enzymes9, 11, 16, 17. 

C4a-hydroxyflavin

C4a-hydroperoxyflavinC4a-peroxyflavin

S

H+

SO SO

S

H+
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III. N-hydroxylating monooxygenases 

NMOs are an example of Class B flavin-dependent monooxygenases that are only found in fungi and 

bacteria. These enzymes catalyze the hydroxylation of nucleophilic primary amines (Figure 1.3), such as 

those found in histamine, L-ornithine, L-lysine and small aliphatic diamines10.  

 

Figure 1.3. Reaction catalyzed by NMOs.  

 

There is an evolutionary relationship between the structure and the substrate specificity of NMOs, as seen 

in the molecular phylogenetic tree analysis (Figure 1.4). Thus, the NMOs can be further classified 

depending on the substrate they act on. Several NMOs of each subgroup have been identified and 

characterized, with notable similarities and differences, both structurally and mechanistically, described for 

each group. L-ornithine monooxygenases are the most extensively studied group of NMOs; most notably, 

Aspergillus fumigatus SidA13, 18-22 and Pseudomonas aeruginosa PvdA23-26.  

NMO

Substrate-NH3
+

2H2OO2

NAD(P)H NAD(P)+

Substrate-NHOH
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Figure 1.4 Molecular phylogenetic analysis of reported NMOs by Maximum Likelihood method as 

determined by MEGA727. The substrate the enzymes hydroxylate is specified for each cluster. 

 

The mechanism of L-ornithine monooxygenases (Figure 1.5) was elucidated by steady state kinetics18, 23, 26, 

rapid reaction kinetic studies,23, 28, 29 and density functional theory studies30. All NMOs reported to date 

follow the characteristic mechanism of flavin monooxygenases in which there is a reductive half reaction 

followed by an oxidative half reaction. After flavin reduction by NADPH, an oxygen activation step forms 

a C4a-hydroperoxyflavin intermediate. Consequently, substrate binding induces hemolytic cleavage of –

OOH, forming two oxygen radicals. Transfer of the HO• radical occurs via a somersault rearrangement. 

Water released from C4a-hydroxyflavin catalyzes both the deprotonation and protonation steps to form the 

final product, N-hydroxy ornithine. Release of water and N-hydroxy ornithine finishes the reaction, 

regenerating free enzyme with oxidized flavin ready to start the reaction again30. 

Histamine

Lysine

Aliphatic diamines

Ornithine

Thermocrispum agreste TheA

Amycolatopsis alba AMO

Kutzneria sp. KtzI

Aspergillus fumigatus SidA

Pseudomonas aeruginosa PvdA

Gordonia rubripertincta GorA

Bordetella bronchiseptica AlcA

Erwnia amylovora DfoA

Pseudomonas entomophila PmsF

Acinetobacter baumanii BasC

Escherichia coli IucD

Nocardia farcinica NbtG

Mycobacterium smegmatis MbsG

Mycobacterium tuberculosis MbtG
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Figure 1.5 Proposed mechanism of the N-hydroxylation of L-ornithine by SidA30. After flavin reduction by 

NADPH and oxygen activation to form the C4a-hydroperoxyflavin intermediate. Binding of the substrate 

induces hemolytic cleavage of –OOH. Transfer of the HO• radical occurs via a somersault rearrangement. 

Water released from hydroxyflavin catalyzes the deprotonation/protonation steps to form the final N-

hydroxy ornithine. The release of products finishes the reaction. 

Determination of the PvdA24 crystal structure provided the first structure of an NMO. Additional NMO 

crystal structures have since been reported, providing structural information of L-lysine31 and diamine 

monooxygenases32, as well as L-ornithine monooxygenases at different reaction steps12, 33. NMO structure 

consists of three domains: the FAD binding domain, NADPH binding domain, and substrate binding 

domain (Figure 1.6.A). In the active site, NADP(H) and ornithine form a ternary complex with FAD and 

the enzyme, setting up the spatial requirements for the reaction to occur (Figure 1.6.B). 

Both the FAD and NADPH binding domains consist of a nucleotide-binding Rossmann fold with sequence 

motifs responsible for binding34 that are conserved throughout NMOs35. However, the degree of solvent 

exposure of FAD varies significantly in each enzyme. This is reflected in the affinity for FAD and the 

ability to purify the enzymes with FAD bound. SidA binds FAD so that it is deeply buried in the domain12 

O2

NADPH

L-Ornithine

H2O

NADP+

L-Ornithine-OH
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and can be purified with FAD bound18, whereas the PvdA binding cleft is shallow24 and so it can only be 

purified without FAD bound26. Preference of the enzyme for NADPH over NADH is hypothesized to be 

dictated by the presence of two residues: Arg276 and Ser322 in SidA, which interact via hydrogen bonding 

with the phosphate group of the adenine ribose in NADPH35.  

L-Ornithine binds to NMOs in a small helical domain in which three key residues in SidA, Lys107, Asn293 

and Ser469 (Figure 1.6.B), are responsible for interacting with the carboxylate and amino moieties of L-

ornithine. These residues are conserved throughout all L-ornithine and L-lysine monooxygenases reported 

to date24, 31, 33. In the diamine aliphatic monooxygenase DfoA, however, these residues are replaced by the 

hydrophobic Ala60 and Leu238, which interact with the nonpolar aliphatic chain32. 

 

  
Figure 1.6 Structure of SidA, an L-ornithine NMO (PDB: 4B63)12. A) SidA is composed of a FAD binding 

domain, an NADPH binding domain, and a substrate binding domain, shown in yellow, blue, and green, 

respectively. B) SidA active site. FAD, NADPH, and ornithine are represented in yellow, pink, and green, 

respectively, and residues responsible for binding are shown in light blue. 

 

NADPH 

binding domain

FAD

binding domain

Substrate

binding domain

A)

NADPH Ornithine

FAD

Asn293

Ser469

Lys107

Gln256

Glu260
Arg144B)
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IV. Biological role and significance of NMOs 

NMOs are known to be involved in the production of antimicrobial compounds36 and, most notably, 

siderophore biosynthesis35. Siderophores are low molecular weight compounds that chelate ferric ions. 

Siderophores are synthesized by fungi and bacteria as a response to iron starvation as they aid in scavenging 

iron and increasing iron availability37. NMOs are responsible for catalyzing the first step of siderophore 

biosynthetic pathways. Hydroxylation of substrate amino group by NMOs yields a hydroxamate moiety 

that is directly responsible for binding ferric ions in siderophores (Figure 1.7). 

. 

Figure 1.7 Ferrichrome, a siderophore from A. fumigatus. The hydroxamate moieties responsible for 

interacting with the ferric ion are highlighted in gray. 

 

Siderophore biosynthesis and the NMOs involved in siderophore biosynthesis have been shown to be 

essential for pathogenesis in organisms such as A. fumigatus38, P. aeruginosa39, and M. tuberculosis40. 

Therefore, NMOs show great potential as novel drug targets that can be used to treat associated diseases. 

Initial studies have been reported, in which through high throughput screening, an inhibitor of SidA was 

identified and validated. Furthermore, this compound was shown to inhibit A. fumigatus growth by blocking 

the siderophore biosynthesis pathway through SidA inhibition41. 
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Due to their unique mechanism and potential as drug targets, NMOs remain relevant as the objective of 

continuous research. In this study, we biochemically characterized a novel L-ornithine monooxygenase 

from Thermocrispum agreste. We proposed to use this enzyme as a model NMO to obtain novel insights 

that will help us better understand the behavior and mechanism of flavoenzymes and L-ornithine 

monooxygenases. Furthermore, we produced and purified NADPH analogues that we propose to use as 

probes to study the reduction of flavin in the NMOs mechanism.  
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CHAPTER TWO: ENZYMATIC CHARACTERIZATION OF Thermocrispum agreste TheA: A 

FLAVIN-DEPENDENT N-HYDROXYLATING ENZYME 

I. Introduction 

NMOs are enzymes that catalyze the hydroxylation of amino groups in a diverse range of small molecules10, 

35. A group of these enzymes is characterized for hydroxylating L-ornithine in biosynthetic pathways that 

are known to produce metabolites involved in siderophore19, 42 and antimicrobial compound36 biosynthesis. 

Structural and mechanistic characterization of such enzymes has been previously reported; most notably 

Aspergillus fumigatus SidA12, 18, 20, 30, 43, Pseudomonas aeruginosa PvdA24, 26, and Kutzneria sp. KtzI33, 36.  

Previous bioinformatic studies44 have resulted in the identification of a putative siderophore synthesis gene 

cluster in the genome of Thermocrispum agreste (Accession: WP_028847741.1), a thermostable 

actinomycete capable of growing in temperatures ranging from 28 °C to 60 °C45. The structure of the T. 

agreste siderophore Thermochelin (Figure 2.1) was predicted by similarity search and annotation of the 

gene cluster, which is comprised of amino acid modifying enzymes, transporters, and regulators44. 

  

Figure 2.1 Proposed structure of T. agreste siderophore, Thermochelin44. Atoms derived from ornithine are 

shaded in gray. 
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The T. agreste L-ornithine monooxygenase, referred from now on as TheA, was bioinformatically and 

experimentally identified as the enzyme responsible for the production of Thermochelin hydroxamate 

moieties (Figure 2.2)44. Phylogenetic analyses have shown that TheA is evolutionary closely related to 

ornithine monooxygenases from other actinomycetes (Figure 1.4). Specifically, TheA has 62.64% sequence 

identity with Amycolapsis alba AMO and 49.88% sequence identity with Kutzneria sp KtzI, as determined 

via multiple sequence alignment46. 

 

Figure 2.2 N-hydroxylation of L-ornithine by TheA. The enzyme uses NADPH and O2 as cosubstrates to 

catalyze the production N-hydroxy ornithine. 

 

In this chapter, the expression, purification, and initial biochemical characterization of TheA are presented. 

Steady state kinetics were determined by following the rate of both oxygen consumption and product 

formation. This information was used to experimentally determine the substrate and cosubstrate specificity 

as well as steady state rate constants. Furthermore, we determined physical properties of the enzyme 

including the melting temperature and thermal stability. Finally, by performing presteady state kinetics, we 

determined the rate constant of flavin reduction on the reductive half reaction. In conjunction, these results 

will advance our knowledge and understanding of flavoenzymes, ornithine monooxygenases, and their 

associated mechanisms.  

TheA

Ornithine N-hydroxy ornithine

2H2OO2

NAD(P)H NAD(P)+
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II. Material and methods 

2.2.1 Materials 

The DNA encoding the T. agreste TheA gene ligated into the pET16b plasmid was kindly provided by Dr. 

Dirk Tischler from Technische Universität Bergakademie Freiberg in Germany. Reagents used in this work 

were obtained from Fisher Scientific (Pittsburg, PA) unless otherwise stated. 

2.2.2 Heterologous Expression and Purification of TheA 

The pET16b plasmid encoding for TheA was transformed into Turbo BL21 (DE3) Escherichia coli cells 

(Sigma Chemical Co.) and successful transformants were selected by growing the cell overnight at 37 °C 

in agar plates containing 100μg/ml of ampicillin47. A seed culture was prepared by inoculating 100 mL of 

Luria-Bertani (LB) media with a transformed colony and incubating overnight (~16 h) at 37 °C. The seed 

culture was used to inoculate 6 L of Terrific Broth autoinduction media. The cultures were incubated at 37 

°C with shaking (250 rpm) to a final optical density at 600 nm of 4, at which time the incubation temperature 

was lowered to 18 °C. This procedure typically yielded ~24 g of cells per liter of culture media. The cell 

pellet was frozen and stored at -80 °C until purification.  

For protein purification, the cell paste was resuspended at a ratio of 1 gram of cells per 5 mL of Buffer A 

(25 mM HEPES, 300 mM NaCl, 25 mM imidazole, pH 7.5) and incubated with 60 μg/mL of lysozyme, 

and 20 μg/mL each of DNAse I, and RNAse for 30 min at 4 °C with constant stirring. The resulting cell 

suspension was lysed by sonication at 70% amplitude for a total of 5 min using a pulsing (5 s on, 10 s off) 

ultrasonic probe. During sonication, the suspension was incubated on ice. The lysate was centrifuged at 

45,000 g for 45 min at 4 °C. The supernatant was then collected and loaded onto two tandem 5 mL HisTrap 

columns previously equilibrated with Buffer A. After loading of the supernatant, the columns were washed 

with Buffer A until absorbance at 280 nm returned to baseline level. The columns were then washed with 

Buffer B (25 mM HEPES, 300 mM NaCl, 50 mM imidazole, pH 7.5). TheA was eluted with Buffer C (25 

mM HEPES, 300 mM NaCl, 300 mM imidazole, pH 7.5). Eluent fractions containing purified protein were 
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pooled and buffer exchanged by dialysis into storage buffer (25 mM HEPES and 100 mM NaCl, pH 7.5). 

The enzyme solution was then concentrated to 100 µM, flash frozen in liquid nitrogen, and stored at -80 ºC. 

Protein concentration was determined using the Bradford Assay and fractions obtained throughout the 

process were analyzed with an SDS-PAGE. 

2.2.3 Determination of the Extinction Coefficient 

The absorbance spectrum of TheA (45 μM) was determined in a 1-cm pathlength quartz cuvette in a UV/Vis 

spectrophotometer (Agilent, Santa Clara, CA). After recording the spectrum, the sample was removed and 

incubated at 95 °C for 1 min. The denatured solution was then centrifuged at 5000 rpm for 5 min and the 

amount of FAD in the supernatant was determined. An extinction coefficient at 450 nm of 11.06 mM-1 cm-1 

was calculated for TheA from the known extinction coefficient of free FAD (ε450: 11.3 mM-1 cm-1). 

2.2.4 Gel Filtration Chromatography 

TheA (0.15 mM) was loaded onto a HiPrep Sephacryl S-200 HR column (GE Healthcare) equilibrated with 

buffer containing 50 mM potassium phosphate and 0.15 mM NaCl at pH 7.5. Ribonuclease A (13700 Da), 

ovalbumin (43000 Da), conalbumin (75000 Da), aldolase (158000 Da), Blue Dextran200 (200000 Da), and 

Ferritin (440000) were used as standards to determine the molecular mass of TheA in solution.  

2.2.5 Oxygen Consumption Assay 

The amount of molecular oxygen consumed by TheA was monitored using an Oxygraph (Hansatech, 

Norfolk, England). The standard assay consisted of 100 mM sodium phosphate, pH 7.5. TheA (2.5 μM) 

was incubated in buffer at 25 °C before the reaction was initiated by the addition of substrates. The reaction 

proceeded for 1 min at 25 °C with constant stirring. 
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2.2.6 Product Formation Assay 

The amount of hydroxylated product formed by TheA was assayed by a variation of the Csaky iodine 

oxidation test48 modified as previously described18. The standard assay buffer contained 100 µL of 100 mM 

potassium phosphate buffer at pH 7.5 and varying concentrations of L-ornithine or L-lysine and NADPH 

or NADH. TheA (2.5 μM) was incubated in the assay buffer at 25 °C before the reaction was initiated by 

the addition of the NAD(P)H. The reaction proceeded for 15 min at 25 °C with shaking and was terminated 

by the addition of perchloric acid. The absorbance at 562 nm was measured after 15 min on a SpectraMax 

M5e plate reader (Molecular Devices, Sunnyvale, CA). A hydroxylamine hydrochloride standard curve was 

used to calculate the amount of hydroxylated product produced. 

2.2.7 Thermal Stability 

To determine the thermal stability of the protein, TheA (2.5 μM) was incubated for 10 minutes at 10, 20, 

30, 40, 50, and 60 °C in 100 mM sodium phosphate, pH 7.5. The protein was allowed to cool to room 

temperature before determining the activity. The reaction was initiated by adding 2 mM L-ornithine and 2 

mM NADPH and incubating with agitation for 15 min at room temperature. The effect on enzyme activity 

was determined by measuring product formation via the iodine oxidation assay and calculating the percent 

decrease in activity. 

2.2.8 ThermoFAD assay 

The melting temperature (Tm) of the protein was determined by the ThermoFAD assay49, in which 50 μL 

of 3 mg/mL TheA in 100 mM Sodium Phosphate buffer at pH 7.5 was exposed to heat, increasing the 

temperature 20–90 °C in 1 °C increments. The Tm of TheA was determined in the absence and in the 

presence of 15 mM L-ornithine and 1 mM NADP+. FAD fluorescence was measured using an excitation 

wavelength range between 470 and 500 nm and a SYBR Green fluorescence emission filter of 523–543 

nm. The melting temperature was determined by calculating the inflection point of the fluorescence as a 

function of temperature. 
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2.2.8 Flavin reduction presteady state kinetics 

Reduction of FAD bound to TheA was monitored using stopped flow spectrometry (Applied Photophysics 

SX20, Leatherhead, UK) under anaerobic conditions, as previously described50. Flavin reduction was 

monitored with a photodiode array spectrometer until full reduction of FAD was achieved, which was 

detected by a decrease in absorbance at 450 nm. Measurements were obtained in triplicate and recorded on 

a logarithmic scale. Reaction buffer consisted of anaerobic 100 mM sodium phosphate buffer at pH 7.5. 

The reaction mixture consisted of 20 μM enzyme and 0.01–2 mM NADPH. Experiments were performed 

both in the absence and presence of 10 mM L-ornithine.  

2.2.9 Data Analysis 

Kinetic data was analyzed using the programs KaleidaGraph (Synergy, Reading, PA). Initial rate data was 

fit to the Michaelis-Menten equation to obtain kcat and KM values (Equation 1). For the reductive half 

reaction, the decrease in absorbance at 450 nm was fitted to a double exponential decay equation to obtain 

the kobs1 and kobs2 of the reduction process at a specific NADPH concentration (Equation 2). The resulting 

kobs1 and kobs2 were plotted as a function of NADPH, and the data was fitted to Equation 3 to obtain kred and 

KD. 

𝑣/[𝐸] =  
𝑘𝑐𝑎𝑡[𝑆]

𝐾𝑀 + [𝑆]
 Equation 1 

𝑣 = 𝑎1𝑒(−𝑘𝑜𝑏𝑠1×𝑡)+𝑎2𝑒(−𝑘𝑜𝑏𝑠2×𝑡) + 𝑐 Equation 2 

𝑘𝑜𝑏𝑠 =  
𝑘𝑟𝑒𝑑[𝑆]

𝐾𝐷 + [𝑆]
 Equation 3 
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III. Results 

2.3.1 Expression and purification of TheA 

Recombinant TheA was expressed in Turbo BL21 (DE3) Escherichia coli cells as an N-terminal His•Tag® 

fusion protein. The incorporation of the His-tag allowed the protein to be purified using immobilized nickel 

affinity chromatography. After purification, approximately 60% of the expressed recombinant protein was 

found insoluble in the pelleted fraction (Figure 2.3.A). Soluble TheA was eluted from the column with 300 

mM imidazole. A standard purification yielded 2.4 mg of protein per gram of cell paste. TheA displayed 

an absorbance spectrum consistent with a flavoprotein (Figure 2.3.B) and the extinction coefficient at 450 

nm was determined to be 11.06 mM-1 cm-1. The FAD-bound purified protein fraction of the purified protein 

comprised approximately 68% of the total protein, as determined by the Bradford Assay. 

A) 

 

B) 

 

Figure 2.3 Purification summary of TheA (A) SDS-PAGE gel 1. Molecular weight ladder, 2. Pellet, 3. 

Supernatant, 4. Flow through, 5. Elution 300 mM imidazole. (B) UV-visible spectrophotometry of bound 

FAD. 

0.002 s

100 s
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The molecular weight of TheA is 51.5 kDa (Table 2.1), as determined in silico using the ProtParam tool 

(Expasy) and confirmed experimentally by SDS-PAGE analysis (Figure 2.3.A). Size-exclusion 

chromatography results (Figure 2.4) suggest that TheA exists in solution primarily in an octameric state 

and, to a lesser degree, in a pentameric state (Table 2.1). 

Table 2.1 Solution molecular weight of TheA. 

Peak Experimental MW (kDa) Calculated MW(kDa) Multimeric State 

1 235.6 
51.5 

Pentameric 

2 390.2 Octameric 

 

 

Figure 2.4 Size exclusion chromatogram of TheA. 
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2.3.2 Steady state kinetic characterization of TheA 

Steady state kinetic parameters of TheA determined using the oxygen consumption and product formation 

are summarized in Table 2.2 and Table 2.3, respectively. Substrate saturation curves were determined by 

monitoring the initial enzyme rate at increasing concentrations of L-ornithine or L-lysine. When provided 

L-ornithine as the substrate (Figure 2.5.A), TheA consumed oxygen with a kcat of 0.128 ± 0.004 s-1 and a 

KM of 0.048 ± 0.008 mM. TheA hydroxylated L-ornithine with a kcat of 0.11 ± 0.01 s-1 and KM of 0.37 ± 0.09 

mM. In contrast, when provided L-lysine as the substrate, the purified recombinant enzyme consumed 

oxygen with a kcat of 0.050 ± 0.003 s-1 and KM of 0.005 ± 0.003 mM, and, interestingly, no product was 

detected when using the product formation assay (Figure 2.5.B). Nicotinamide cofactor saturation curves 

were determined by monitoring the initial enzyme rate of at increasing concentrations of NADPH or 

NADH. When using NADPH as the cofactor (Figure 2.5.C), TheA consumed oxygen with a kcat of 

0.171 ± 0.005 s-1 and KM of 0.050 ± 0.003 mM. The enzyme hydroxylated L-ornithine with a kcat of 

0.104 ± 0.009 s-1 and KM of 0.18 ± 0.05 mM. When using NADH as the cofactor (Figure 2.5.D), the enzyme 

consumed oxygen with a kcat of 0.120 ± 0.006 s-1 and KM of 0.56 ± 0.09 mM, and hydroxylated L-ornithine 

with a kcat of 0.036 ± 0.004 s-1 and KM of 1.0 ± 0.2 mM. 

By comparing the turnover number obtained by monitoring oxygen consumption and the product formation 

assay, the percent uncoupling can be determined. When using L-lysine as the cofactor, no product was 

detected, suggesting complete (100%) uncoupling. Alternatively, when L-ornithine is provided as the 

substrate, 39% uncoupling is observed with NADPH as the cofactor and 70% with NADH as the cofactor 

(Table 2.4). 
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Figure 2.5 Ornithine (A), lysine (B), NADPH (C) and NADH (D) saturation curves as determined by the 

product formation (●) and oxygen consumption assays (○). Enzymatic reactions were performed at room 

temperature for 15 minutes in 100 mM sodium phosphate buffer. 2 mM NADPH was used when varying 

substrate concentrations and 2 mM L-Ornithine was used when varying reduced nicotinamide coenzyme 

concentrations. 

 

A)

C)

B)

D)
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Table 2.2 Steady state kinetic parameters of TheA, oxygen consumption. 

Substrate kcat (s-1) KM (mM) kcat/KM (s-1 mM-1) 

L-ornithine 0.128±0.004 0.048±0.008 2.7±0.4 

L-lysine 0.050±0.003 0.005±0.003 10±6 

NADPH 0.171±0.005 0.050±0.009 3.4±0.6 

NADH 0.120±0.006 0.56±0.09 0.21±0.04 

 

Table 2.3 Steady state kinetic parameters of TheA, product formation. 

Substrate kcat (s-1) KM (mM) kcat/KM (s-1 mM-1) 

L-ornithine 0.11±0.01 0.37±0.09 0.30±0.08 

L-lysine No product detected 

NADPH 0.104±0.009 0.18±0.05 0.6±0.2 

NADH 0.036±0.004 1.0±0.2 0.036±0.008 

 

Table 2.4 Uncoupling. 

Reduced Nicotinamide Cofactor Uncoupling (%) 

NADPH 39 

NADH 70 

 

2.3.3 Temperature effect on TheA activity 

TheA thermal stability was determined by incubating the enzyme at varying temperatures and calculating 

the activity via the product formation assay. TheA maintained activity close to 100% when incubating the 

enzyme at temperatures ranging from 10 °C to 50 °C and abruptly decreased below detectable levels when 

incubating at 60 °C (Figure 2.6). 
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Figure 2.6 Thermostability of TheA. 

 

The melting temperatures of TheA in the absence and in the presence of 15 mM L-ornithine and 1 mM 

NADP+ was determined by calculating the inflection point of the curve obtained when monitoring the FAD 

fluorescence as a function of increasing temperature (Figure 2.7). In the absence of substrates, TheA had a 

Tm of 42.7 ± 0.1 °C and in the presence of substrates, TheA had a Tm of 50.1 ± 0.1 °C. 
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Figure 2.7 ThermoFAD assay to determine the melting temperature of TheA. The assay was performed in 

the absence and presence of 1 mM NADP+ and 15 mM L-Ornithine. 

 

2.3.4 Presteady state kinetic characterization of TheA 

Flavin reduction was monitored as a function of NADPH both in the presence and absence of L-ornithine. 

The reaction was monitored by the decrease in absorbance at 450 nm (Figure 2.8.A and Figure 2.8.B) in 

the stopped flow spectrophotometer using single-mixing mode. FAD reduction was dependent on NADPH 

concentration, with increasing rates at higher NADPH concentration (Figure 2.8.C and Figure 2.8.D).  
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A) 

 

B) 

 

C)

 

D)

 

Figure 2.8 Reductive half reaction of TheA with NADPH. Time resolved absorption spectra of TheA in the 

presence of 25 μM NADPH and A) without or B) with 10 mM L-ornithine. Reduction of the absorbance at 

450 nm of TheA at different concentrations of NADPH C) without or D) with 10 mM L-ornithine. 
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A)

 

B) 

 

C) 

 

D) 

 

Figure 2.9 Presteady state kinetics of the reductive half reaction. The absorbance changes at 450nm were 

fit to Equation 2. The kobs1 values measured at each concentration of NADPH and plot as a function of 

NADPH concentrations in the absence (A) and presence (B) of 10 mM L-ornithine. The kobs2 in the absence 

(C) and presence (D) of 10 mM L-ornithine was fitted as well. 
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Reduction of the absorbance at 450 nm was fitted to a double exponential equation to solve for kobs1
 and 

kobs2, which were plotted independently as a function of NADPH (Figure 2.9). The presteady state kinetic 

parameters of the TheA reductive half reaction were calculated by fitting kobs as a function of NADPH 

concentration plots to Equation 3 (Table 2.5). In the absence of L-ornithine, kobs1 described a slower reaction 

with kred of 0.073 ± 0.004 s-1 and KD of 0.19 ± 0.04 mM, while the kobs2 described a fast reaction of kred of 

1.14 ± 0.03 s-1 and KD of 0.35 ± 0.03 mM. The catalytic efficiency (kred/KD) for the fast reaction was higher 

than that of the slow reaction, where 3.3 ± 0.3 s-1 mM-1 and 0.38 ± 0.08 s-1 mM-1 were calculated for each 

respective reaction. 

The reduction kinetics of TheA in the presence of ornithine produced results similar to those when no 

substrate was present in the reaction. The reduction was also fitted to a double exponential equation that 

produced kinetic parameters for two distinct phases. The slow phase, described by the kobs1, produced a kred 

of 0.035 ± 0.002 s-1 and KD of 0.08 ± 0.02 mM. The kobs2 described a fast reaction of kred of 0.314 ± 0.007 

s-1 and KD of 0.050 ± 0.008 mM. The catalytic efficiency kred/KD for the fast reaction was also higher than 

that of the slow reaction, where 6 ± 1 s-1 mM-1 and 0.4 ± 0.1 s-1 mM-1 were calculated for each reaction, 

respectively.  

Interestingly, the reductive reaction yielded a kred ~3.5 fold higher in the absence of the substrate than in 

the presence of substrate for the fast phase and ~2 fold higher for the slow phase. On the other hand, the KD 

for both the fast and slow phases were ~7 and ~2 fold lower in the presence of substrate. The enzyme in the 

presence of the substrate seems to be twice as efficient in the fast phase and remained the same in the slow 

phase, as evidenced by the changes in the kred/KD. 
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Table 2.5 Presteady state kinetic parameters of TheA reductive half reaction. 

 Phase kred (s-1) KD (mM) kred/KD (s-1 mM-1) 

No ornithine 
Fast 1.14±0.03 0.35±0.03 3.3±0.3 

Slow 0.073±0.004 0.19±0.04 0.38±0.08 

10 mM ornithine 
Fast 0.314±0.007 0.050±0.008 6±1 

Slow 0.035±0.002 0.08±0.02 0.4±0.1 

 

IV. Discussion 

This chapter reports the characterization of TheA, an NMO from Thermocrispum agreste. NMOs and the 

hydroxylation step they catalyze are characterized by their role in important non-ribosomal peptide 

synthesis. Most notably, members of this group have been identified as essential for pathogenesis for 

organisms such as A. fumigatus19 and M. tuberculosis40, 51 and, therefore, represent potential novel drug 

targets to treat microbial infections. Although the structural and chemical mechanism has been previously 

reported for a small number of NMOs12, 18, 20, 24, 26, 30, 33, 36, 43, the mode of action is ambiguous and seems to 

vary drastically between members of the same group. Here we have investigated TheA as an enzyme model, 

providing valuable information that will allow for further understanding of this group of enzymes. 

To achieve this goal, we cloned, heterologously expressed, and purified TheA. Purification of recombinant 

TheA yielded a considerable amount of pure, concentrated protein. Furthermore, the enzyme was purified 

with the FAD cofactor bound, as evidenced by a characteristic yellow color and the associated absorbance 

spectra of flavoproteins. TheA is part of the group B flavin monooxygenases, which are known to tightly 

bind the flavin cofactor primarily through non-covalent interactions10. Interestingly, the ability to purify 

NMOs with flavin bound and the percent incorporation can both vary between ornithine monooxygenases18, 

24, 36, 52. Size-exclusion chromatography revealed that TheA primarily adopts octameric and pentameric 

quaternary structures (Table 2.1). Similarly, other NMOs are known to complex in a similar manner: PvdA 

acquires pentameric conformation26 while both SidA and KtzI are reported to be tetrameric18, 33. Therefore, 
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TheA may be present in solution as tetramer structures that further interact and complex to produce the 

octameric state.  

Results of TheA activity assays suggest that the enzyme prefers L-ornithine over L-lysine as the substrate, 

as previously reported44. Interestingly, the catalytic efficiency of oxygen consumption by TheA when using 

L-lysine is higher than with L-ornithine. However, none of the consumed oxygen is incorporated to form 

N-hydroxy lysine, as evidenced by the lack of product detection. Most likely, TheA uses the activated 

oxygen to produce hydrogen peroxide as an alternative mechanism in which NMOs regenerate oxidized 

FAD to start the mechanism again18. Steady state kinetic analyses also suggest that TheA prefers NADPH 

over NADH. Results herein indicate that the catalytic efficiency of TheA in the presence of NADPH is 

higher than with NADH. Furthermore, the uncoupling percentage is higher with NADH as the cofactor, 

thus indicating the specificity for this nicotinamide cofactor.  

Interestingly, TheA seems to remain stable when incubating in temperatures up to 50 °C, but stability 

abruptly decreases when incubating at 60 °C. Similarly, the Tm of the enzyme in the presence of substrates 

is 50 °C and, according to the ThermoFAD assay, the enzyme is expected to be denatured around 60 °C. 

This enzymatic property is expected as T. agreste thrives in temperatures ranging from 28 °C to 60 °C45. 

As far as the author knows, this is the first report on the effect of temperature on the stability of an N-

hydroxylating monooxygenase.  

The rate of reduction of the oxidized flavin in TheA was best described using the double exponential 

equation that describes two distinct phases that differ in the rate of reduction and KD. Enzyme kinetics 

explained by double exponential equations are thought to describe a minimal two step mechanism 

consisting of 1) a binding step to form a loose complex, followed by 2) isomerization to form an end tight 

complex53, as observed in other enzymes such as human AKR1C2, which catalyzes a reduction step of 5α-

dihydrotestosterone54. In the case of TheA, while the reduction of the flavin by NADPH is key for enzyme 

activity, the formation of an end complex between NADP+ and the reduced flavoenzyme seems to be a 
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defined key step. Other class B NMOs are known to keep the NADP+ in complex with the flavoenzyme 

after the reduction step. This complex fulfills a key role in the consecutive steps of the mechanism, 

particularly in the activation of molecular oxygen and the formation and stabilization of the C4a-

hydroperoxyflavin12-15. 

Interestingly, the rate constant for flavin reduction in the presence of the substrate was slower, most notably, 

with a decrease of ~3.5 fold in the fast phase of the reaction. This observation sets TheA apart from other 

reported class B monooxygenases in which the reduction remains unchanged in the presence of the 

substrate29. This behavior has only been observed in the L-lysine monooxygenase MbsG, an enzyme that 

differs greatly in the mechanism with previously characterized NMOs. In this enzyme, substrate binding is 

thought to induce conformational changes that primes the active site to favor the hydroxylation reaction, 

rendering the reduction step unfavorable while enabling the activation of molecular oxygen55. TheA might 

function in a similar manner, in which the decrease of the reduction rate is caused by conformation changes 

upon L-ornithine binding. 

TheA mechanism follows a pattern similar to other L-ornithine monooxygenases, such as A. fumigatus 

SidA29, 56 (Figure 2.10). As determined by the steady state and presteady state kinetics, the enzyme first 

reduces the oxidized FAD using NADPH, following a two-step mechanism with a fast and a slow phase. 

The reduced flavin then will consume oxygen with a kcat of 0.128 s-1 to form a hydroperoxyflavin 

intermediate, responsible of hydroxylating ornithine with a kcat of 0.11 s-1. The mechanism ends upon 

release of the N-hydroxy ornithine and NADP+. The enzyme also has an alternative mechanism in which it 

releases H2O2 to regenerate oxidized FAD. The rates of hydroperoxyflavin formation and flavin oxidation 

have not been determined for TheA and represent the following step in the characterization of this enzyme. 
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Figure 2.10 Proposed mechanism of T. agreste TheA. 

 

TheA also has notable differences that set it apart from other L-ornithine monooxygenases. TheA is ~5 fold 

slower than SidA, as seen with the kcat when following both the oxygen consumption and the product 

formation assays (Table 2.6). The rate limiting step in the mechanism of SidA has been determined to be 

the hydride transfer in the reduction step13, 22, 56, however, this is not the same in TheA, in which the 

reduction step seems to be faster than both the oxygen consumption and product formation rates. To 

determine the rate limiting step of the mechanism of TheA, the other steps of the reaction must be 

characterized first, such as the rates of hydroperoxyflavin intermediate formation and flavin oxidation. 

Table 2.6 Summary of the kinetic parameters of T. agreste TheA and A. fumigatus SidA. 

Parameter TheA SidA56 

kcat O2 consumption (s-1) 0.171±0.005 0.59±0.01 

kcat OrnOH formation (s-1) 0.104±0.009 0.62±0.02 

kred(fast)
 (s-1) 1.14±0.03 0.62±0.01 

kred(slow) (s-1) 0.073±0.004 0.220±0.005 
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kred(fast)= 1.14 s-1

kred(slow)= 0.073 s-1
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NADP+, H2O2

KD(fast)=0.35 mM

KD(slow)=0.19 mM
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CHAPTER THREE: PRODUCTION OF NADPH ANALOGUES AS PROBES TO STUDY N-

HYDROXYLATING MONOOXYGENASES 

I. Introduction 

The mechanism of NMOs has been studied in detail, providing insights that highlight the unique 

characteristics of hydroxylation. The reaction starts when NADPH binds to the enzyme and reduces FAD. 

This step is key for flavin reactivity because it allows the formation of the oxygen adducts required for the 

hydroxylation of the substrates in the second half reaction2, 10.  

Previous steady state kinetic isotope effect experiments showed that the pro-R hydrogen at position 4 in the 

nicotinamide moiety of NADPH is specifically transferred to the N5 in the FAD (Figure 3.1)13. However, 

crystal structures of all NMOs reported to date show that the NADP+ is not oriented facing the FAD in such 

way that facilitates the pro-R hydrogen transfer (Figure 3.2)12, 24, 33. Instead, the nicotinamide cofactor is in 

a conformation allowing for its role in stabilizing the C4a-hydroperoxyflavin. Thus, NADP(H) undergoes 

conformational changes after hydride transfer22; this is termed the sliding mechanism of NADP(H) in Class 

B flavin dependent monooxygenases15, 57.  

 

Figure 3.1 The pro-R hydrogen transfer in the reduction of FAD by NADPH in A. fumigatus SidA. The 

pro-R hydrogen is shaded in gray. 

NADPH NADP+

FADox FADred
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Even though several NMO structures have been solved at different steps of the reaction mechanism, the 

active site structure when NADP(H) is in a favorable position for hydride transfer has not previously been 

shown. This is due to challenges associated with crystallization in this conformation when using NADP+ 

and NADPH. We, therefore, hypothesize that crystallization in the presence of NADPH analogues would 

capture the enzyme in this structural conformation prior to the reduction. 

In this work, we produced NADPH analogues through an unspecific reduction reaction using NaB2H4. This 

process yielded [6-2H]-NADPH, [2-2H]-NADPH and [4-2H]-NADPH. Furthermore, compound identity 

was confirmed by mass spectrometry and unidimensional Nuclear Magnetic Resonance (NMR). 

 

Figure 3.2 NADP+ orientation in SidA active site does not favor transfer of the pro-R hydrogen to the N5 

of flavin. 
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FADox
N5
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II. Material and methods 

3.2.1 Materials 

Reagents used in this work were obtained from Fisher Scientific (Pittsburg, PA) unless otherwise stated. 

NADPH was purchased from Research Products International (Mt Prospect, IL) and NaB2H4 was purchased 

from Sigma Aldrich (St. Louis, MO). 

3.2.2 Production of reduced deuterated NADP+ analogues. 

NADPH analogues were produced by the nonspecific reduction of the nicotinamide moiety58. Specifically, 

1 mL of 40 mM NADP+ in 100 mM potassium phosphate at pH 7.5 was mixed with 1 mL of 200 mM 

NaB2H4
 in 20 mM potassium phosphate at pH 11. The reaction was incubated for 5 minutes on ice and then 

diluted with 95% ethanol in a 1:25 ratio. The ethanol-diluted mixture was incubated at -20 °C for 10 min 

to ensure complete precipitation. The sample was then centrifuged at 45000 g for 45 min at 4 °C. The 

supernatant was subsequently discarded, and the pellet was resuspended in 10 mM potassium phosphate 

buffer at pH 7.5. The compound mixture was aliquoted and stored at -20 °C.  

3.2.3 Analytical HPLC analysis of the reduced deuterated NADP+ analogues 

Isolation of the reduced deuterated NADPH analogues was achieved by high-pressure liquid 

chromatography (HPLC) using an analytical Phenomenex Luna 5u C18 (2) reverse column (250×4.6 mm, 

5 μm particle size). The compound mixture was diluted 1:200 in 10 mM potassium phosphate buffer at pH 

7.5 and 50 μL of the dilution were injected. Chromatography was performed isocratically at 0.1 mL/min in 

10 mM potassium phosphate, pH 7.5 buffer for 120 min. Compound separation was monitored by following 

the UV/vis absorption at 260 nm using a photodiode array detector. 
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3.2.4 Isolation of the reduced deuterated NADP+ analogues: 

Separation of the reduced deuterated NADP+ analogues was achieved by preparative HPLC using a 

Phenomenex Luna 5u C18 (2) reverse column (250×21.2 mm, 5 μm particle size). Separation was 

performed isocratically at 4 mL/min in 10 mM potassium phosphate buffer at pH 7.5 for 120 minutes, in 

which 100 μL of undiluted sample was injected. Compound separation was monitored by following the 

UV/vis absorption at 260 nm using a photodiode array detector. Fractions exhibiting absorbance peaks were 

collected and stored at 4 °C. 

Fractions with absorbance peaks at 344 nm and 392 nm, corresponding to [6-2H]-NADPH and [2-2H]-

NADPH, respectively, were loaded to a 35 cc C18 Sep-Pak cartridge (Waters) and eluted with 200 mL 

distilled water. Samples were lyophilized and stored at -20 °C until further use. 

3.2.5 Mass spectrometry of isolated peaks 

Fractions corresponding to [6-2H]-NADPH and [2-2H]-NADPH were analyzed using an AB Sciex 4800 

MALDI TOF/TOF mass spectrometer. Aliquots of 1 μL were spotted onto a MALDI target plate followed 

by 1 μL of matrix (4 mg/ml α-Cyano-4-hydroxycinnamic acid in 50:50 water: acetonitrile supplemented 

with 0.1% (v/v) trifluoroacetic acid and 10 mM ammonium chloride) and allowed to air dry. Data was 

collected in reflector negative ion mode with each spectrum being a sum of 1700 laser shots. 

3.2.6 NMR of the isolated peaks 

NMR was used to confirm the identity of the nicotinamide cofactor reduction products. Samples of [6-2H]-

NADPH and [2-2H]-NADPH were prepared by resuspending 2 mg of purified product in 500 μL of 2H2O. 

1H-spectra were recorded on a 500 MHz Brucker Avance II instrument located in the Department of 

Chemistry, Virginia Tech. For each sample, 64 scans were collected. 
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III. Results 

In this work, we synthesized NADPH analogues through a nonspecific reduction reaction using NaB2H4. 

Figure 3.3 shows a chromatogram of the products obtained from this reaction, in which five individual 

peaks were identified. 

 

Figure 3.3 Analytical HPLC chromatogram for the mixture obtained after reduction of NADP+ with 

NaB2H4. Chemical identity of the different molecules was assigned based on their absorption spectra (see 

main text). 

 

The UV/Vis absorption spectrum of each peak was measured to characterize the different reduction 

products (Figure 3.4). All samples showed an absorption peak at 258 nm, which corresponds to absorbance 

of the adenine moiety. Samples with retention times of 85.0, 60.6, and 111.7 min had distinctive peaks at 

338, 344, and 392 nm, respectively, corresponding to the different dihydro-nicotinamide moieties. The 

absorbance spectra of the NADPH molecules are dependent on the reduction site and, thus, can be used to 

differentiate among them58. Consequently, samples with maximum absorbance values at 338, 344, and 392 
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nm were assigned as [4-2H]-NADPH, [6-2H]-NADPH, and [2-2H]-NADPH. Samples with retention times 

of 25.4 and 44.0 min did not absorb in the 300-500 nm range, indicating an absence of the reduced 

nicotinamide moiety; thus, they were identified as NADP+. For these samples, the only absorbance peak 

observed at 258 nm corresponds to the overlapping absorption that results from adenine and the oxidized 

form of nicotinamide. 

 

Figure 3.4 UV/Vis absorbance spectra of the purified samples. The molecule that yields the distinctive 

absorbance between 300 and 500 nm is shown in each spectrum. A) The samples with retention times of 

25.4 and 44.0 min showed a single peak at 258 nm corresponding to the adenine moiety and oxidized 

nicotinamide, B) the sample with retention time of 85.0 min had a distinctive peak at 338 nm corresponding 

to the dihydro-nicotinamide moiety reduced at position 4, C) the sample with retention time of 60.6 min had 

a distinctive peak at 344 nm corresponding to the dihydro-nicotinamide moiety reduced at position 6, and D) 

the sample with retention time of 111.7 min had a distinctive peak at 392 nm corresponding to the dihydro-

nicotinamide moiety reduced at position 2.  
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[6-2H]-NADPH [2-2H]-NADPH
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The samples assigned as [6-2H]-NADPH and [2-2H]-NADPH based on their absorbance spectra were 

further characterized through MALDI TOF/TOF mass spectrometry. The mass spectra of [6-2H]-NADPH 

and [2-2H]-NADPH (Figure 3.5.B and Figure 3.5.C, respectively) displayed a similar fragmentation pattern 

to that of commercially available NADPH, which was used as control (Figure 3.5.A). As expected for 

deuterated products, the mass-to-charge ratio (m/z) of the molecular ions for [6-2H]-NADPH and [2-2H]-

NADPH were one unit higher than that of the NADPH control, with values of 745.1 as opposed to 744.1 

(Figure 3.6). 

 

Figure 3.5 Mass spectra of deuterated NADPH analogues. A) non-deuterated NADPH, B) [6-2H]-NADPH, 

and C) [2-2H]-NADPH. 

A)

B)

C)
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Figure 3.6 Zoomed in mass spectra of deuterated NADPH analogues. A) non-deuterated NADPH, B) [6-

2H]-NADPH, and C) [2-2H]-NADPH. 

 

One-dimensional (1D) 1H-NMR spectra were obtained for the isolated [6-H]-NADP and [2-H]-NADP in 

order to further confirm their chemical identity. The spectra collected for [6-H]-NADP displays peaks at 

positions expected for the hydrogens in the reduced nicotinamide moiety (Figure 3.7). Specifically, the 

A)

B)

C)
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peaks observed between 3.65 and 3.50 ppm are attributed to the protons located at the C6 position. In 

contrast, poor signal-to-noise ratio obtained in the [2-H]-NADP spectra hindered its comparison with that 

of [6-H]-NADP. However, we were able to observe peaks that correspond to the hydrogens located at the 

C2 position, which display chemical shifts in the 3.65-3.50 ppm range. 

 

Figure 3.7 NMR identification of A) [6-2H]-NADPH and B) [2-2H]-NADPH. 

 

IV. Discussion 

Herein, we report the unspecific reduction of NADP+ by NaB2H4. Through this reaction, we were able to 

produce and purify [4-2H]-NADPH, [6-2H]-NADPH, and [2-2H]-NADPH. The reduction of the 

nicotinamide moiety with NaBH4
59-62 and purification of the associated products58 has only been reported 

when NAD+ was used as the substrate. Thus, this work presents the first report detailing the unspecific 

reduction of NADP+ through this reaction. The absorbance spectra were used to determine product identity 

based on previously reported absorbance of the reduced nicotinamide moieties58. 

4
5

6

2

A) 2

4
5

6

B)

[6-2H]-NADPH

[2-2H]-NADPH



39 

 

Furthermore, with NaB2H4 as the reducing agent, the resulting products are expected to have deuterium in 

the C4 that is reduced. Mass spectra of fractions containing [6-2H]-NADPH and [2-2H]-NADPH have a 

distinct peak at 745.1 m/z that corresponds to the parent molecule. When comparing to the 744.1 m/z peak 

of the undeuterated NADPH control parent molecule, there is a shift of +1. This confirms deuterium 

incorporation via reduction by NaB2H4. 

Further characterization by one-dimensional (1D) 1H-NMR confirmed the reduction site of [6-2H]-NADPH. 

It is important to note that, since this is an unspecific reaction, deuterium incorporation will occur 

indiscriminately in either the pro-R or pro-S position. Thus, although there is deuterium incorporation, the 

presence of both possible conformations will produce a signal for the two hydrogens at position 6, as 

observed in the chemical shifts in the 3.65–3.50 ppm range. Altogether, combined results of the UV/Vis 

absorbance spectra, mass spectrometry, and 1H-NMR analyses confirm the identity of [6-2H]-NADPH. 

Although the 1H-NMR of the [2-2H]-NADPH did not show all expected chemical shifts due to poor signal-

to-noise ratio, the presence of chemical shifts in the 3.65–3.50 ppm range, as well as both the UV/Vis 

absorbance and mass spectra results, confirmed identity of [2-2H]-NADPH. Further NMR experiments 

should be pursued to fully characterize [2-2H]-NADPH and the other isolated fractions. 

It is worth noting that there are other methods that can also be pursued to produce NADPH analogues, such 

as the enzymatic reduction of NADP+ that yields stereospecific addition of hydrogen at position 463. Other 

reducing agents, such as NaBH3CN64 and NaS2O4
58, reduce NADP+ and favor the production of [4-DH]-

NADP. However, NaBH4 is the only reducing agent reported to produce all analogues in the same 

reaction58. Specific chemical reactions, such as that reported here, provide access to analogues that may 

otherwise be unobtainable through enzymatic reactions and other conventional methods. 
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CHAPTER FOUR: CONCLUDING REMARKS 

I. Enzymatic characterization of TheA 

Herein we present the characterization of T. agreste TheA. The enzyme mechanism was studied using 

diverse techniques such as product formation, oxygen consumption, and stopped flow spectrophotometry 

assays. We determined the catalytic rates, substrate binding affinities, and coenzyme specificities. Results 

revealed that TheA prefers L-ornithine and NADPH as the substrate and cosubstrate of the reaction. 

Furthermore, results indicate that TheA is thermally stable in temperatures up to 50 °C. The presteady state 

kinetic analysis revealed that the reduction reaction occurs in a two-step mechanism, suggesting 

isomerization of the active site to form an end tight complex of NADP+ and reduced FAD. Finally, we 

discovered that binding of L-ornithine inhibits the reduction step, suggesting that substrate binding induces 

conformational changes that are not favorable for FAD reduction. Although TheA follows a mechanism 

similar to other L-ornithine monooxygenases such as SidA, this key enzyme feature has not been previously 

reported in this enzyme group: the novel TheA enzyme mechanism reported here sets this enzyme apart 

from previously reported members of this group. 

Further characterization of TheA must be performed to further understand the nuances of its mechanism. 

The rapid reaction kinetics following the oxidative half reaction will provide further insights into the 

mechanism of hydroperoxyflavin formation and regeneration of oxidized flavin. Given the unique 

mechanism of TheA, studying the oxidative half reaction in the presence of L-ornithine will be of particular 

interest. Additionally, future work should focus on the structure determination of TheA to describe the 

structural features of TheA that may be responsible for its mechanism diverging from other NMOs. The 

combined results of this study will improve the general knowledge and understanding of flavoenzymes, 

ornithine monooxygenases, and their associated mechanisms. 
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II. Production of NADPH analogues as probes to study N-hydroxylating monooxygenases 

In this work, we produced NADPH analogues through an unspecific reduction reaction using NaB2H4. This 

process yielded [6-2H]-NADP, [2-2H]-NADP, and [4-2H]-NADPH. Furthermore, compound identity was 

confirmed by mass spectrometry and unidimensional nuclear magnetic resonance (NMR). This work 

presents the first report detailing the unspecific reduction of NADP+ through this reaction. 

The use of NADPH analogues for probing the mechanism of flavin reduction TheA will serve as the 

foundation for future studies of NMOs employing NADPH analogues. Although we were able to 

successfully produce and purify NADPH analogues and confirmed the identity of [6-2H]-NADPH and [2-

2H]-NADPH, further study is required to identify the other reaction products.  

These products will be used to capture NMOs in the conformation that facilitates the reduction of FAD, as 

this has not been previously reported. TheA and SidA will serve as model enzymes; SidA is of particular 

interest, due to the thorough characterization of its mechanism as well as the establishment of techniques 

and conditions for reliable and successful growth of crystals. Additionally, the behavior of L-ornithine 

NMOs upon addition of these analogues will be studied using isothermal titration calorimetry, steady state 

kinetics, and rapid reaction kinetics.  
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