
Chapter I. Dynamic and structural changes of 
15

N labeled NAD(P)(H) with 

binding proteins 

1. Introduction 

Tuberculosis (TB) is a contagious disease that is transmitted via coughing, sneezing, or other aspiration 

that is transferred. The most dangerous part of TB is that people can be infected with TB bacilli for years, 

and do not feel sick until their immune system is weakened, at which point the TB becomes “active.” 

Active TB bacilli in infected people can spread TB unintentionally. According to the WHO 

(http://www.who.int/mediacentre/factsheets/fs104/en/), one-third of the world’s population has TB 

bacillus in their body and each infected person spreads TB disease on average to 10 -15 people in a year. 

Treatment for TB must continue for 4-6 months, using a cocktail of drugs: isoniazid, rifampin, 

ethambutol, and pyrazinamide. Recently, multidrug-resistant (MDR) strains of TB have emerged. The 

treatment of this resistant TB strain is done using so-called second-line treatments, which are more costly 

and have more side effects. Therefore, the development of new and more effective anti-tuberculosis drugs 

is necessary
1-3

.  

The distinctive composition of the peptidoglycan cell wall of mycobacterium is target of many drugs; it 

has a high degree of interpeptide cross-linking, primarily through meso-Diaminopimelic acid (DAP) 

cross-links in addition to the DAP. DAP biosynthesis is central to the structure of the mycobacterial 

peptidoglycan. So, DAP syntheses (and lysine synthesis) is a potential target for killing mycobacteria, 

such as Mycobacterium smegmatis and Mycobacteria tuberculosis. Disruption of biosynthesis of DAP 

results in cell death due to instability of the peptidoglycan
14,15

.There are three known methods for 

biosynthesis of DAP by mycrobacteria (Fig 1). The dihydrodipicolinatereductase (DHPR, also called 
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Tris buffer at pH 7.3.UV-absorbance at 340 nm was monitored in Figure 1.4.3, and concentration 

calculated using a molar extinction coefficient of 6220M - 1 cm - 1
16

. The concentration of 15N-NAD+ 

was calculated to be 864uM. The product was stored after either flash freezing inliquid nitrogen, or else 

after lyophilizing overnight.  

 

Figure 1.4.3 enzymatic end point assay to determine concentration of NAD+, using 10 uL of 2mM 

methanol, 10 uL(16 units) of yeast Alcohol Dehydrogenase (purchased from Sigma-Aldrich), and 50 uL 

of [
15

N-CA]-NAD+, added to 930uL of Tris buffer at pH 7.3, Absorbance= 0.269, Concentration= 864 

uM 

 

The stabilityof15N-NAD(P) after several freeze-thaw cycles was determined at various pH’s (2.3 - 7.3). 

The concentration of coenzymes was analyzed with alcohol dehyrdrogenase assay after each thaw. With 
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50mM Tris buffer at various pH (2.3 - 7.3), the concentration of 15N-NAD+ was constant, from 550 uM 

to 553 uM. However, with phosphate buffer with various concentrations (20mM to 200mM) at various 

pH’s (2.3-7.3) the stability of the coenzyme (15N-NAD+) was much lower, with concentrations going 

from 500 uM to 0 uM– determined using the KCN method and the alcohol dehydrogenase endpoint assay. 

Thus, phosphate buffer should be avoided. 

 

1.5 Synthesis of [
15

N-CA]-NADH 

5 ml of purified [
15

N-CA]-NAD+ was used for the enzymatic synthesis of NADH. 5ml of 0.02 units/ml 

yeast alcohol dehydrogenase (ADH), 5ml of 4.3 mM ethanol, and 10 ml of 50 mM Tris buffer (pH 8.0) 

were used to synthesis of NADH (Figure 1.5.1). The reaction was run at room temperature until UV-

absorbance at 340nm reached a plateau (figure 1.5.2).The concentration of NADH was calculated to be 

787 uM, based on absorbance at 340 nm. After the reaction was done, ADH enzyme was removed by 

ultrafiltration (Millipore, cutoff of3kDa). The concentration of NADH was determined once more with 5 

uL of NADH added to 995 uL of 50 mM Tris buffer at pH 8.0, after blanking with 1ml of 50 mM Tris 

buffer. The concentration of NADH was calculated to be 614 uM. The solution was flash frozen in liquid 

nitrogen. 
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Figure 1.5.1 Synthesis of 
15

N-NADH 

 

Figure 1.5.2 Alcohol Dehydrogenase enzymatic assay: 10 uL of NAD+, 5 uL of 4.3 mM Methanol, 10 uL 

of 3.73x10
-5

 units/ml of Alcohol dehydrogenase, 975 uL of 50 mM Tris buffer. Absorbance=0.0490, 

Concentration=787uM 
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Figure 1.5.3 UV-Vis spectrum (scanned from 300 nm to 800 nm) for5 uL of NADH in 995 ul of 50 mM 

Tris buffer pH 8.0, Absorbance=0.0191, concentration=614 uM. 
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1.6Synthesis of [
15

N-CA]-NADP+      

5ml of 5 mM of NADP+ (purchased from Sigma), 5 mL of 50 mM of [
15

N-CA]-nicotinamide,and 5 mL 

of 200 units NADase (purchased from Sigma) were added to 10 mL of Tris buffer at pH 7.3. Before 

starting incubation of the NADase reaction at 37 °C, 1 mL of NADP+ and a mixture of 500 uL of 

NADP+ and 500uL of NADase were prepared as a control sample to confirm the full exchange of [
15

N-

CA]-nicotinamide with NADP+. Control sample and the reaction mixture were started, incubating at 

37 °C until UV absorbance of the control sample at 340 nm decreased (50 hours) from 0.0483 to 

0.0082by the cyanide method
9
, as described above.10 uL of sample was added to 990 uL of 1.0 M NaCN 

in a 1ml quartz cuvette, with cyanide solution was used as a blank. The absorbance at 340 nm was 

appears at 0.0558. 

The reaction sample was then heated up to 70 °C for 2 minutes to deactivate the NADase. The deactivated 

protein was separated by centrifuging at 4000 rpm and supernatant was collected for further purification.  

[
15

N-CA]-NADP+ was further purified using a BioGel P2 gel (Bio-Rad) column with 50mM Tris buffer 

at pH 7.3. The final concentration of [
15

N-CA]-NADP+ was determined using 400 uL of DMSO, 40uL of 

37.5 mM Glucose, 20 uL of [
15

N-CA]-NADP+, 2.3 uL Glucose 6 phospate dehydrogenase (100 units of 

G6PDH) and 538uL of Tris buffer at PH 7.3, in an enzyme endpoint assay
10

. Note the in the presence of 

DMSO, G6PDH will accept glucose as a substrate, in place of glucose-6-phosphate. Absorbance at 340 

nm was 0.390, corresponding to a concentration of [
15

N-CA]-NADP+ of3,135uM.UV-absorbacne 

between 300 and 900 nm was scanned for confirmation of [
15

N-CA]-NADPH production; absorbance at 

340 nm allowed calculation of a concentration of  3199uM, consistent with that measured from the first 

assay. The [
15

N-CA]-NADP+ stock solution was frozen in liquid nitrogen or lyophilized overnight.  
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Figure 1.6.1 Enzyme endpoint assay with glucose-6-phosphate dehydrogenase (G6PDH):400 uL of 

DMSO, 40 uL of 37.5 mM Glucose, 20 uL of [
15

N-CA]-NADP+, 2.3 uL G6PDH (100 units), and 538uL 

of Tris buffer at PH 7.3. Concentration=3,135uM. 
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Figure 1.6.2 UV-Vis spectrum (scanned from 300 nm to 800 nm): Expected band is present at 340 nm for 

NADPH, and confirmation of concentration: 558 uLof 50 mM Tris Buffer, 400 uL of 99.8% DMSO,40 

uL 1.5 M glucose, 2 uL of G6PDH, 20 uL of NADP+. Spectrum was taken right after reaction was done. 

Concentration=3199 uM 

 

1.7 Synthesis of [
15

N-CA]-NADPH         

5ml of [
15

N-CA]-NADP+ purified previously was used for enzymatic NADPH synthesis. 0.25ml of a 

solution that is 100 units/ mL Glucose 6 Phosphate Dehydrogenase, 4 ml of 99.8% DMSO, 0.75 ml of 

100 mM Glucose, and 5 ml of[
15

N-CA]-NADP+ in Tris buffer at PH 8.0 were used for NADPH synthesis. 

The reaction was run at room temperature until UV-abosrbance at 340 nm reached a plateau, at 0.230 

(Figure 1.7.1). The calculated concentration of [
15

N-CA]-NADPH based on absorbance at 340 nm was 

1848 uM. After the reaction was done, Glucose-6-Phosphate Dehydrogenase enzyme was removed by 

ultrafiltration (Millipore, cutoff of 3kDa). The solution of [
15

N-CA]-NADPH was lyophilized to remove 

solvent.  
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Figure 1.7 Glucose-6-phosphate Dehydrogenase (G6PDH) endpoint assay:125 uL of 100 units Glucose 6 

Phosphate Dehydrogenase, 400 uL of 99.8% DMSO, 75uL of 100mM Glucose, and 20uL [
15

N-CA]-

NADP+ in 480 uL Tris buffer at pH 8.0. Absorbance=0.230, concentration=1848 uM. 

1.8 1D HSQC  

 

Figure 1.8.1 1D-15N-filtered HSQC of 15N-NAD+ 
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Figure 1.8.2 1D-15N-filtered HSQC of 15N-NADH at pH 11 
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Figure 1.8.3 1D-15N-filtered HSQC of 15N-NADH at pH 2.4 

 

Figure 1.8.4 1D-15N-filtered HSQC of 15N-NADH at Temperature 5ºC 
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Figure 1.8.5 1D-15N- filtered HSQC of NADP+ 

 

Figure 1.8.6 1D-15N- filtered HSQC of NADPH 

 

1D-HSQC was collected on a 600 MHz Varian spectrometer at room temperature. The water peak was 

used as a reference and calibrated at 4.6 ppm. 

The chemical shift of H-anti between NAD+ and NADP+ was from 8.072 to 8.090. The chemical shift of 

H-syn between NAD+ and NADP+ was from 7.261 to 7.273.  

The chemical shift of H-anti between NADP+ and NADPH was from 8.090 to 8.111. The chemical shift 

of H-syn between NAD+ and NADP+ was from 7.273 to 7.291.   

After synthesis of NADH, pH of NADH in Tri buffer solution was adjusted to 11 due to stability of 

cofactor at different pH (Section 1.4.) At the high pH (pH: 11), No peaks from hydrogens on carboxamide 
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were observed at room temperature (Figure 1.8.2). No peaks from hydrogens on carboxamide were 

observed at pH 7.9 and room temperature. At the reduced temperature (5 ºC), only one peak from 

hydrogens on carboxamide was observed at pH 7.9. pH was reduced to 2.5 and two peaks from hydrogens 

on carboxamide were observed.        

From 1D-HSQC, the synthesis of 
15

N-labeled cofactors were confirmed.  

  

1.9 Results and Discussion         

[
15

N-CA]-NAD(H) was synthesized successfully and the concentration and activity of the cofactor were 

confirmed with alcohol dehydrogenase assays by UV-vis spectroscopy. The concentration of [
15

N-CA]-

NAD+ was not changed after several freeze-thaw cycles in a pH range between 2 and 7.3 in Tris buffer. 

[
15

N-CA]-NADH was stable in the pH range between 7.3 and 12 in Tris buffer. NAD+ is known to be 

base labile, and NADH is acid labile, so careful attention to pH is important when storing cofactor for 

extended periods 

[
15

N-CA]-NADP(H) was synthesized successfully and the concentration and activity of the cofactor was 

confirmed with a G6PDH endpoint assay in 40% DMSO. The concentration of [
15

N-CA]-NADP+ was not 

changed after several freeze-thaw cycles in the pH range between 2 and 7.3 in Tris buffer.  [
15

N-CA]-

NADPH was stable in the pH range between 7.3 and 12 in Tris buffer.  
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1.10 Conclusion  

15
N-labeled cofactors NAD(P)(H) have been synthesized successfully. The problem with stability of these 

cofactors was resolved by using Tris buffer instead of phosphate buffer. After 8 freeze-thaw cycles over 

one month, the concentration was maintained, as assessed by UV-Vis spectroscopy analysis. The 1D- 

HSQC spectra confirmed that 
15

N-labeled cofactors NAD(P)(H) were produced. These 
15

N labeled 

cofactors will be used as probes to study cofactor geometry with 
15

N NOESY, and in dynamics studies 

using CPMG-based relaxation dispersion measurements.    
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2. Introduction 

Enzymatic structure and dynamics have been studied with various computational methods along 

with NMR and X-ray crystallography studies
11

. Certain structural questions regarding cofactors 

in oxidoreducatase reactions, regarding the conformation of the NAD(P)(H) (Figure 2.3 and 

Figure 2.4) cofactor, are of interest in the studies presented herein. Of particular interest is 

conformation and dynamics of the nicotinamide ring when bound to enzymes, since orientation 

of the carboxamide group is often ambiguous due to the limitation of X-ray crystallography. In 

X-ray crystallography analysis, the Nitrogen and Oxygen in the amide group in Nicotinamide 

Nucleotides is often not easy to distinguish
105

. Both dihedral angle X ≈ 180 º position
16,17

 of 

amide and dihedral angle X ≈ 0 º position
10, 18,19, 20

 of amide are possible (figure 2.1), although 

both are not observed with equal frequency – suggesting one orientation is either more favorable 

energetically, or more suitable for the reaction catalyzed by oxidoreductases.  

Thus, our interest is the dihedral angle, C3- C2- C6- O’ (figure 2.2), of the amide in the 

nicotinamide ring of the NAD(P)(H) cofactor. The dihedral angle, X ≈ 0 º, of C3-C2-C6-O’ in 

nicotinamide adenine dinucleosides (figure 2.2) was observed in X-ray crystallography about 90% 

of the time according to a survey of crystal structures reported by the Sem lab. The opposite 

angle, X ≈ 180 º, of C3-C2-C6-O’ in the nicotinamide ring was observed only about 10% of the 

time. 
15

N –filtered NOESY measurements with 
15

N labeled cofactors will be used confirm this 

results, or correct errors that may have been made, based on improper determination of Nitrogen 

and Oxygen atoms of the amide in X-ray crystal structures (perhaps the X ≈ 180 º conformation 
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is observed 100% of the time). Computational studiesare used to explore and propose the 

rationalefor any preferred conformations and mechanisms, by analysis of energy, charge, and 

resonance structures of NAD(P)(H) cofactors and simplified model derivatives, using Gaussian 9 

and NBO5. 

Understanding of structural preferences and mechanism will help to improve our understanding 

of the hydride transfer reaction involving NAD(P)+ and NAD(P)H with oxidoreductase enzymes. 

This understanding may also facilitate drug design efforts, where inhibitors are rationally 

designed to bind cofactor binding sites, or that span cofactor and substrate binding sites 
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Figure 2.1 Dihedral angle (X) of carboxamide X ≈ 0 º on the left, and dihedral angle (X) of 

carboxamide X ≈ 180 º on the right 
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Figure 2.2 Numbered atoms in Nicotinamide nucleoside as used for Gaussian calcualation, 

Dihedral angle of O2-C1-C6-C8 is called X, The figure shows an example of X ≈ 0 º.  
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Figure 2.3. Nicotinamide Adenine Dinucleotide, Oxidized Form (NAD+) on the left; 

Nicotinamide Adenine Dinucleotide Phosphate, Oxidized Form (NADP+) on the right 
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Figure 2.4Nicotinamide Adenine Dinucleotide, Reduced Form (NADH) on the left; 

Nicotinamide Adenine Dinucleotide Phosphate, Reduced Form (NADPH) on the right 

 

2.1 Materials and Methods 

Herein, we used Gaussian 9.0 and NBO5 on Marquette’s Pere cluster. Gaussian 9 is used for 

geometric optimization and analysis of energy, charge, spectroscopy, and structure with Density 

map function (DMF). The hybrid density functional b3lyp with 6-31(G) basis sets was used for 

analysis.  After optimization with Gaussian 9, input filesfrom Gaussian 9.0 were used for NBO5, 

which was provided from Dr. Timerghazin, for resonance structure calculations. 
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Simplified derivatives (model compounds) of reduced or oxidized forms of Nicotinamide 

Adenosine Dinucleotide (Phosphate), NAD(P)(H), were drawn in Gaussian View (Figure 2.2). 

The input file was edited as in Figure 2.1.1, and Gaussian geometric optimizations performed, 

using b3lyp/6-31g(d).    

 

 

Figure 2.1.1 Geometry optimization input file 

 

The output file from geometric optimization was edited for geometric check or rotational energy 

calculation or spectroscopy analysis (Figure 2.2.2).  The output file from geometric check was 

also editedto create the NBO input file (Figure 2.2.3). Additionally, bond length, charge, dihedral 

angle, vibration, and energy scan results were analyzed with Gaussian View. 
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Figure 2.1.2 Input file for geometric check or rotational energy calculation or spectroscopy 

calculations. 

 

Figure 2.1.3 Input file for NBO5 calculations. 
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2.2. Rotational Energy of NAD(P)(H) 

Recent article published for x-ray crystallography related to NAD(P)(H) shows the conformation 

of amide position, X ≈ 0 º, is the most abundant. Analysis of potential energy according to the 

rotation of amide in NAD(P)(H) provides understanding ofrelationship between the most 

abundant and the most stable structure. If the most abundant structure is not the most stable 

structure, enzymatic catalyst reaction has to at least overcome this energy cap additionally. This 

may be a clue for rationalization of enzymatic reaction in the aspect of cofactors.  

The potential energies were calculated as a function of the bond rotation between C1 and C6, 

amide structure in Nicotinamide. The bond was rotated every 10 º from 0º to 360º. The structure 

of the cofactor, NAD(P)(H), is a relatively large molecule for a computational study. Because the 

effects from distal elements are likely to be insignificant, simplified derivative molecules, 

Propene, Nicotinamide, and Nicotinamide nucleoside of NAD(P)(H) were used for geometry 

optimization and other computational studies. 
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STUDIES OF OXIDIZED NICOTINAMIDE RING AND ANALOGS 

 

Figure 2.2.1 Rotational Energy of C1-C6 bond in Oxidized NicotinamideNucleoside ,  X= 0 º 

is Dihedral angle of O2-C1-C6-C8 =0 º, Structure “A” was geometrically optimized.  
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Figure 2.2.2 Structure A from energy diagram in Figure 2.2.1, at X= -22.66º, Energy = 5.0 

KJ/mole. The glycosidic bond (N15-C16) is in the syn conformation.  
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Figure 2.2.3 Structure B from energy diagram in Figure 2.2.1, X= 19.01 º, Energy = 7.0 KJ/mole. 
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Figure 2.2.3 Structure C from energy diagram in Figure 2.2.1, X= 85.42 º, Energy = 20.1 

KJ/mole. 

 


