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Abstract

Nicotinamidases are metabolic enzymes that hydrolyze nicotinamide to nicotinic acid. These
enzymes are widely distributed across biology, with examples found encoded in the genomes of
Mycobacteria, Archaea, Eubacteria, Protozoa, yeast and invertebrates but there are none found in
mammals. Although recent structural work has improved understanding of these enzymes, their
catalytic mechanism is still not well understood. Recent data shows that nicotinamidases are
required for growth and virulence of several pathogenic microbes. The enzymes of Saccharomyces
cerevisiae, Drosophila melanogaster and Caenorhabditis elegans regulate lifespan in their
respective organisms, consistent with proposed roles in the regulation of NAD* metabolism and
organismal aging. In this manuscript, the steady state kinetic parameters of nicotinamidase
enzymes from C. elegans, S. cerevisiae, Streptococcus pneumoniae (a pathogen responsible for
human pneumonia), Borrelia burgdorferi (the pathogen that causes Lyme Disease) and
Plasmodium falciparum (responsible for most human malaria) are reported. Nicotinamidases are
generally efficient catalysts with steady state kqy; values typically exceeding 1 s1. The K, values
for nicotinamide are low and are in the range from 2 — 110 uM. Nicotinaldehyde was determined
to be a potent competitive inhibitor of these enzymes, binding in the low pM to low nM range for
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all nicotinamidases tested. A variety of nicotinaldehyde derivatives were synthesized and
evaluated as inhibitors in Kinetic assays. Inhibitions are consistent with reaction of the universally
conserved catalytic Cys on each enzyme with the aldehyde carbonyl carbon to form a
thiohemiacetal complex which is stabilized by a conserved oxyanion hole. The S. pneumoniae
nicotinamidase can catalyse exchange of 180 into the carboxy oxygens of nicotinic acid with 180-
water. The collected data, along with kinetic analysis of several mutants, allowed us to propose a
catalytic mechanism that explains nicotinamidase and nicotinic acid 180 exchange chemistry for
the S. pneumoniae enzyme involving key catalytic residues, a catalytic transition metal ion and the
intermediacy of a thioester intermediate.

The nicotinamidases hydrolyze nicotinamide to nicotinic acid (Scheme 1). They play
important roles in nicotinamide salvage in multiple species of bacteria (1), mycobacteria (1-
4), yeast (5-7), protozoa (8) and are encoded in genomes of plants (9) and in many
metazoan species, such as Drosophila melanogaster (10) and Caenorhabditis elegans (10—
12). Nicotinamide salvage is important because NAD(P)* is chemically unstable to non-
enzymatic hydrolysis even at physiologic temperatures (13-15) and nicotinamide is the
product of multiple NAD* consuming enzymes (13,14), such as sirtuins, that are widely
distributed in biology (16). Consistent with their centrality to NAD* homeostasis,
nicotinamidases have been shown to be essential for the viability of several microorganisms
that are pathogenic to humans such as Borrelia burgdorferi (which causes Lyme disease)
(17-19) and Brucella abortus (20). It is possible that other pathogenic organisms require this
enzyme as well, since some of these, including Plasmodium falciparum, do not appear to
encode genes for enzymatic components of de novo NAD* biosynthetic pathways (21).
Consequently, it is likely that these organisms are highly reliant on salvage of nicotinamide
from the human host. Attractively, human and mammalian genomes do not encode a
nicotinamidase, suggesting that small molecule inhibitors of nicotinamidases could serve as
antimicrobial agents (21).

Biologically interesting roles for nicotinamidases have also been identified as increasers of
lifespan in D. melanogaster (10) and in C. elegans (11) and in the budding yeast
Saccharomyces cerevisiae (22). Specifically, nicotinamidases regulate intracellular
nicotinamide concentrations, which are implicated in negative regulation of NAD*
dependent deacetylases (the sirtuins) (16,23). Overexpression of nicotinamidases increases
lifespan and requires sirtuin activity in yeast (24) and in flies (10) consistent with the idea
that nicotinamidase overexpression depletes intracellular nicotinamide concentrations,
thereby increasing sirtuin activity. Consistently, sirtuin overexpression within D.
melanogaster (25,26) C. elegans (27,28) and S. cerevisiae (29,30) also causes increased
lifespan. Stresses that increase lifespan in the S. cerevisiae, such as low calorie stress, are
inducers of nicotinamidase transcription and translation (22), and oxidative stress increases
nicotinamidase expression in D. melanogaster (10). These data suggest that these enzymes
are central to phylogenetically conserved adaptive responses to environmental stresses in
single-celled eukaryotes and in non-mammalian multicellular eukaryotes. Of additional
interest, the nicotinamidase from Mycobacterium tuberculosis is responsible for activation
of the pro-drug pyrazinamide to the active antibiotic pyrazinoic acid. Mutations in this
enzyme are associated with resistance to the drug (Scheme 2) (4). Recently nicotinamidases
have been shown to be important for plant germination as well (31). The available literature
supports the view that nicotinamidases are therapeutically and biologically interesting
enzymes with diverse functions associated with their enzymatic activity.

The first nicotinamidase activity was reported for the organism Lactobacillus arabinosus
(32), but decades later, there is still limited insight into the chemical and enzymatic
mechanisms of these enzymes. Two unliganded structures of nicotinamidases have been
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reported, one of the S. cerevisiae enzyme (6), the other from the archaean thermophile
Pyrococcus horikoshii (33). Both structures revealed an active site coordinated metal ion,
proposed to be Zn*2, and similar structural folds, although limited insight into catalytic
chemistry was provided. A recent structure of the nicotinamidase from Acinetobacter
baumanii in complex with nicotinic acid clarified some aspects of the active site design for
these enzymes (34). The crystal structure revealed that the pyridine N1 of nicotinic acid is
coordinated to the central metal ion, suggesting that coordination of nicotinamide to the
metal center organizes the pyridine for attack by a cysteine residue on the amide carbonyl of
the substrate (34). This cysteine is universally conserved in all nicotinamidases (Figure 1)
and previously had been proposed to perform a nucleophilic function on the enzyme to form
a labile thioester of nicotinic acid, which can further hydrolyse to release the free thiol and
nicotinic acid (33,34). This mechanistic proposal was more convincingly demonstrated in a
very recent paper, in which several of the current authors contributed, which structurally
characterized the thioester intermediate on the nicotinamidase from Streptococcus
pneumoniae (35).

In this paper, we characterize the steady state kinetic properties for a number of
nicotinamidases from multiple sources S. cerevisiae, B. burgdorferi, P. falciparum, S.
pneumoniae and two nicotinamidase isoforms from C. elegans. We present a continuous
assay to monitor nicotinamidase catalytic function and show that these enzymes have high
catalytic efficiency for nicotinamide and can accept a number of additional substituted
nicotinamide substrates. The nicotinamidase from S. pneumoniae is shown to exchange 180
into nicotinic acid from 180 water. In addition we found that all of these enzymes are
inhibited by nicotinaldehyde with K; values between 1.4 uM to 11 nM. Kinetic analyses
revealed that nicotinaldehyde is a competitive inhibitor with nicotinamide consistent with
reversible mechanism-based trapping of the enzyme. Structural variants of nicotinaldehyde
were synthesized and biochemically evaluated, establishing the possibility of developing
potent yet selective inhibitors for nicotinamidases derived from different sources. Using
information provided by nicotinaldehyde inhibition studies, kinetic studies, sequence
comparisons, and mutagenesis data, we present mechanisms of nicotinaldehyde

inhibition, 180 exchange, and nicotinamide hydrolysis catalyzed by nicotinamidases.

Materials and Methods

Reagents and Instrumentation

Unless otherwise stated in the text, all reagents were purchased from Sigma-Aldrich or
VWR and were of the highest purity commercially available. UV analyses were performed
on a Hitachi U-3010 spectrophotometer. Fluorescence analyses were performed on a LJL
Biosystems Analyst AD 96.384 microplate reader.

Plasmid Construction and Protein Expression

Standard molecular biology techniques were used to clone the genes of interest. The cloning
and expression of nicotinamidases from S. pneumoniae, B. burgdorferi and P. falciparum
(SpNic, BbNic and PfNic respectively) are reported in the Supporting Information. The
nicotinamidase gene from B. burgdorferi was cloned from a construct pBBE22 provided by
Steven J. Norris, Ph.D. of University of Texas Health Science Center at Houston (36). C.
elegans PNC1 and PNC2 (CePNC1 and CePNC2) were expressed and purified as described
(12) and the expression plasmid of S. cerevisiae Pncl was received as a gift from Dr. Jeffrey
Smith of the University of Virginia and expressed and purified as described previously (24).
Mutants of nicotinamidase from S. pneumoniae, R97A, K103A, C136A and C136S were
prepared consistent with instructions of QuickChange® Site-Directed Mutagenesis Kit
(Agilent Technologies, Genomics), and each mutant was confirmed by sequencing. Primers
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for the mutagenesis are reported in the Supporting information. Mutants were expressed in
the same manner as native SpNic. Proper folding of mutant enzymes was confirmed by
native gel electrophoresis. For all of the experiments that follow, the enzyme concentrations
were determined by the method of Bradford (37).

GDH Coupled Nicotinamidase Assay

Nicotinamidase activity was monitored by coupling the production of ammonia with the
consumption of NAD(P)H by the enzyme bovine glutamate dehydrogenase (GDH, from
Sigma). A typical reaction contained 1 mM a-ketoglutarate, 250 uM NAD(P)H, 1.5 units of
GDH per 100 pL of reaction volume, and different concentrations of nicotinamide in 100
mM phosphate buffer, pH 7.3 at 25. The components were mixed and placed in cuvettes (for
analysis by UV, 340 nm detection wavelength), or into a 96-well plate (for analysis on a
plate reader using fluorescence). Reaction was initiated by addition of the appropriate
nicotinamidase enzyme. Typical enzyme concentrations were: [BbNic] = 140 nM. [PfNic] =
14 nM. [Pncl] = 210 nM. [SpNic] = 12 nM. [CePNC1] = 10 nM. [CePNC2] = 133 nM.
Absorbance at 340 nm was used to monitor concentration of NAD(P)H with time. In plate
reader experiments, fluorescence intensity was used to monitor NADP(H) (excitation 360
nm, emission 490 nm).

HPLC Assay for Nicotinamidase Activity

All HPLC analyses were performed on a Hitachi Elite Lachrom system equipped with diode
array detector. After a typical injection on a Macherey-Nagel Nucleosil C-18 250 mm x 4.6
mm column, the mixture was eluted with 20 mM ammonium acetate pH 6.9 at 1 mL/min for
15 min and then eluted with 20 mM ammonium acetate pH 6.9 10% methanol. Authentic
nicotinic acid eluted at 4.2 min and nicotinamide eluted at 16 min using 260 nm as a
detection wavelength (Typical chromatograms are available in the Supporting Information).
In some instances a Waters 300 mm x 7.8 mm Delta-pak C18 column was used for HPLC
measurements with slight adjustments to the assay method. A typical reaction was run in 50
pL total volume containing 200 uM nicotinamide in 100 mM phosphate buffer at pH 7.3.
Reaction was initiated by addition of nicotinamidase (10-200 nM final concentration) and
incubated for 20 min at 25 °C. Reactions were quenched by addition of 6 pL 10 %
trifluoroacetic acid and incubated on ice for 30 min. Prior to injection on HPLC, the sample
was centrifuged at 13, 000 g for 2 min to remove precipitates.

Steady State Analysis (Initial Rate Method)

For C. elegans PNC1 and PNC2 (CePNC1 and CePNC2), the GDH coupled assay described
above was used to determine the Michaelis-Menten parameters. Reactions were run in 150
pL total volume containing varying concentrations of nicotinamide (0, 10, 20, 30, 40, 50,
75, 100, 200, 400 and 600 pM) on a 96-well plate. The reactions were initiated by addition
of nicotinamidase (final concentration 500 nM CePNC1, 667 nM CePNC2) and decreasing
fluorescence intensity was monitored by a microplate reader for a total of 900 s at 27 s
intervals. The initial rates of reactions were derived from the slope of product formed versus
time where extent of reaction had not exceeded 15% of substrate in each case. Determined
rates were plotted against nicotinamide concentrations and fit with the Michaelis-Menten
equation using Kaleidagraph® (Synergy Software).

Steady State Progress Curve Analysis

For SpNic and Pnc1, kinetic parameters were measured by the GDH coupled assay
described above and calculated by progress curve analysis. Reactions were run in 600 pL
total volume containing 100 uM of nicotinamide in UV cuvettes. The reactions were
initiated by addition of nicotinamidase (final concentrations: 200 nM Pnc1, 12 nM SpNic).
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Absorbance at 340 nm was monitored by UV spectrophotometer over a total of 60 min at 22
s intervals for SpNic, and 15 min at 25 s intervals for Pncl. Progress curve analysis involved
approximating instantaneous rates at a time ty, where product formation at ty_; and ty.1 was
determined and the AP/At calculated to determine the instantaneous rate. ty represents the
mid time point between ty_1 ty+1 and the ty_q ty4+1 represent the start and end points of the
time interval. Rates were plotted vs. the substrate concentration at each time calculated for
each point and the data fit to the Michaelis-Menten equation to determine Ky, and Kgat
values. The method is similar to that published for this approach (38).

Steady State Kinetics-HPLC Analysis

For BbNic and PfNic, HPLC assay described above was used to measure the steady state
kinetic parameters. Nicotinamide was incubated at concentrations of 0, 20, 40, 60, 80, 120,
160, 200 and 400 uM. For BbNic 5.4 uM was used as a final concentration. Chromatograms
were analyzed at wavelength of 260 nm. Reactions were quantified by integrating areas of
peaks corresponding to nicotinamide and nicotinic acid. Rates were plotted versus
nicotinamide concentration and best fit of points to the Michaelis-Menten equation was
performed by Kaleidagraph®.

For P. falciparum nicotinamidase, reactions containing 0, 2.5, 3.75, 5, 7.5, 10, 20, 25, 50
UM of nicotinamide with 20% [carbonyl-C14]-nicotinamide in 100 mM phosphate buffer pH
7.3 were initiated with the addition of PfNic, reactions were incubated at room temperature
for 7 min and quenched by addition of 8 pL of 10% trifluoroacetic acid. After centrifugation
at 13,000 g for 2 min, the reactions were injected on HPLC to separate nicotinamide and
nicotinic acid. Eluents containing nicotinamide and nicotinic acid were collected and
radioactivity was determined by scintillation counting. Rates were determined as cpm/s
conversion to nicotinic acid, and then converted to a turnover rate (s~1) by adjustment for
specific radioactivity of nicotinamide and enzyme concentration. Rates were plotted versus
nicotinamide concentration and best fit of plotted data to the Michaelis-Menten equation
was performed using Kaleidagraph®.

Inhibition Analysis

To determine inhibition, reactions were performed using the GDH coupled assay described
above. Reactions containing 1 mM a-ketoglutarate, 250 pM NAD(P)H, 1.5 units of GDH
per 100 pL of reaction volume, either 200 uM or 2 mM of nicotinamide, and varying
concentrations of inhibitors in 100 mM phosphate buffer, pH 7.3, were initiated with the
addition of nicotinamidases. Rates were plotted and points fit to equation 1 using
Kaleidagraph®:

Vinh/V0.=([ S+ Km) /([ S+ (Km+(1+[1]/K))) (1)

where vjnh. is the inhibited rate for a given concentration of inhibitor, vq is the uninhibited
rate, [S] is the nicotinamide concentration, K, is the Michaelis constant for nicotinamide for
the nicotinamidase, [I] is the inhibitor concentration and K; is the intrinsic binding constant
for competitive inhibition. In most cases the inhibition data was fit to Morrison’s quadratic
equation and in all cases where inhibitors were found to have an intrinsic K;j below 5 uM
(Equation 2):

v _, ([E1T+[11T+Kfpp>—\/<;[E1T+[11T+Kfpp>2—4[E1T[11T
Yoo 2[E], @)
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where vjn is the inhibited rate for a given concentration of inhibitor, v is the uninhibited
rate, [E]y is the total enzyme concentration, [I]t is the total inhibitor concentration, and
Ki@P is the apparent inhibition constant as described (39). K;, the intrinsic binding constant
of the inhibitor to the enzyme can be calculated from K;2PP by the relation (Equation 3):

Ki=K;*? /(1+[S]/Kw) 3

where [S] is the substrate concentration and K, is the Michaelis constant of the substrate to
the enzyme as described (39).

Competition Analysis of Inhibitors

Nicotinaldehyde was characterized as an inhibitor versus nicotinamide. Use of the GDH
coupled assay described above was used for the competitive analysis. Inhibition reactions
were performed in 150 uL volumes containing 1 mM a-ketoglutarate, 250 uM NADPH,
2.25 units of GDH, and different concentrations of nicotinamide (50, 100, 250, 500 and
1000 pM) in 100 mM phosphate buffer, pH 7.3, with inhibitor concentrations from 0 to 2x
or 5x estimated K; as indicated in Figure 5. Reactions were initiated by addition of
nicotinamidase enzymes (typically 20 nM-100 nM). Double reciprocal plots of 1/v versus 1/
[Nicotinamide] at different fixed concentrations of the inhibitor were plotted where v is the
observed rate. Intersection of the lines at 1/v axis indicated competitive inhibition. All data
points were fit to the double reciprocal equation for competitive inhibition using
Kaleidagraph®.

Nicotinamidase activity of mutants

To determine the catalytic rate of SPNic and its mutants, reactions containing 200 uM
nicotinamide were carried out at pH 7.5 and 37 °C using standard assay conditions for
HPLC as described elsewhere in the experimental. 100 nM SPNic wt, 100nM R97A, 5 uM
K103A, 5 uM C136A, 5 pM C136S were used in each reaction respectively. Reaction were
quenched by 10% TFA. Nicotinic acid was separated from nicotinamide by HPLC and
quantified. The catalytic rates of SPNic and the R97A mutant were also determined by plate
assay as described elsewhere in the experimental at 37 °C. In HPLC assays, the observed
catalytic rates of K103A C136A and C136S were determined from product formation after a
1 h reaction. Similar reaction rate analyses were performed in each case with 1 mM
nicotinamide.

180 Isotope Exchange Catalyzed by S. pneumoniae Nicotinamidase

To obtain a fully equilibrated nicotinic acid with 180 content in water, 25uL reactions in 40
mM phosphate buffer pH 7.0 containing 180-H,0 (to final 180 content of 87%), 1 mM
nicotinic acid and 6 UM SpNic were incubated for 0 (pre quenched), 2, 10, 30, 60 min at 37
°C and reactions were quenched with 4 pL 10% trifluoroacetic acid. A reaction with no
enzyme was run as a control and quenched identically at 60 min. 20 pL of each reaction was
injected onto a C-18 reverse phase column (EC250/4.6 NUCLEODUR 100-5 C18,
Macherey-Nagel) to separate nicotinic acid using 20 mM ammonia acetate pH 7.0 as eluant.
Eluant containing nicotinic acid was dried by lyophilization and redissolved into 10 pL
water. 1L of sample was spotted on a gold MALDI plate and 1pL of matrix composed of
10 mg/mL a-cyano-4-hydroxycinnamic acid (CHCA) and 0.1% TFA (50: 50 v/v) was added
and dried. The mass spectrum was acquired by an Applied Biosystems DE-STR MALDI-
TOF spectrometer (Rockfeller University, Proteomics Resource Center). For each sample,
the mass spectrum was recorded through 200 shots and the measurement repeated three
times and averaged. [U-160]-nicotinic acid was detected at m/z = 124.07(5) which is the
mass of the twice-protonated species. [160, 180]-nicotinic acid was detected at m/z =
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126.07(5) and [U-180]-nicotinic acid was detected at m/z = 128.07(5). Complete
equilibrative exchange of 180 into nicotinic acid was observed after an hour and significant
exchange was measured at 2 min. No exchange was observed in the sample that received no
enzyme. Formation of 180 nicotinic acids (single and double labeled) was confirmed by
HRMS (CUNY Hunter Mass Spectrometry Facility). Predicted mass for single labeled 180
nicotinic acid (CgHsNO[80]) m/z calculated =125.0363, found 125.0365; for
(CeHsN[*80]5) m/z calculated = 127.0405, found 127.0407.

In order to determine the rate of exchange with 280-H,0, we used the initial rate method.
Reactions of volume 25pL in 40 mM phosphate buffer pH 7.0 containing 180-H,0 (to
final 180 content of 87%), 1 mM nicotinic acid and 100 nM SpNic were reacted for 0, 20,
40, 60, 120 min and quenched and processed as described above. The 180 isotope-
incorporated nicotinic acid at m/z = 126 and at m/z = 128 were detected by MALDI-TOF
spectrometer and their combined intensity percentage was fit linearly with time. The
exchange rate was corrected to the intrinsic rate of exchange by Equation 4:

kops(corrected )=kops /0.87 (4)

where Kkops is the experimentally determined rate of exchange, 0.870 is the mole fraction
of 180 isotope in water and kqps (corrected) is the observed rate constant corrected for the
isotope mole fraction.

The exchange rates of mutant SpNic enzymes were measured using 1 mM NA in reactions
of volume 25pL in 40 mM phosphate buffer pH 7.0 containing 180-H,0 (to final 180
content of 87%). 100 or 500 nM SPNic wt, 500 nM R97A, 5 uM K103A, and 5 uM C136A
were used in each reaction respectively. The observed exchange rates of SPNic wt and
R97A were determined by the initial rate method for a 30 min-reaction at 37 °C; the
observed exchange rates of K103A and C136A were determined from a 2 h-reaction at 37
°C. The 180 isotope-incorporated nicotinic acid at m/z of 126 and at m/z of 128 was detected
by MALDI-TOF spectrometer and their combined intensity percentage was used to calculate
the observed exchange rate with correction for the isotope fraction of 180 in water as
described above.

Synthesis of Substrate Analogues

Nicotinamide, 2-chloronicotinamide, 6-chloronicotinamide, 6-methylnicotinamide, 6-
aminonicotinamide, isonicotinamide and ethyl nicotinate were purchased from Aldrich.
Thionicotinamide was purchased from Acros. We also thank Peter Tyler of IRL New
Zealand for several samples of nicotinamides including 5-methylnicotinamide, 6-
chloronicotinamide, 6-methylnicotinamide and 6-aminonicotinamide. 5-methylnicotinamide
was alternatively synthesized as reported (40).

5-Methoxynicotinamide was synthesized from the corresponding aldehyde (41). 5-
Methoxy-3-pyridinecarboxaldehyde (400 mg, 2.92 mmol) was dissolved in 4 mL of
methanol and to this solution was added hydroxylamine hydrochloride (264 mg, 3.80
mmol). The reaction mixture was allowed to stir at 25 °C for 4 h. Solvent was removed
under reduced pressure, residue was redissolved in 3 mL of dry pyridine and to this solution
was added methanesulfonyl chloride (435 mg, 3.80 mmol). The mixture was stirred at 25 °C
for 2 h, and then water and ethyl acetate were added. The combined organic layer was dried
over Na,SO4. Column chromatography (hexanes: ethyl acetate = 4:1) afforded 320 mg (2.39
mmol, 82% yield) of 3-cyano-5-methoxypyridine as a white solid. 1H NMR (400 MHz,
CDCly), 6 ppm: 8.49 (d, J= 2.8 Hz, 1H), 8.46 (d, J= 1.5 Hz, 1H), 7.37 (dd, J= 1.6, 2.8 Hz,
1H), 3.89 (s, 3H). Hydrogen peroxide (4 mL) was added dropwise to a solution of 3-
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cyano-5-methoxypyridine (320 mg, 2.39 mmol) and K>,CO3 (790 mg, 5.72 mmol) in 3 mL
of DMSO, the mixture was stirred for one hour before it was diluted with water and
lyophilized to dryness. The crude product was purified by column chromatography (ethyl
acetate: ethanol = 10:1) followed by recrystallization in ethyl acetate to afford 200 mg (1.32
mmol, 55% yield) of 5-methoxynicotinamide as white solid. 1TH NMR (400 MHz, DMSO), &
ppm: 8.62 (d, J= 1.7 Hz, 1H), 8.40 (d, J= 2.9 Hz, 1H), 8.13 (s, br, 1H), 7.74 (dd, J= 1.8, 2.8
Hz, 1H), 7.59 (s, br, 1H), 3.86 (s, 3H); 13C NMR (100 MHz, DMSO0), 5 ppm: 55.7, 118.8,
130.3, 140.1, 140.7, 155.0, 166.2; HRMS (ESI): calcd for C;HgN,0, 152.0586, found
152.0587.

4-Methoxynicotinamide was synthesized from the corresponding aldehyde (41). 4-
Methoxy-3-pyridinecarboxaldehyde (180 mg, 1.31 mmol) was dissolved in 2 mL of
methanol and to this solution was added hydroxylamine hydrochloride (118 mg, 1.70
mmol). The reaction mixture was allowed to stir at room temperature for 4 h. Solvent was
removed under reduced pressure, residue was redissolved in 2 mL of dry pyridine and to this
solution was added methanesulfonyl chloride (195 mg, 1.70 mmol). The mixture was stirred
at room temperature for 2 h, and then water and ethyl acetate were added. The combined
organic layer was dried over Na;SO,4. Column chromatography (hexanes: ethyl acetate =
1:2) afforded 135 mg (1 mmol, 78% yield) of 3-cyano-4-methoxypyridine as white solid. 1H
NMR (400 MHz, CDCly), 8 ppm: 8.67 (s, 1H), 8.62 (d, J= 6.0 Hz, 1H), 6.90 (d, J= 6.0 Hz,
1H), 3.99 (s, 3H). Hydrogen peroxide (1.67 mL) was added dropwise to a solution of 3-
cyano-4-methoxypyridine (135 mg, Immol) and K,CO3 (333 mg, 2.4 mmol) in 3 mL of
DMSO, the mixture was stirred for one hour before it was diluted with water and lyophilized
to dryness. The crude product was purified by column chromatography (ethyl acetate:
ethanol = 10:1) followed by recrystallization in ethyl acetate to afford 100 mg (0.66 mmol,
66% yield) of 4-methoxynicotinamide as white solid. 1H NMR (400 MHz, DMSO), & ppm:
8.70 (s, 1H), 8.51 (d, J=5.8 Hz, 1H), 7.64 (s, br, 1H), 7.61 (s, br, 1H), 7.15 (d, J= 5.9 Hz,
1H), 3.93 (s, 3H); 13C NMR (125 MHz, DMSO), & ppm: 57.0, 108.7, 117.7, 151.5, 154.2,
165.2, 168.9; HRMS (ESI): calcd for C;HgN,0, 152.0586, found 152.0587.

2-Aminoisonicotinamide was synthesized as described before (42) with several
modifications. Briefly, acetylation of 2-amino-4-picoline followed by oxidation using
KMnO, gave 2-N-acetylamido-isonicotinic acid. This compound was subjected to amidation
in the presence of DCC and ammonia in methanol to yield 2-N-acetylamido-
isonicotinamide. Further reaction of 2-N-acetylamido-isonicotinamide with ammonia in
methanol provided the desired 2-aminoisonicotinamide in modest yield, 1TH NMR matches
reported data

Phenyl nicotinate was synthesized from nicotinoyl chloride hydrochloride. To a 100 mL
round-bottom flask were added nicotinoyl chloride hydrochloride (770 mg, 4.33 mmol), 5
mL of triethylamine and 20 mL of THF. To this mixture was added 4 mL of pyridine
dropwise. After stirring for 30 min at 25 °C, phenol (610 mg, 6.49 mmol) was added. The
reaction was kept at 25 °C overnight, precipitate was filtered off and solution was
evaporated under reduced pressure. The residue was redissolved in water and extracted with
CH,Cl,. The combined organic layer was washed with brine and dried over anhydrous
Na,SOy4. Solvent was then concentrated in vacuo and crude product was recrystallized from
ethyl acetate. TH NMR (500 MHz, CDClg), 5 ppm: 9.41 (s, 1H), 8.86 (dd, J = 1.7, 4.9 Hz,
1H), 8.46 (dt, J = 2.0, 8.0 Hz, 1H), 7.47 (stack, 3H), 7.32 (t, J = 7.3 Hz, 1H), 7.23 (m, 2H).

1-Methylnicotinamide was synthesized similarly to the method reported by Martin and Hull
(43). Briefly, three equivalents of iodomethane was added to a solution of nicotinamide in 2
mL of methanol. The reaction was allowed to stir at room temperature and monitored by

TLC. When the reaction was complete (after approximately 30 hours), the solid was filtered
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off and dried under reduced pressure. The resulting product was purified by recrystallization
from methanol. 1H NMR (500 MHz, DMSO), & ppm: 9.4 (s, 1H), 9.11 (d, J= 6.1 Hz, 1H),
8.90 (d, J= 8.2 Hz, 1H), 8.51 (s, br, 1H), 8.25 (dd, J= 6.1, 8.1 Hz, 1H), 8.14 (s, br, 1H), 4.42
(s, 3H). 1-Methyl-isonicotinamide was prepared similarly.

Synthesis of Inhibitors

3-Pyridinecarboxaldehyde, 5-bromo-3-pyridinecarboxaldehyde, 2-chloro-3-
pyridinecarboxaldehyde, 3,5-lutidine, 3,5-dibromopyridine, 4-methoxypyridine, 3-
cyanopyridine, 3-acetylpyridine, 3-hydroxypyridine and nicotinic acid were purchased from
Aldrich.

5-Methoxy-3-pyridinecarboxaldehyde was synthesized in two steps from 3, 5-
dibromopyridine (44). Sodium methoxide in methanol (4 mL, 9.56 mmol) was stirred under
reduced pressure at 65 °C for 10 min. The remaining solid was dissolved in 5 mL of DMF.
Solid 3, 5-dibromopyridine (1.5 g, 6.33 mmol) was added, and the mixture was stirred at
63~68 °C for one hour. Then it was poured into water, extracted with ethyl acetate. The
combined organic layer was washed with brine and dried over anhydrous Na,SO4. After
solvent was evaporated under reduced pressure, column chromatography afforded 1 g (5.32
mmol, 85% yield) of 3-bromo-5-methoxypyridine as a white solid. *H NMR (400 MHz,
CDCl3), & ppm: 8.31 (s, 1H), 8.26 (s, 1H), 7.35 (s, 1H), 3.88 (s, 3H). To a stirred solution of
3-bromo-5-methoxypyridine (1 g, 5.3 mmol) in 20 mL of anhydrous THF at —90 °C was
added nBuLi (2.9 mL, 5.8 mmol) over 5 min. The solution was allowed to stir for another 20
min at —90 °C, and then DMF (0.53 mL, 6.9 mmol) was added. The reaction mixture was
stirred for 30 min and the cold mixture was poured directly into brine and extracted with
ethyl acetate. Combined organic layer was dried over anhydrous Na,SOy4. After solvent was
evaporated under reduced pressure, column chromatography afforded 0.5 g (3.65 mmol,
68% yield) of 5-methoxy-3-pyridinecarboxaldehyde as a pale yellow solid. H NMR (400
MHz, CDCl3), 3 ppm: 10.08 (s, 1H), 8.63 (d, J= 1.5 Hz, 1H), 8.53 (d, J= 3 Hz, 1H), 7.58
(dd, J= 1.5, 3 Hz, 1H), 3.89 (s, 3H).

5-Methyl-3-pyridinecarboxaldehyde was synthesized in three steps from 3,5-lutidine. 3,5-
lutidine was converted to 5-methylnicotinic acid as described previously (45). 5-
methylnicotinic acid (100 mg, 0.73 mmol), triphenylphosphine (382 mg, 1.46 mmol) and
methanol (47 mg, 1.46 mmol) were dissolved in 1 mL of anhydrous THF, to this solution
was added DIAD (295 mg, 1.46 mmol) at 0 °C dropwise. The reaction mixture was allowed
to warm to room temperature and stir overnight. Saturated brine was added to quench the
reaction, aqueous layer was extracted with ethyl acetate. Combined organic layer was dried
over anhydrous Na,SO4 and concentrated under reduced pressure. Crude product was
purified by column chromatography to afford 70 mg (0.46 mmol, 64% yield) of 5-
methylnicotinic acid methyl ester as white solid. 1H NMR (500 MHz, CDCls), 5 ppm: 9.01
(s, 1H), 8.59 (s, 1H), 8.09 (s, 1H), 3.93 (s, 3H), 2.38 (s, 3H). To a solution of 5-
methylnicotinic acid methyl ester (70 mg, 0.46 mmol) in 2 mL of toluene was added
DIBAL-H (3.2 mL, 3.2 mmol) dropwise at —78°C. The reaction was kept at —78°C for one
hour before quenched by methanol at —20 °C. To the reaction mixture was then added 0.1 M
HCI and ether, aqueous phase was extracted with ether, combined organic phase was washed
with saturated NaHCOg3, water and brine, and then dried over anhydrous Na;SQOy4. Solvent
was evaporated under reduced pressure and crude product was purified by column
chromatography to afford 50 mg (0.41 mmol, 89% yield) of 5-methyl-3-
pyridinecarboxaldehyde as colorless oil. 1H NMR (500 MHz, CDCl3), & ppm: 10.08 (s, 1H),
8.87 (s, 1H), 8.67 (s, 1H), 7.95 (s, 1H), 2.43 (s, 3H).

6-Fluoro-3-pyridinecarboxaldehyde was synthesized from the corresponding carboxylic
acid. In general, the acid was reduced with 1.1 equivalents of lithium aluminum hydride in
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refluxing anhydrous THF overnight. After quenching with ethyl acetate and water, the
precipitate was filtered off, solvent was removed under reduced pressure and the alcohol
was used for the next step without further purification. The alcohol was added to two
equivalents of sodium nitrite followed by one equivalent of acetic anhydride and stirred at 0
°C (46). The reaction was monitored by TLC and upon completion the product was
extracted with diethyl ether. The aldehyde was further purified by column

chromatography. 1H NMR (500 MHz, CDCly), 5 ppm: 10.08 (s, 1H), 8.75 (d, J= 1.5 Hz,
1H), 8.32 (dt, J=2.1, 8.2 Hz, 1H), 7.11 (dd, J= 2.5, 8.4 Hz, 1H). 13C NMR (125 MHz,
DMSO), 6 ppm: 110.6, 110.9, 114.1, 139.3, 140.9, 141.0, 152.0, 152.1, 188.6; HRMS (ESI):
calcd for CgH4FNO 125.0277, found 125.0281.

4-Methoxy-3-pyridinecarboxaldehyde was synthesized in one step from 4-methoxypyridine
(44). To a solution of tBuLi (1.7 M in pentane, 16.6 mL, 28 mmol) in 30 mL of anhydrous
THF at —78°C was added 2.2 g of 2-bromomesitylene (1.66 mL, 11 mmol). After stirring at
—78 °C for 1 hour, a pale yellow heterogeneous mixture was formed. To this mixture was
then added 1.09 g of 4-methoxypyridine (1 mL, 10 mmol), and stirring was continued at —78
°C for 1 hour, at —23 °C for 1 hour and at room temperature for 1 hour. The mixture was
again cooled to —78 °C, and 0.954 g of DMF (1 mL, 13.1 mmol) was added dropwise. After
stirring at —78 °C for another hour, the reaction was quenched by saturated NaHCO3
solution. Aqueous layer was extracted with ethyl acetate (3 x 10 mL), and organic layers
were combined and dried over anhydrous Na,SO,. After solvent was evaporated under
reduced pressure, column chromatography afforded 0.88 g (6.4 mmol, 64% yield) of 4-
methoxy-3-pyridinecarboxaldehyde as a pale yellow solid. 1H NMR (400 MHz, CDCls), &
ppm: 10.42 (s, 1H), 8.86 (s, 1H), 8.61 (d, J= 6 Hz, 1H), 6.91 (d, J= 6 Hz, 1H), 3.98 (s, 3H).

Cloning and Protein Expression

The genes encoding the nicotinamidase enzymes from B. burgdorferi (BbNic), S.
pneumoniae (SpNic) and P. falciparum (PfNic) were cloned into appropriate expression
vectors and expressed and purified as described in the Materials and Methods and
Supporting Information. Expression plasmids for the two C. elegans nicotinamidases,
CePNC1 and CePNC2 (12), and S. cerevisiae Pncl (24) were previously described. When
assayed by HPLC under standard reaction conditions (200 M nicotinamide, 100 mM
phosphate, pH 7.3), all enzymes were found to catalyze the conversion of nicotinamide into
nicotinic acid (Supporting Information).

Nicotinamidase Assay Development

In order to monitor the activity of purified enzymes in real time, we developed a robust and
straightforward assay that could continuously monitor one of the two products of the
nicotinamidase reaction, ammonia. Bovine glutamate dehydrogenase (GDH), which is
commercially available, was found to be an ideal enzyme for this purpose. GDH catalyzes
the reaction of a-ketoglutarate, ammonia and NADPH (or NADH) to form glutamate and the
oxidized dinucleotide (Scheme 3). The ammonia produced by conversion of nicotinamide to
nicotinic acid is reacted by the coupling enzyme, which in turn consumes NADPH
stoichiometrically. NADPH conversion to NADP* can be measured by absorbance of
NADPH at a wavelength of 340 nm where NADP™ has no absorbance (Agzagnm = 6200 AU.
M~1cm™1). Alternatively, the method was readily adapted to a plate reader which can detect
fluorescence emission of NADPH (360 nm excitation, 490 emission). NADPH is measured
by amount of emitted light and rates determined by changes in light emission versus time.
Both methods were used to monitor nicotinamidase activity in this study.
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The quantity of NADPH consumed correlates well to nicotinamide or ammonia quantities
added to a sample as shown in Figure 2 A and 2B. In addition, the rate of nicotinamidase
activity scales linearly with amount of enzyme added, demonstrating that the coupling
enzyme can be provided so that GDH is not limiting for determination of catalytic velocity
(Figure 2C). This assay is effective for monitoring a wide range of nicotinamide
concentrations and can accurately detect rates generated by low micromolar concentrations
of nicotinamide, particularly because of the low GDH K, for NADPH (28 puM) and an
excellent rate of turnover (>9 s™1, calculated from kinetic parameters) (47). Favorably, the
equilibrium position very strongly favors the oxidized dinucleotide product at pH 7.0 (48).
Interference of GDH from nicotinamide and nicotinic acid were neglible, and the
components of the GDH assay did not interfere with nicotinamidase enzymatic activity as
determined by HPLC (data not shown). The components of this assay, nicotinamidase and
GDH, were recently combined in a coupled assay to detect and measure activity of
nicotinamide forming enzymes, such as sirtuins, that degrade NAD™ to nicotinamide (49).

Kinetics Parameters for Nicotinamidase Enzymes

Kinetic properties of nicotinamidase enzymes cloned or isolated from a variety of organisms
have been determined previously, including Arabidosis thaliana (9), M. tuberculosis (3)
Mycobaceterium smegmatis (2), Lactobaccillus arabinosis (32,50) Torula cremoris (7)
Flavobacterium peregrinum (51) and S. cerevisiae (5,6,52,53). Of the enzymes considered
in this study, nicotinamidase activity of the P. falciparum enzyme was previously detected
in crude dialyzed lysates derived from P. falciparum infected erythrocytes (8). With a
reliable assay available, we sought to determine the kinetic parameters for the S. cerevisiae
Pncl as the prototype enzyme. In addition, the kinetic parameters for the S. pneumoniae, B.
burgdorferi, P. falciparum and both C. elegans nicotinamidases were determined for the
first time. Enzymes were expressed in E. Coli and isolated by Ni*2 column chromatography.
Although different enzymes from different sources have been reported to have different
central metal requirements (3,9,34), enzymes were active as purified without reconstituting
them from apo-form. However, we did examine the addition of metal ions to the purified
enzymes, and in almost every case, no change in activity was observed (See Supporting
Information, Table S1). We did not attempt to investigate the identity of the coordinated
central metal atom for the respective enzymes, although SpNic was recently reported to
prefer Zn*2 (35) and the preferred metal for the yeast enzyme is reportedly Zn*2 as well (6).
Interestingly, addition of Zn*2 to reaction mixtures did not appreciably change catalytic
activity of any nicotinamidase although the SpNic and CePNC2 enzymes were moderately
stimulated by Mn*2 added to reaction mixtures (See Supporting Information).

Employing standard conditions of assay (100 mM potassium phosphate, pH 7.3 with or
without GDH components for detection of ammonia formed by nicotinamidase reaction, as
described in Materials and Methods), we determined steady state kinetic parameters for each
enzyme by varying nicotinamide concentration and plotting initial rates versus concentration
of nicotinamide to determine Ky, and k.4 values (Figure 3, and Table 1). k.5 was also
measured by HPLC assay using at least 10 x K, concentration of nicotinamide for
confirmation.

For the Pncl and SpNic enzymes, progress curve analysis was used (38), which enabled
sensitivity to low concentrations of substrate. This was important because of a low K, for
nicotinamide for these enzymes. A potential caveat with these analyses is product inhibition,
which can increase the apparent K, but we showed that nicotinamidase rates for all
enzymes do not vary when concentrations of nicotinic acid up to 500 pM are present (data
not shown) and nicotinic acid is thermodynamically stable relative to substrate, so the
reaction invariably goes to completion. Pncl and SpNic were determined to have Ky, values
of 10 and 2.7 uM for nicotinamide and corresponding values of ks of 3.8 s7Land 2.1 571,
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For other nicotinamidases, we used the GDH method (CePNC1 or CePNC2) or an HPLC
method (PfNic and BbNic) to determine initial reaction rates as a function of nicotinamide
concentration. All data are summarized in Table 1. All K., values were found to be below
120 pM, with key values in the range 0.3-4 s~1. Only BbNic deviated from the pattern. An
examination of the BbNic sequence against the others (Figure 1) shows that the genetically
encoded enzyme is approximately 20 residues (51) shorter at the N-terminus. This region
contains a highly conserved DXQXD sequence that is highly conserved in nicotinamidases
(Figure 1). Thus, we introduced additional sequence at the N-terminus to create active
enzyme (as originally reported (19)). It remains possible that BbNic is imperfectly
reconstituted in sequence or in other requirements, accounting for its poor catalytic
properties (introduction of different metal ions had no effect on activity, see Supporting
Information).

Substrate Specificity

We probed the specificity of nicotinamidases to hydrolyze a variety of nicotinamide
analogues. Using both HPLC analysis and the GDH coupled assay, we determined the
relative rates for a number of compounds showing structural similarity to nicotinamide
(Table 2). In the cases of SpNic, Pncl, and PfNic substitutions at the 5-position were well
tolerated, and interestingly, 5-methyl, 1, and 5-O-methyl substitutions, 2, caused up to a 6.5
fold rate enhancement (in kg, See Table 2) over nicotinamide. Moving the O-methyl group
to the 4-position, 7, caused slowing of all enzymes to 5%-12% of the rate observed for
nicotinamide (Table 2). Nicotinamidases (BbNic, PfNic, Pncl and SpNic) could not
hydrolyze isonicotinamides 8, 9, 1-methyl isonicotinamide, 15, or 1-methylnicotinamide
derivatives (14, Table 2). These results are consistent with a requirement of coordination of
the pyridine to the active site metal center, as observed in recent X-ray structures (34,35)
and a requirement of a 3-substitution pattern of the hydrolyzable acyl group relative to the
pyridine N1. 2-chloronicotinamide 3, could not be hydrolyzed, although 6-
chloronicotinamide 4 did react as a substrate, albeit slowly, with Pnc1 and SpNic. The steric
proximity of the 2 and 6-groups to the coordinating metal as well as weak basicity likely
accounts for these substrate behaviors. Consistently, 6-methyl-, 6-amino- and 6-O-
methylnicotinamides, 5-7 respectively, were weaker substrates than nicotinamide for all
enzymes, probably because of non-optimal substrate binding to the metal center. However
these substrates reacted faster than the 6-chloro-derivative probably because they are better
metal ligands than the halogenated analogue. Nicotinate esters, such as methylnicotinate, 11,
and ethylnicotinate 12, could be hydrolyzed efficiently, although not as well as
nicotinamide. A notable exception was methylnicotinate. The rate of turnover for
methylnicotinate on PfNic was determined to be 65 times faster than nicotinamide, with a
steady state rate constant of 18 s™1. Interestingly, even phenylnicotinate 13 could be
hydrolyzed by SpNic, Pncl and PfNic, implying some flexibility of the active site to
accommodate this bulkier but activated ester (See Supporting Information for NMR study
with this substrate and PfNic). Sensitivity to substitutions showed similar trends for the four
enzymes for which substrate specificity was broadly evaluated, likely because of structural
and mechanistic similarities of these enzymes.

Chemical Exchange of Nicotinic Acid Oxygens with 180 Water

To evaluate for reversibility of product formation on the SpNic enzyme, we co-incubated
nicotinic acid with enzyme in buffered 180 water to test for 180 exchange into the carboxy
oxygens of nicotinic acid. The cycling of nicotinic acid to a proposed thioester intermediate
(33,34) and back to nicotinic acid would be predicted to cause loss of 160 in the carboxy
oxygens and replacement with 180 provided water can equilibrate into the active site. We
used mass spectrometry to monitor this exchange. As shown in Figure 4B, nearly immediate
loss of unlabeled nicotinic acid was observed when 1 mM nicotinic acid was treated with 6
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MM SpNic enzyme. This is evident by loss of the m/z = 124 intensity in the MALDI MS
spectrum, and is accompanied by increase in intensities for m/z = 126 and m/z =128. The
exchange can be understood to achieve equilibration of the substrate oxygens with the initial
87% 180 content in solvent over the course of an hour, and the relevant equilibria are shown
in the scheme accompanying Figure 4. The exchange of isotope can be observed in as little
as 2 min (Figure 4B), and the calculated rate for the process is 0.34 s~1 (based on initial
rates) indicating it is quite fast at pH 7 (Figure 4C, Table 3). To further confirm that
nicotinic acid can be exchanged with 180 water to the extent predicted by the isotopic
enrichment, we collected nicotinic acid after incubation with nicotinamidase and 180 water
and analyzed it by HRMS, which corroborated these results (See Materials and Methods).
The results show that nicotinic acid undergoes facile 180 exchange into the carboxylates
catalysed by SpNic, most likely by reversible formation of thioester from nicotinic acid
catalyzed by the enzyme.

Mutations of Cys 135, Lys113 and Arg97—To further investigate the catalytic
mechanism of 180 exchange and of nicotinamidase catalysis, we prepared several active site
mutants of SpNic. These were C136A, C136S, K103A and R97A. The C136S mutant has
been solved by X-ray crystallography and nicotinamide co-crystallizes in the active site (35).
We found that C136A and C136S were unable to catalyze nicotinamide hydrolysis down to
107 s~1 sensitivity, consistent with prior work (35). These two mutants were unable to
catalyze 180 exchange into nicotinic acid. The two mutants K103A and R97A were
prepared based on the prediction that K103A is an active site Lys, which was recently
confirmed by crystallography (35). R97A is a mutant that our sequence predictions indicate
is possibly in the active site (Figure 1), but was shown by crystallography to be far from the
catalytic site (35). Consistently, we found that R97A mutation was a robust nicotinamidase
and was nearly as good as the native enzyme in promoting 180 exchange. The K103A
mutant had only 2.2 % of the catalytic activity of the native enzyme in the 180 exchange
reaction and 0.15 % of the native rate in the nicotinamidase reaction (Table 3). This mutant
is well expressed and the slow rate is attributed to the essentiality of this universally
conserved lysine in catalysis.

Inhibition by Nicotinaldehyde

A report that S. cerevisiae nicotinamidase could be weakly inhibited by nicotinaldehyde K; =
68 UM (52) led us to wonder if nicotinaldehydes might be general inhibitors of
nicotinamidases. Yan et al. (52) suggested that nicotinaldehyde inhibited the yeast enzyme
by a non-competitive mechanism via Schiff’s base formation. We reinvestigated this
inhibition and showed that nicotinaldehyde 16 potently inhibits nicotinamidases from all
sources we examined (Table 4). Double reciprocal plots confirmed competitive inhibition
with nicotinamide in all cases, in contrast to the Yan report (52). (Three examples are
provided in Figure 5, SpNic, PfNic and BbNic, other examples are available in the
Supporting Information). Table 4 shows that the determined K;j values were 1.5 uM for the
yeast enzyme, whereas K; values were 34, 11 and 110 nM for the corresponding enzymes
from P. falciparum, S. pneumoniae and B. burgdorferi. Nicotinaldehyde competitively
inhibited both C. elegans enzymes with 22 nM and 110 nM K; values determined for PNC2
and PNC1 respectively (Table 4 and Supporting Information).

Nicotinaldehydes as Inhibitors of Nicotinamidases

To more completely explore the potency of nicotinaldehydes as inhibitors of
nicotinamidases we synthesized a number of substituted analogues of nicotinaldehyde, with
variable substituents (as shown in Table 4). The K; values for inhibition of the
nicotinamidases are listed in Table 4. Consistent with observations that 5-substituted
nicotinamides are excellent substrates, 5-substituted nicotinaldehyde analogues 17-19 were
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potent inhibitors of all of nicotinamidases tested (Table 4). Several representative curves
demonstrating inhibition of nicotinamidases by 5-O-methyl and 5-methylnicotinaldehydes
18 and 19 respectively are shown in Figure 6. All enzymes tolerated even a bulky 5-bromo
substituent (17; Table 4).

Consistent with observations that 4-O-methy| substitution was poorly tolerated in substrates,
4-O-methylnicotinaldehyde 22 was a weak inhibitor with a higher K; value (Table 4).
However, 22 was a fair inhibitor of the CePNC2 enzyme, with a 19 fold selectivity over
CePNC1, suggesting that variations in chemical structure of these compounds can lead to
modest inhibitor selectivity. (Table 4). We also tested several other compounds for
inhibitory activity including acetylpyridine 24, 3-cyanopyridine 23, 3-hydroxypyridine 25
and nicotinic acid (Table 4).

Discussion

Mechanism of Inhibition

We propose that the mechanism of aldehyde inhibition parallels the mechanism of catalysis.
Nicotinamide initially coordinates the central metal atom, and is attacked by the universally
conserved active site Cys to form a tetrahedral adduct that subsequently decomposes by
elimination of ammonia to yield an enzyme stabilized thioester. Subsequent hydrolysis of
the thioester completes nicotinic acid formation on the enzyme. This overall general
mechanistic proposal was first proposed by Fyfe et al. (34). We propose that
nicotinaldehydes bind the enzyme analogously via coordination of the pyridine N1 (Scheme
4). The subsequent attack of the cysteine on the aldehyde occurs analogously to that
envisioned for substrate, except that instead of forming an unstable intermediate that can
decompose to a thioester, the tetrahedral adduct, a thiohemiacetal, is unable to decompose
forward and is stalled by enzymatic features that stabilize its tetrahedral geometry, which is
the oxyanion hole identified to be Ala 155 and Cys 159 on the A. baumanii enzyme (34).
Sequence comparisons show that the Ala is highly conserved across nicotinamidases,
although is found to be a Leul131 in the SpNic enzyme and it has been confirmed by X-ray
crystallography that this Leu contributes to the oxyanion hole (Figure 1,Scheme 4 (35)). The
Cys residue is universally conserved, and the n, n+4 relationship in sequence is also
conserved across nicotinamidases (Figure 1). The ability of aldehydes to trap Cys
nucleophiles of amidases is known, and very potent aldehyde inhibitors have been
synthesized that target the caspase enzymes, wherein thiohemiacetal adducts have been
demonstrated by X-ray crystallography (54). The thiohemiacetal adducts to caspases are
stabilized by binding interactions to the oxyanion hole.

The tetrahedral adduct formed can decompose only by reaction reversal to the initial
aldehyde-metal complex (Scheme 4). We propose that thiohemiacetal adducts form
reversibly with solution nicotinaldehyde because the inhibitions observed are competitive
with nicotinamide present (Figure 5) and no bi-phasic onset is apparent for reaction progress
curves, and preincubation does not change inhibitor potency (data not shown). K; values for
nicotinaldehyde are smaller than the Ky, for nicotinamide by a factor of 91-3450 across all
enzymes studied (with the exception of yeast pncl where K/K; is 7.6). The inhibition data
are consistent with oxyanion stabilization of the tetrahedral intermediate formed during
catalysis, an energy of binding which can also be captured in the form of enzyme-stabilized
thioacetal-adducts. This mechanism of inhibition was recently confirmed on the SpNic
enzyme for nicotinaldehyde 16 and 5-O-methylnicotinaldehyde 18 (35). We depict the
inhibition as depending upon the initial coordination of the aldehyde to the metal center,
characterized by a binding constant Ky, which is further stabilized by a factor 1/K;., where
Kint is the equilibrium constant for the cysteine adduct. The inhibition constant can thus be
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deduced to be K;j = Ky(Kin) L. This is also qualitatively visualized in the reaction coordinate
presented in Scheme 4.

180 Exchange Mechanism and Catalytic Mechanism of Nicotinamidases

The X-ray crystal structure of nicotinic acid coordinated to the nicotinamidase from A.
baumanii (AbPncA) led to a firm mechanistic proposal for catalysis by Fyfe et al (34).
However, we have obtained additional insight into the general properties of these enzymes
by determining the substrate specificities, the generality of nicotinaldehyde inhibitions as
well as the observation that SpNic can catalyse 180 exchange into the product nicotinic acid.
Mutational studies have also provided new insights. To explain 180 exchange we propose
the mechanism in Scheme 5. Coordination of nicotinic acid to the Zn*2-aqua center places
the carboxy of substrate in proximity to three universally conserved residues, Asp8, Cys 136
and Lys103 (using the SpNic sequence information). Crystallographic data suggests that the
conserved Asp can interact equally with the Cys thiol as well as the nicotinate oxygen
(34,35), and this structural arrangement is likely preserved for the corresponding SpNic
residue Asp 8. We propose that when the universally conserved Asp and the metal
coordinated nicotinic acid share a hydrogen bond, with the Cys nucleophile in thiolate form
(SpNic sequence), the nicotinic acid can react by Cys thiolate nucleophilic addition to form
a tetrahedral adduct. In this process, full proton transfer from Asp occurs. The sp3 center
generated on substrate bears a hydroxyl substituent, an oxyanion substituent (which is
proposed to sit in the oxyanion hole) and a thioether substituent (from nucleophilic Cys).
Subsequent tetrahedral intermediate collapse eliminates hydroxide to form a thioester
intermediate.

Full expulsion of the hydroxide group from the tetrahedral center would be
thermodynamically challenging, but could be facilitated by protonation of the leaving group
oxygen by Lys103 (SpNic) which is universally conserved in all nicotinamidases and when
mutated in M. tuberculosis PncA produces an inactive enzyme (3,4). Correspondingly, in
SpNic the K103A mutant has only 2.2 % of the activity of native enzyme as measured by
observed catalytic rate of 180 exchange (Table 3). There is a 4-5 order of magnitude
difference in predicted pK, between water and protonated Lys103 (using the free amino acid
pK, value), making proton transfer to form water thermodynamically downhill (Scheme 5).
The deprotonation of this Lys is supported by the fact that the e-N is located 4.8 A to the
carboxy oxygen in the AbPncA structure (34) and located only 4.70 A from the carbonyl
carbon in the thioester complex in the SpNic thioester structure determined recently (35),
suggesting there is intervening space for a water to accommodated. The first half of the
exchange reaction is summarized as follows, a thiolate (pK, =7-8) is reacted to form a Lys
(e-NHy, pK, = 9-10; the free amino acid) with a CysS-C(carbonyl) bond formed and a O-
C(carboxy) bond in nicotinic acid cleaved. In addition two strong O-H bonds are formed in
the process of generating water at the active site from deprotonation of two acidic groups
(AspCOOH and LysNH3*). The overall driving force appears to be formation of water in the
active site, making it easier to understand how the barrier to isotope exchange is not
significant, as measured by the 0.34 s~ rate constant for this process. The expulsion of
water from the thioester site followed by water rebinding (water exchange) permits 180
leakage into the active site and the reaction run in reverse completes a single 180 exchange
into the nicotinic acid substrate. Full exchange occurs after many enzymatic turnovers. The
flexibility of the SpNic active site appears to be supported by its ability to hydrolyze even
the very bulky phenylnicotinate ester (Table 2).

This mechanistic proposal can be applied to understand the total reaction mechanism and
suggests an important role for the conserved Lys in the catalytic mechanism that hydrolyses
nicotinamide, supported by our finding that the SpNic K103A mutant loses over 99 % of its
catalytic activity in this reaction (Table 3). The proposed overall mechanism is shown in
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Scheme 6. Initially nicotinamide coordinates the active site Zn*2 complex to form the
Michaelis complex. This coordination is proposed to activate substrate, not only by
organizing it into a geometry ideal for catalysis, but by electrophilic activation caused by the
Lewis acidity of the Zn*2. The universally conserved Asp deprotonates Cys to form a
nucleophilic thiolate which can readily proceed to the tetrahedral intermediate. Proton
transfer to the amino group of the tetrahedral intermediate facilitates oxyanion electron flow
to form the thioester. This mechanism is entirely consistent with the mechanism initially
proposed by Fyfe et al (34). However, the ammonia product is quite basic and with no other
protons in vicinity (except for an aqua-Zn*2), it can deprotonate the active site Lys to form a
free amine (e-NH,) species prior to its departure from the active site as ammonium. X-ray
studies of SpNic suggest that the amide N of substrate is in close proximity to the Lys e-
amino group, with a determined distance of 5.2 A in the nicotinamide-C136S mutant
structure (35). At this point our mechanism differs from the Fyfe et al. mechanism which
proposed no active catalytic role for the conserved Lys, except for structural and possibly
electrostatic (34). The Fyfe et al. mechanism also proposes that ammonia departs the active
site as NHs, leaving AbPncA Lys114 unperturbed (34).

Our proposed mechanism provides a thermodynamic driving force for hydroxide formation
at the active site via the availability of the basic Lys(s-NH5). Deprotonation of water by this
base is predicted to be uphill with a ApKj, of 4-5 (based on pK, value of the isolated amino
acid). However, additional driving force for deprotonation of water is obtainable by the
formation of a salt bridge between the strictly conserved Lys and the strictly conserved Asp
located at 2.66 A in the AbPncA structure (34) and also present in the recent SpNic structure
(35). Hydroxide can then hydrolyze the thioester and complete the catalytic mechanism
(Scheme 6). Interestingly, the products formed from nicotinamide to form the thioester
exactly reproduce the intermediate and protonation states of active site groups that we
invoked to explain the 180 exchange reaction (Scheme 5). As compared with the Fyfe et al.
mechanism (34) we do not propose to deprotonate water with an Asp residue, but rather by
the Lys amino group which makes the thermodynamic barrier for hydroxide generation
more favorable (ApKj,: ~9 versus ~4-5 respectively). Our proposed reaction mechanism
(Scheme 6) is completed in analogy to the proposed mechanism for 180 exchange (Scheme
5). An additional advantage of our mechanism is that it does not require generation of a
protonated and Zn*2 coordinated nicotinic acid at the active site as proposed by Fyfe et al
(34). Nicotinic acid acidity is characterized by a pK, near 3, and the coordination to an
acidifying Zn*2 center would make this protonation thermodynamically unfavorable.

Other mechanistic alternatives could be imagined. For example the role we propose for the
Lys could be played by the aqua-Zn*2. Aqua-Zn*2 coordination sites proximal to the
substrate carbonyl position have been identified for all four crystallographically determined
nicotinamidases, Pncl (6), AbPncA (34), P. horikoshii PncA (33) and most recently in the
full set of SpNic structures (35). In the SpNic thioester structure, the coordinated water
oxygen is located at 5.5 A to the thioester carboxy oxygen (35). A mechanistic scheme
which invokes this role for the proximal aqua-Zn*2 is shown in Scheme 7. Inspection of the
X-ray structure of AbPncA indicates that the aqua-Zn*2 center probably is too far from the
active site position where protonations and deprotonations are required, but strictly speaking
we cannot rule out this possibility. An aqua-Zn*2 species typically has pK, = 7-8 (55) which
could provide an effective quench for active site generated ammonia, and the resulting Zn-
OH species would have a more favorable pK, tradeoff than Asp for generating hydroxide
within the active site (~6—7 versus 9 respectively). There is also the possibility that both
aqua-Zn*2 and the conserved Lys provide duplication of function within the active site,
since ammonia formed from substrate is small and can be expected to leak out of the
enzyme rapidly. We propose that ammonia protonation in the active site drives the reaction
forward to thioester formation, and likely prevents reverse commitment, and prepares the
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active site for hydroxide generation. To guarantee this occurs, two potential routes for
ammonia quenches in the active site may have co-evolved. Theoretically, the conjugate
bases formed by quench of ammonia (Lys103-NH,, or Zn-OH) are basic enough to activate
water to complete catalysis. Further experimental studies are required to sort out these
possibilities and to decide which mechanism is most likely for distinct nicotinamidase
enzymes.

The generality of nicotinaldehyde inhibition across broad phylogenetic sources of
nicotinamidases, conservation of key catalytic residues (Asp, Cys and Lys), and the
requirement of an active site metal ion indicates that, as a class, nicotinamidases are likely to
have similar catalytic mechanisms to accomplish nicotinamide hydrolysis chemistry.
Inhibitors of nicotinamidases are expected to be useful for investigating the diverse
functions of these enzymes in a multitude of biological settings. Investigations of
nicotinamidase inhibitors as anti-microbials are also clearly of interest.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Multiple sequence alignment of the Pyrococcus horikoshii (PDB entry 11M5), Streptococcus
pneumoniae, Escherichia Coli, Saccharomyces cerevisiae, and Borrelia burgdorferi
nicotinamidases. The alignment was performed with ClustalW (56) and edited with ESPript
(57). Identical residues are highlighted, and the secondary structure elements of the solved
P. horikoshii structure (33) are shown above the alignment. Vertical arrows point to the
proposed catalytic triad proposed by Du et al. that is composed of an aspartate, cysteine, and
lysine residue. The proposed metal-binding residues are shown with an M under the
appropriate residue
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[NH OAc]
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50.0

[Nicotinamide]
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(A) The GDH assay was performed with varying concentrations of ammonium acetate. (B)
The GDH-coupled assay was performed with varying concentrations of nicotinamide.
Reactions containing 1 mM a-ketoglutarate, 250 pM of NADPH, 1.5 units GDH per 100 pL
of reaction volume in 100 mM phosphate buffer pH 7.3 were initiated with the addition of
PfNic to a final concentration of 320 nM. The reactions were measured by monitoring the
absorbance at 340 nm over time. (C) SpNic activity scales nicely with varying
concentrations of enzyme. Reactions containing 1 mM a-ketoglutarate, 250 uM of NADPH,
1.5 units GDH per 100 pL of reaction volume in 100 mM phosphate buffer pH 7.3 were
initiated with the addition of SpNic to the amounts indicated in the figure. The reactions
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were measured by monitoring the absorbance at 340 nm over time. The slopes for 0, 36, 72

and 108 pmol of SpNic are —2.23 x 1072, —2.39 x 1074, -4.79 x 10~% and —7.30 x 1074,
respectively.
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The steady state saturation curves of nicotinamidases from S. cerevisiae (A), B. burgdorferi
(B), P. falciparum (C), and S. pneumoniae (D), C. elegans PNCL1 (E) and C. elegans PNC2
(F). A'and D were derived from progress curve analysis (see experimental) of the
nicotinamidase reaction run in the presence of 100 uM nicotinamide, B and C are from
HPLC analysis of reactions run in varying nicotinamide concentrations, E and F are from the
GDH coupled fluorescence assay with various concentrations of nicotinamide. In all cases,
the data was fit to the Michaelis-Menten equation using KaleidaGraph.
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Figure 4.

Mass spectra demonstrating time dependent 180 exchange into nicotinic acid (NA) catalysed
by SpNic. Data is plotted as percent intensity versus time, where the total intensities of
peaks in mass spectra at m/z = 124, 126, and 128 are summed to reach 100 percent. 124 is
the mass of unlabeled nicotinic acid as a twice protonated cation (M*). 126 is the molecular
mass of nicotinic acid incorporating a single 180 label, and 128 is the mass of nicotinic acid
incorporating two 180 atoms. Mass intensities of single and double-labeled nicotinic acid
are summed. The data in panel B shows that the mass spectrum of nicotinic acid treated with
SpNic in the presence of 180 becomes rapidly depleted of intensity for the peak
corresponding to m/z = 124, whereas there is a corresponding enrichment in m/z = 126 and
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m/z = 128 peak intensities, demonstrating 180 incorporation into nicotinic acid. Control does
not exchange. A. Schematic exchange reaction catalyzed by SpNic. B. Time course of 180
exchange catalyzed by SPNic. The reaction was carried out in 1 mM NA, 180-H,0, 6 uM
SPNic at 37 °C for the indicated time. C. Determination of the initial rate of 180 exchange.
The reaction was carried out in 1 mM NA, 180-H,0, 100 nM SpNic at 37 °C for the
indicated time. The initial rate was determined to be 0.34 s™1 after correction for the mole
fraction of 180 present in the reaction (Equation 4, Materials and Methods).
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Figure 5.

0.005 0.01 0015 002 0025
1/[NAM] (uM”')

The Lineweaver-Burke plots for nicotinamidases from P. falciparum (A), S. pneumoniae (B)
and B. burgdorferi (C) in the presence of nicotinaldehyde determined by fluorescence plate
reader assay. Curves were obtained in the presence of three different concentrations of
nicotinaldehyde, demonstrating the competitive nature of the inhibitor with substrate. The
units in the y-axis are expressed as s/A.U. (A.U.: arbitrary units). A control showing that
nicotinaldehyde does not interfere with the GDH enzyme activity is provided in the

Supporting Information.
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Figure 6.

Curves showing the inhibition of the nicotinamidase enzymes by 5-O-
methylnicotinaldehyde (A, [PfNic] = 14 nM) and 5-methylnicotinaldehyde (B, [SpNic] = 12
nM C, [PfNic] = 14 nM). The reactions were run in the presence of 1 mM nicotinamide and
various concentrations of the inhibitor in 1 mM a-ketoglutarate, 250 uM NADH and 1.5
units of GDH per 100 pL of reaction volume in 100 mM phosphate buffer, pH 7.3. After
initiation by addition of the enzyme, the reactions were monitored by fluorescence and
initial rates of reaction were calculated. The curves show observed rate with respect to
inhibitor concentration. Data points are fit to Morrisons equation (39) and the K; calculated
from the K;@P value of Morrison’s equation as described in the Materials and Methods.
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Controls showing that nicotinaldehydes do not interfere with the GDH enzyme activity is
provided in the Supporting Information.
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Scheme 1.
Nicotinamidase hydrolyzes nicotinamide to give nicotinic acid.
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Scheme 2.
Nicotinamidase catalyzes the conversion of pyrazinamide to pyrazinoic acid.
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The nicotinamidase assay developed couples the release of ammonia to the consumption of
NAD(P)H via glutamate dehydrogenase. The synthesis of glutamate by GDH occurs in the
presence of ammonia and a-ketoglutarate and is dependent upon the stoichiometric
oxidation of NAD(P)H. The conversion of NAD(P)H to NAD(P)* can be followed by
monitoring the decrease in absorbance at 340 nm or the decrease in fluorescence (excitation
360 nm, emission 490 nm).
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Mechanism for nicotinaldehyde inhibition of nicotinamidase enzymes. Numbering is from
the enzyme from SpNic. Top figure represents reaction coordinate diagram, where plateaus
levels are meant to indicate relative energy.
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Mechanism for nicotinic acid reversal to the nicotinoyl thioester complex. The mechanism
explains the ability of SpNic to catalyse 180 exchange into nicotinic acid. A key feature of
the proposed mechanism is the formation of a deprotonation of Lys103 upon thioester
formation from nicotinic acid, which then serves as a base catalyst to activate water in

the 180 exchange reaction. The numbering system used is for the SpNic enzyme.
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Proposed mechanism of nicotinamidases. The ammonia generated in the first half of the
reaction coordinate generates deprotonated Lys residue prior to departure from the active
site. The intermediacy of this Lys is envisioned to act as a base catalyst that activates a water
to complete the second half of the catalytic reaction. The numbering system used is for the

SpNic enzyme.
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Scheme 7.

Alternative aqua-Zn*2 mechanism of nicotinamidases. The ammonia generated in the first
half of the reaction coordinate generates a Zn-hydroxide by deprotonation prior to departure
from the active site. The intermediacy of a Zn-hydroxide is envisioned to act as a base
catalyst that activates a solvent derived nucleophilic water in the second half of the catalytic
reaction. The numbering system used is for the SpNic enzyme.
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Table 1

Kinetic parameters of nicotinamidases

Enzyme k. (um)2 Keat (5713

BbNic 36.7+75 0.0030 + 00002b

PfNic 31+1.2 0.30 + 0_032b

Pncl  10.6+05 38+01P

SpNic ~ 2.7+0.3 21+01b
CePNCL  113#11 31£0.12
CePNC2 7610 0.28+0.013

a . . . . . . .
Km and kcat values were determined by fitting the data to the Michaelis-Menten equation using the Kaleidagraph software package (Synergy
Software). Error values represent the error in the fit to the data as calculated by the curve-fitting algorithm.

b ) .
Calculated kcat values were confirmed by HPLC assay for several enzyme concentrations.
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Table 2

Relative rates of nicotinamidase enzymes for various nicotinamide analogues

o) R, O Oy NH2
R ‘ X" “NH, ‘ X" “NH, ] NP
N> Ry N” R, N R,

NAM: R = H 3:R;=Cl,Rs, Ry=H 8: Ry R,=H
1:R=CH, 4:R,, R, =H, Ry =Cl 9: R, =NH, Ry=H
2: R = OMe 5: Ry, Ry = H, R3 = CH3

6: Ry, R, = H, Ry = NH,

7:Ry, Ry = H, R, = OMe

S o Rz
‘ NH, [ - oR (‘wR'
N// N// N’//
10 ‘

11: R=CH;, 14: R, = CONH,, R, = H
12: R = CH,CH3 15: R, = H, R, = CONH,
13:R=Ph

Substrate BbNic PfNic Pncl SpNic
NAM 1.00 1.00 1.00 1.00
1a 0.51 3.30 0.80 1.63
ob 221 6.46 2.06 1.37
3b 0 0 0 0
4b 0 0 0.17 0.018
52 0.45 0.40 0 0.11
62 NDC 0.45 0.20 0.36
7b 0.20 0.12 0.050 0.065
Bb NDC 0 0 0

gb NDC 0 0 0
10 0 0 0.44 0
llb NDC 65.0 0.15 0.035
120 NDC 0.023 0.044 0.0086
13b NDC 0.13 0.031 0.031
14b NDC 0 0 0
15b NDC 0 0 0

Page 38

aReactions were run in 150 pL total volume containing 1 mM o-ketoglutarate, 250 uM NADPH, 3 units of GDH, and 500 uM of nicotinamide

analogue in 100 mM phosphate buffer, pH 7.3, for control experiments, reactions containing 500 uM of nicotinamide were run in parallel.

Reactions were initiated by addition of nicotinamidase enzymes, decreasing of fluorescence intensity was monitored by a microplate reader.

Reactions were in 25 pL total volume containing 500 uM of nicotinamide analogue in 100 mM phosphate buffer, pH 7.3, for control experiments,
reactions containing 500 uM of nicotinamide were run in parallel. Reactions were initiated by addition of nicotinamidase enzymes, incubated 37 °C
and quenched by addition of 10% trifluoroacetic acid. Reactions were quantified by integrating area of peaks corresponding to nicotinic acid

analogue.

cND = Not determined. NAM: nicotinamide.

Biochemistry. Author manuscript; available in PMC 2011 December 14.



1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

French et al. Page 39

Table 3

Nicotinamidase and 180 exchange activity of SpNic and mutants

SPNic  Catalytic rate? (kops, s™1) 180 Exchange rated (Kops, 573

wt 3.4b 0.34
R97A 300 0.27
K103A 0.0053¢ 0.0076
C136A <10-6C <107®
C136S <1076C NDC

aLI'he observed rate of nicotinamidase catalysis of SPNic and mutants measured using 200 puM NAM at 37 °C.
bThe rates were determined by GDH plate reader assay.
cThe rates were determined by HPLC assay. The full experimental is available in the Methods section.

dThe observed 180 exchange into nicotinic acid catalyzed by SpNic and mutants as measured by the initial rate method and mass spectrometry
(Figure 4) in the presence of 1 mM nicotinic acid and 189 H20 at 37 °C. Enzyme concentrations were 100 nM SpNic wt and R97A and 5 uM for

K103A or C136A mutants. The measured rate was corrected by the mole fraction of 180 in the reaction as described by equation 4 in the Methods.

Full experimental is in Methods section. °N/D: not determined.
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