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Abstract
Nicotinamidases catalyze the hydrolysis of nicotinamide to nicotinic acid and ammonia.
Nicotinamidases are absent in mammals but function in NAD+ salvage in many bacteria, yeast,
plants, protozoa, and metazoans. We have performed structural and kinetic investigations of the
nicotinamidase from S. cerevisiae (Pnc1). Steady-state product inhibitor analysis revealed an
irreversible reaction where ammonia is the first product released, followed by nicotinic acid. A
series of nicotinamide analogs acting as inhibitors or substrates were examined revealing that the
nicotinamide carbonyl oxygen and ring nitrogen are critical for binding and reactivity. X-ray
structural analysis revealed a covalent adduct between nicotinaldehyde and Cys167 of Pnc1 and
coordination of the nicotinamide ring nitrogen to the active-site zinc ion. Using this structure as a
guide, the function of several residues was probed via mutagenesis and primary 15N and 13C
kinetic isotope effects (KIE) on V/K for amide bond hydrolysis. The KIE values of almost all
variants were increased indicating that C-N bond cleavage is at least partially rate limiting;
however, a decreased KIE for D51N was observed indicative of a higher commitment to catalysis.
In addition, KIE values using slower alternate substrates indicated that C-N bond cleavage is at
least partially rate limiting with nicotinamide to highly rate limiting with thionicotinamide. A
detailed mechanism is discussed involving nucleophilic attack of Cys167, followed by elimination
of ammonia and then hydrolysis to liberate nicotinic acid. These results will aid design of
mechanism-based inhibitors to target pathogens that rely on nicotinamidase activity.

Nicotinamidases (EC 3.5.1.19) are amidohydrolases that catalyze the hydrolysis of
nicotinamide to nicotinic acid and ammonia (Scheme 1). Nicotinamidases play a central role
in the NAD+ salvage pathway (1) of multiple species of bacteria, yeast (2), protozoa (3), and
plants (4) and are present in many metazoans such as Drosophila melanogaster (5) and
Caenorhabditis elegans (6, 7). However, mammals do not encode a nicotinamidase but
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instead use nicotinamide phosphoribosyltransferase to convert nicotinamide directly to
nicotinamide mononucleotide, which is then recycled to NAD+ (8).

The importance of nicotinamidase activity in the NAD+ salvage pathways of human
pathogens, combined with the absence of a nicotinamidase in human NAD+ salvage
pathways, suggests that nicotinamidases are potential drug targets. Indeed, nicotinamidase
was shown to be an essential enzyme for the infectious phenotype of Borrelia burgdorferi,
the bacteria that cause Lyme disease (9). In Brucella abortus, which causes abortion in
domestic animals and undulant fever in humans, the B. abortus nicotinamidase is essential
for replication (10). Furthermore, erythrocytes infected with Plasmodium falciparum, a
parasite that causes malaria in humans, displayed increased nicotinamidase activity and
NAD+ synthesis (3). It is likely that other human pathogens require nicotinamidase activity
for viability, because many, including P. falciparum, do not possess the genes necessary for
de novo NAD+ synthesis.

Current tuberculosis treatments target the nicotinamidase (PncA) of Mycobacterium
tuberculosis, which hydrolyzes the prodrug pyrazinamide to the active form, pyrazinoic
acid. Pyrazinamide, when administered in combination with isoniazid and rifampin, forms
the current short-course treatment recommended by the World Health Organization (11) and
shortens tuberculosis treatment from 9- to 6-months. Pyrazinoic acid displays its toxicity by
inhibiting M. tuberculosis trans-translation through binding the ribosomal protein S1 (12).
Mutations in the M. tuberculosis PNCA gene are associated with clinical resistance to
pyrazinamide (13–16).

Nicotinamidases have also been implicated in increasing the lifespan of Saccharomyces
cerevisiae (17–20), C. elegans (7), and D. melanogaster (5). The observed lifespan
extension in these organisms is potentially mediated through increasing the activity of
sirtuin NAD+-dependent deacetylases by decreasing cellular nicotinamide levels and
increasing NAD+ levels. In support of this hypothesis, sirtuin overexpression was reported
to increase lifespan in S. cerevisiae (21, 22), C. elegans (23), and D. melanogaster (24, 25)
and nicotinamide is a potent sirtuin product inhibitor (19, 26–28). However, a recent report
revealed that the apparent lifespan extension through sirtuin overexpression in C. elegans
and D. melanogaster was abolished when a more appropriate genetic background was used
(29).

Despite the importance of nicotinamidases in diverse biological processes, their precise
mechanism of catalysis has yet to be fully elucidated (30–33). Understanding the chemical
mechanism and nature of the transition state in the reaction catalyzed by nicotinamidases
would aid the design of inhibitors or prodrugs (such as pyrazinamide) that target
nicotinamidases for anti-microbial applications. Here, we establish the overall kinetic
mechanism of the eukaryotic nicotinamidase from S. cerevisiae (Pnc1) through product
inhibition analysis. We then show that ketone and aldehyde containing nicotinamide analogs
are Pnc1 inhibitors. Using this knowledge we obtained the first crystal structure of a
eukaryotic nicotinamidase with a nicotinamide analog bound in the active site. This structure
suggested several residues potentially involved in catalysis, and the steady-state kinetic
parameters of several Pnc1 mutants were determined. Steady-state kinetic parameters with
alternate nicotinamide analog substrates were also measured. We then further delineated the
mechanism by determining the primary 15N and 13C kinetic isotope effects (KIE) of the C-N
bond breaking and the pH dependence of the reaction. To determine if C-N bond cleavage is
partially or fully rate limiting, we compared the 15N and 13C KIE for nicotinamide
hydrolysis by Pnc1 with those determined using slow substrate analogs. In addition, the KIE
values for nicotinamide hydrolysis by several Pnc1 mutants were compared, allowing for the
validation of the proposed catalytic function of active-site residues. These results suggest
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specific roles for several Pnc1 residues during catalysis as well as structure activity
relationships for Pnc1 catalyzed hydrolysis of nicotinamide analogs.

Experimental Procedures
Expression and purification of Pnc1

Yeast Pnc1 cloned into pET-16b or pET-17b (20, 32) was transformed into E. coli strain
BL21(DE3). A single transformant colony was grown in 1.0 L 2XYT medium at 37°C to
OD600nm ~0.6–0.8. IPTG was added to 0.5 mM, and expression was continued for 6–8 hr at
25°C. Cells were harvested by centrifugation and stored at −20 °C. Cellular pellets were
resuspended in buffer A (50 mM NaH2PO4, pH 7.5, 300 mM NaCl, 1 mM β-
mercaptoethanol, and 1 mM phenylmethylsulfonyl fluoride) containing 30 mM imidazole
and lysed by sonication. Recombinant Pnc1 was purified using immobilized metal affinity
chromatography with a Ni2+-nitrilotriacetic column. The column was washed with buffer A
containing 30 mM imidazole and bound proteins were eluted with a gradient of 30 to 500
mM imidazole in buffer A at pH 7.5. Pooled fractions containing Pnc1 were concentrated
and protein concentrations were determined using the Bradford method (34) using bovine
serum albumin as a standard.

Mutagenesis of Pnc1
Pnc1 mutagenesis was performed using the QuikChange Site-Directed Mutagenesis kit
(Stratagene) according to the manufacturers protocol. The primers used for mutagenesis are
included in supplemental Table S1.

Determination of kinetic parameters
Nicotinamidase activity was measured continuously using an enzyme-coupled assay with
glutamate dehydrogenase using a Multiskan Ascent microplate reader (LabSystems;
Franklin, MA, USA). This assay is slightly modified from that described by Su et al. (35).
Typical assay mixtures contained 1.25 µM to 3.2 mM nicotinamide or analog, 0.2 mM
NADPH, 3.3 mM α-ketoglutarate, 50 nM to 10 µM Pnc1 WT or mutant, and 3 units of
glutamate dehydrogenase from bovine liver in 50 mM sodium phosphate at pH 7.5. Assays
were carried out in a final volume of 300 µL per well in a clear, flat-bottomed, 96-well plate.
All assay components except Pnc1 were preincubated at 25 °C for 5 min or until absorbance
at 340 nm stabilized, and the reaction was initiated by the addition of Pnc1. The rates were
monitored continuously for NADPH consumption at 340 nm. Rates were determined from
the slopes of the initial linear portion of each curve using an extinction coefficient for
NADPH of 6.22 mM−1cm−1 and a pathlength of 0.9 cm for 300 µL reactions. The
background rates of reactions lacking Pnc1 resulting from the spontaneous formation of
ammonia were subtracted from the initial velocities of the Pnc1-catalyzed reactions.

Determination of Ki values
Assay mixtures contained 6.7 µM to 200 µM nicotinamide, 0.2 mM NADPH, 1 or 3.3 mM
α-ketoglutarate, 100 nM to 0.5 µM Pnc1 WT, and 3 units of glutamate dehydrogenase from
bovine liver in 50 mM sodium phosphate at pH 7.5. For nicotinic acid inhibition 200 µM to
1.2 mM nicotinic acid was used. For nicotinaldehyde inhibition 1 µM to 6 µM was used. For
3-acetylpyridine inhibition 300 µM to 1.8 mM was used. Benzaldehyde and pyrazinoic acid
were initially dissolved in DMSO and 5 to 10 mM was used (10% final v/v DMSO). Assays
were run and analyzed as detailed under determination of kinetic parameters. Initial velocity
data were fitted in Kinetasyst (Intellikinetics, State College, PA) to competitive inhibition
patterns (eq 1 or 2) based on the algorithms defined by Cleland (36). All data were displayed
using Kaleidagraph (Synergy Software, Reading, PA).
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(1)

(2)

Protein crystallization and structure determination
For crystallization trials, the protein was purified as described above, with the addition of a
Sephacryl S-300 size-exclusion step. Protein was dialyzed against buffer containing 15 mM
Tris pH 7.5, 50 mM NaCl, 4 mM MgCl2, 10 mM Na citrate and 5% glycerol and the
inhibitor nicotinaldehyde was added at a 4:1 molar ratio. The protein (5 mg/ml) was mixed
with mother liquor (1.6 M NaOAc, 10% ethylene glycol, 0.1 M HEPES pH 7.4) at a 1:1
(vol) ratio. Crystals were formed by hanging drop vapor diffusion. Crystals were transferred
to a cryoprotectant solution (1.5 M NaOAc, 20% ethylene glycol, 0.1 M HEPES pH 7.4) and
flash-frozen in liquid nitrogen.

Diffraction data were indexed and scaled using HKL2000 (37). The structure of Pnc1p with
the inhibitor nicotinaldehyde was solved by molecular replacement (Phaser) (38) using the
apo Pnc1p structure (32) as a search model. The structure was improved by rounds of
manual fitting using Coot (39) and refinement using REFMAC5 (40). Coordinate and
structure factor files have been deposited in the Protein Data Bank (PDB ID XXXX).

15N kinetic isotope effects
Reactions for isotope effect analysis were carried out in 7.5–10 mL of 20 mM potassium
phosphate (pH 7.5) containing 10 mM nicotinamide or analog and 0.75–36 µM Pnc1 WT or
mutant. Reactions were quenched by addition of 8 M HCl to a final concentration of 40 mM.
The enzyme was removed by Amicon filtration (10,000 MWCO) and the solution was
diluted to 100 mL with distilled water. The pH was adjusted to 6 and the solution was
loaded onto an AG1X8 resin column (Cl− form, 2.5 cm × 30 cm) at 1 mL/min. Fraction
collection (8.5 mL/fraction) was started at the time of loading. When the loading was
complete, the products were eluted with water at 1 mL/min. NH4Cl eluted between fractions
3–18 and was detected using 50 µL samples of each fraction added to 50 µL of Nessler’s
reagent in 96-well plates. A yellow color indicated the presence of NH4Cl. The residual
nicotinamide or analog generally eluted between fractions 25–50 and was detected by
spotting on UV active TLC plates. The product, nicotinic acid, was eluted with 1 M HCl
from the column and found by UV at 262 nm. Product NH4Cl was reduced to 50 mL by
rotary evaporation and purified by steam distillation with 12 mL of 13 M KOH. The NH3
was trapped in 10 mL of 100 mN H2SO4 and collected until the total volume reached 50
mL.

The residual substrate was pooled and concentrated to 50 mL. It was then steam distilled at
high pH, hydrolyzing the amide, and the resultant NH3 was trapped in acid. The hydrolysis
of nicotinamide (40–50 µmoles) required the addition of 12 mL of 13N NaOH to a 50 mL
solution. The other analogs required 13N NaOH in the following amounts: 10 mL for
thionicotinamide, 8 mL for 5-methylnicotinamide, and 3 mL for pyrazinamide. Considerable
time was spent determining the correct amount of base to be used since too much caused the
decomposition of the pyridine ring and production of non-amide NH3. This was especially
true for pyrazinamide where the pyrazine is not as stable as pyridine.

Smith et al. Page 4

Biochemistry. Author manuscript; available in PMC 2013 January 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



The ammonia concentration for both the product and residual substrate samples was
determined by UV-Vis spectrometry using Nessler’s reagent to establish that no product
NH4Cl had been lost. The (NH4)2SO4 was then reduced to ~1 mL by rotary evaporation and
transferred to a flask with a side arm. The side arm was filled with ~4 mL of NaOBr. The
system was sealed with a stopcock and the solution was frozen at −78 °C and taken through
three freeze-pump-thaw cycles to remove all gases. After the final thaw, the two solutions
were mixed slowly and the liquid was again frozen at −78 °C. The freshly produced N2 was
distilled through two −78 °C traps, one −196 °C trap, and then collected on molecular sieves
at −196 °C. The N2 was analyzed by IRMS to give the 15N/14N ratio.

13C kinetic isotope effects
This methodology is a modification of previous work by Scott and others (41–43) (Scheme
2). The solution of nicotinic acid product was reduced to dryness and dissolved in 2 mL of
HPLC grade methanol. The methanol/nicotinic acid solution was added to a quartz glass
tube (25cm, 9mm o.d., 7mm i.d.) and the methanol was removed under vacuum at slightly
elevated temperature (40 °C) for several hours. To this, 0.5 g of dry copper chromite was
added and the tube was evacuated and flame sealed. The sample was placed in a furnace and
heated at 250 °C for nicotinic acid (232 °C for pyrazinoic acid, 235 °C for thionicotinic acid,
240 °C for 5-methylnicotinic acid), for 3 hours and then cooled in a room temperature water
bath. The tube was cracked and the CO2 was distilled through two −130 °C liquid N2/
pentane traps and finally collected in a third trap at −196 °C. Liquid N2/pentane traps were
necessary because −78 °C traps were inefficient and allowed pyridine, a product of the
decarboxylation of nicotinic acid, to contaminate the CO2 sample. The collected CO2 (~80%
of the total sample) was isolated in the trap and was not removed from the line at this time.

The final 20% of the CO2 was collected by acidification of the copper chromite powder. The
copper chromite and a small stir bar were placed in a 30 mL flask equipped with a glass
joint, side arm with a stopcock, and septum. The flask was fitted to a glass stopcock and
placed on the high vacuum line and evacuated for at least 15 min. After closing the top
stopcock, 2.5 mL of 1M H2SO4 was added via syringe through the septum. CO2 was
evolved immediately and the solution was stirred for 5 min. A −78 °C bath was used to
freeze the sample and the CO2 was collected in the same manner as above and trapped with
the first portion of gas. The entire gas sample was isolated and the −196 °C trap was
removed and replaced with a −78 °C trap. The entire CO2 sample was collected in a gas
sample tube at −196 °C and was then analyzed by IRMS. IRMS analysis of the two CO2
portions individually showed a difference of 1–1.5 δ so collection of both was deemed
necessary for the most accurate measurement.

When this technique was used to decarboxylate thionicotinic acid the delta values were not
reproducible. It was assumed that the sulfur had not been completely removed from the
compound, even though it was heavily acidified. Also these samples were not easily
evacuated from the IRMS and a small residual impurity had to be frozen out of the system at
−196 °C onto molecular sieves. Thus we were unable to reliably determine the 13C KIE for
thionicotinamide.

Fraction of Reaction
The fraction of reaction (f value) was determined by using a known amount of substrate for
the enzymatic reaction (50 µmoles) and then comparing that to the amount of product NH3
recovered after the reaction. To double check the f value the amount of product NH3 was
also compared to the amount of NH3 recovered in 0.1 N H2SO4 after steam distillation under
basic conditions of the residual substrate. In all cases the amount of NH3 was determined by
comparison of the sample to a standardized curve of NH4Cl by UV at 425 nm. The fraction
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of reaction determined for the NH3 prod vs the initial substrate concentration and the fraction
of reaction for NH3 prod vs NH3 res sub were generally within 1–3% of one another.

Kinetic isotope effects
Isotope effects were determined from changes in the natural abundance ratio of 15N/14N
(or 13C/12C) in the compound during the reaction. The product and residual substrate are
separated, purified, and converted to N2 (or CO2) gas. Each gas sample is analyzed
individually by IRMS to determine its isotopic ratio compared to a known standard to give
δ, defined as:

(3)

To determine the isotope effect the samples are converted to an R value defined as:

(4)

R-values for the reaction product, Rp, and residual substrate, Rs, along with the isotopic ratio
of the starting material, Ro, and f, the fraction of reaction, are used in the following
equations to arrive at the

(5)

(6)

(7)

Dependence of activity on pH
Reactions contained 0.1–3 µM Pnc1 and varying concentrations of nicotinamide (2.5 µM to
1 mM) or pyrazinamide (20 µM to 2 mM) in 100 µL at 25 °C. TBA buffer (50 mM Tris, 50
mM BisTris, 100 mM sodium acetate) was used for the pH range 4.0–8.5. ATE buffer (100
mM ACES, 52 mM Tris, 52 mM ethanolamine) was used for the pH range 8.0–10.5. These
buffer mixtures are designed to give a constant ionic strength over a wide pH range (44).
Reactions were quenched with 20 µL 6% v/v TFA before 10% of the substrate was
converted to products at intervals of 60–120 seconds. Percent product conversion was
determined spectrophotometrically by coupling to glutamate dehydrogenase (see previous
paper) or using a previously published HPLC assay (45). Plots of kcat versus pH were fitted
to equation 8:
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(8)

using KinetAsyst (IntelliKinetics, State College, PA), where C is the pH-independent value,
H is the proton concentration, and Ka and Kb are the ionization constants of the groups
involved in the reaction.

Results
Product inhibition and irreversibility of reaction

To establish the kinetic mechanism for S. cerevisiae nicotinamidase (Pnc1), steady-state
product inhibition analysis was performed. Double-reciprocal analysis of nicotinamidase
inhibition by nicotinic acid and pyrazinoic acid displayed competitive inhibition patterns
with Ki values of 120 µM and 6.7 mM, respectively (Table 1; Figure S1). The competitive
inhibition displayed by nicotinic acid is consistent with that shown by Gadd et al. for a
nicotinamidase from Micrococcus lysodeikticus (46) but in contrast to French et al. who
observed no inhibition with nicotinic acid for S. cerevisiae Pnc1 (30). Double-reciprocal
analysis of nicotinamidase inhibition by ammonium ion using a previously published HPLC
assay (45) exhibited non-competitive inhibition patterns (data not shown). However, greater
than 10 mM ammonium chloride was required for inhibition, consistent with several
previous reports on nicotinamidases from M. lysodeikticus and yeast (46, 47). Therefore, it
was unclear if the ammonium ion added was acting as a product inhibitor or as a denaturant
as non-competitive inhibition patterns would be predicted in either case. To determine if the
weak inhibition by ammonium ion could be explained by low reversibility of the reaction,
100 mM ammonium chloride and 5 mM nicotinic acid were incubated with 5 µM Pnc1 for
150 minutes at pH 7.5 and assayed for nicotinamide formation using an HPLC assay (45).
No nicotinamide was detected under these conditions leading to an upper estimate of the
reverse reaction rate at < 10−5 s−1, at least four orders of magnitude slower than the forward
reaction rate with nicotinamide (kcat = 0.69 s−1). Therefore, the Pnc1 catalyzed reaction is
essentially irreversible.

Inhibition by nicotinamide analogs
The product inhibition analysis above suggested that nicotinic acid was the second product
released and therefore that an enzyme intermediate might exist between Pnc1 and nicotinic
acid. We hypothesized that non-hydrolyzable nicotinamide analogs might trap this
intermediate and display potent nicotinamidase inhibition. All analogs tested displayed
competitive inhibition with Ki values ranging from high nM to low mM (Table 1). The
competitive inhibition observed by 3-acetylpyridine (Ki = 316 µM; Table 1) was consistent
with several previous reports on nicotinamidases from Mycobacterium phlei (48), M.
lysodeikticus (Ki = 160 µM) (49), Tortula cremoris (Ki = 305 µM) (50), Fleischmann’s yeast
(Ki = 65 µM) (47), Flavobacterium peregrinum (51), and S. cerevisiae (Ki = 46 µM) (30).
Nicotinaldehyde displayed by far the most potent inhibition among the analogs tested with a
Ki value of 940 nM (Table 1; Figure S1), 10-fold below the Km value of 9.6 µM for
nicotinamide. Potent inhibition by nicotinaldehyde was previously observed for
nicotinamidases from M. lysodeikticus (Ki = 18 nM) (49), S. cerevisiae (Ki = 1.4 µM) (30),
and Mycobacterium tuberculosis (Ki = 290 nM) (33). Benzaldehyde was the weakest
inhibitor tested with a Ki value of 20.6 mM, similar to the previously observed benzaldehyde
inhibition of M. lysodeikticus nicotinamidase (Ki = 1.8 mM) (49).
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Structure of nicotinaldehyde inhibited Pnc1
The potent inhibition displayed by nicotinaldehyde inspired us to co-crystallize Pnc1 with
nicotinaldehyde. Pnc1 crystallized with the nicotinaldehyde inhibitor at a 4:1
(nicotinaldehyde:Pnc1) molar ratio in the same space group and unit cell parameters as the
apo structure (Table 2) (32). The crystals diffracted to 2.7-Å resolution and the structure was
determined by molecular replacement using the apo Pnc1 structure (32) as a search model
(38). Fo−Fc electron density maps revealed the location of the inhibitor covalently bound to
C167, which was modeled into the electron density as a modified amino acid (Figure 1A).
Overall, the structure is similar to the apo structure with a root mean square deviation (rmsd)
of 0.3 Å2, and no major structural changes were induced by complex formation with the
inhibitor.

Within the crystal structure, nicotinaldehyde is covalently bound within the Pnc1 active site
through a thiohemiacetal linkage to C167. The residues D8, K122, and C167 are all within
hydrogen bond distance from one another (Figure 1B) and form a putative catalytic triad that
is conserved throughout all known nicotinamidases (Figure S2). In addition to the covalent
linkage to C167, nicotinaldehyde is ligated to the active-site zinc through the pyridine ring
nitrogen (Figure 1). This zinc ligation is consistent with recent structures of nicotinamidases
from Acinetobacter baumanii and Streptococcus pneumoniae (31, 52). The active-site zinc is
also ligated by D51, H53, and H94, consistent with the previous S. cerevisiae Pnc1 apo-
structure (32). Furthermore, we observed evidence for two water molecules that also
coordinate the zinc; one of these is within hydrogen bonding distance of one conformation
of E129 (E129 is present in two conformations in the structure) (Figure 1C). The carbonyl
oxygen of nicotinaldehyde forms hydrogen bonds to the backbone amide nitrogens of A163
and C167 consistent with recent structures of S. pneumoniae PncA (52). The pyridine ring of
nicotinaldehyde is also bound within an aromatic cage consisting of F13, W91, Y131, and
Y166 (Figure 1B).

Kinetic parameters of Pnc1 active-site mutants
The structure with nicotinaldehyde bound within the Pnc1 active site and a sequence
alignment of prokaryotic and eukaryotic nicotinamidases (Figure S2) suggested several
conserved residues that may be involved in catalysis. Therefore, we determined the steady-
state kinetic parameters for Pnc1 mutants of D8, D51, H53, H94, K122, and C167 (Table 3).
The putative base D8 was substituted with Ala, Asn, or Glu, yielding mutants that displayed
103–104 fold lower kcat values compared to Pnc1 WT (Table 3). The D8E mutant exhibited
slightly faster rates compared to either D8A or D8N. The equivalent D8E mutant in M.
tuberculosis nicotinamidase was previously shown to harbor a 100-fold lower specific
activity compared to wild type (53). When individually substituted with Ala, the zinc-
binding residues D51, H53, and H94 yielded enzymes with 10–50 fold lower kcat values.
Similar losses of specific activity (10–3000 fold) were observed when the corresponding
zinc-binding residues were mutated to Ala in the M. tuberculosis nicotinamidase (53, 54).
The D51N mutant was slightly more active (3-fold) than the D51A mutant. The zinc-binding
mutants displayed Km values that were similar to or lower than those for Pnc1 WT (Table 3).
The nicotinamidase active-site Zn2+ is tightly bound, as addition of 10 mM EDTA did not
inhibit Pnc1 (data not shown) consistent with a previous report on nicotinamidases from T.
cremoris (50), M. lysodeikticus (46), and M. tuberculosis (33). Addition of 2 mM ZnCl2
failed to increase activity of wild type (consistent with a previous report (30)) or rescue
activity of D51A, D51N, H53A, or H94A mutants (data not shown) further indicating that
Zn2+ is tightly ligated by D51, H53, and H94 and that these residues are critical for
catalysis. When K122 was replaced with Ala, the kcat was decreased by 16-fold, whereas the
K122R mutant displayed a dramatic 770-fold drop in kcat compared to Pnc1 WT. When the
proposed nucleophile C167 was replaced with Ala, the observed rate was below the
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detection limit of the coupled assay (0.0005 s−1), the lowest of any mutant. A complete loss
of activity was also observed when the active-site Cys was mutated to Ala in the
nicotinamidase from M. tuberculosis (53, 54).

Kinetic parameters of nicotinamide analogs as alternate substrates
Kinetic values for the reaction using substrate analogs produced a wide variation in kcat/Km
values (Table 4). The Km value of 9.6 µM observed for nicotinamide was within the range of
6–10 µM obtained from previous reports on yeast nicotinamidases (30, 47). Substitution of
the nicotinamide pyridine ring at the 4-position with nitrogen (pyrazinamide) or addition of
a methyl group to the 5-position resulted in 3.7- and 2.5-fold faster kcat values but lower kcat/
Km values due to 16- and 6-fold higher Km values, respectively. The Km value of 157 µM
determined for pyrazinamide was similar to previously determined values for
nicotinamidases from S. cerevisiae (Km = 200 µM) (2) and M. tuberculosis (Km = 300 µM)
(33). The Km value of 61 µM determined for 5-methylnicotinamide was 5-fold lower than a
previously determined value of 360 µM for a nicotinamidase from M. lysodeikticus (46).
Perturbation of the pyridine nitrogen of nicotinamide by methylation (1-
methylnicotinamide) or substitution with carbon (benzamide) resulted in 8400- and 200-fold
decreased kcat/Km values compared to nicotinamide. The activity observed for 1-
methylnicotinamide was in contrast to French et al. who observed no activity with S.
cerevisiae Pnc1 (30). We were unable to accurately determine the kcat value for 1-
methylnicotinamide as saturation could not be obtained, but benzamide resulted in a 78-fold
lower kcat value compared to nicotinamide. Substitution of the amide oxygen of
nicotinamide with a sulfur (thionicotinamide) resulted in a 1400-fold lower kcat/Km value.
Finally, no activity could be detected above the detection limit of the HPLC assay (10−5 s−1)
for nicotinamide mononucleotide (NMN+) or NAD+.

15N and 13C kinetic isotope effects with substrate analogs
We next investigated the first portion of the nicotinamidase mechanism up to and including
the first irreversible step (C-N bond cleavage) using kinetic isotope effects (KIEs). Using
slow substrates with Pnc1 allowed us to determine if and when C-N bond cleavage is rate
limiting for catalysis. The 15N and 13C KIE values were determined for Pnc1 with
nicotinamide and three substrate analogs: 5-methylnicotinamide, pyrazinamide, and
thionicotinamide (Table 4). With nicotinamide as the substrate the 15N and 13C isotope
effects are ~1.2%. Since the upper theoretical limit for 15N and 13C effects is 3–4%, these
primary effects indicate that C-N bond cleavage is at least partially rate-limiting. When 5-
methylnicotinamide, pyrazinamide, or thionicotinamide were utilized as substrates, all of the
KIE are more fully expressed than those with nicotinamide (Table 4). Also, in comparing
the 15N effects versus the kcat/Km data, there is good correlation between the kinetic data and
the KIE showing that the slower substrates exhibit higher primary KIEs. The trend is not as
well defined for the 13C data, but the KIE for 5-methylnicotinamide is roughly the same as
pyrazinamide when the standard error is taken into consideration.

15N and 13C kinetic isotope effects of Pnc1 mutants
The same KIEs determined with the substrate analogs were also determined for four Pnc1
mutants: D8E, D51N, D51A, and K122R, with nicotinamide as the substrate (Table 3).
These Pnc1 mutants were chosen because of the differences observed in the determined
kinetic parameters and their ability to achieve adequate product conversion to determine
KIEs. These KIEs permitted us to investigate whether the mutated residues are responsible
for the actions discussed here and by others (30, 31, 33, 52, 55). For the Zn2+ ligation
mutant, D51N, the KIE values were both lower than for Pnc1 WT, whereas a higher 15N
KIE and a lower 13C KIE was observed for D51A compared to Pnc1 WT. For the K122R
mutant, the 15N KIE is exactly the same as that determined for the wild-type enzyme while
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the 13C effect is only ~0.4% higher. Finally, the D8E mutant displayed increased KIEs that
were very close to the maximum observed with the substrate analogs.

pH dependence of kinetic parameters
Several residues within the Pnc1 active site may require a particular ionization state for
catalysis. Within Pnc1, these include D8, K122, and C167. To provide evidence for the
involvement of these residues during catalysis, the effect of pH on the kcat values of Pnc1
was determined. First, the stability of Pnc1 at pH extremes was determined to ensure any
changes in rate was due to the protonation states of active-site residues and not global
protein unfolding. Determination of Pnc1 kcat values with saturating nicotinamide over a pH
range from 4.5 to 10.5 showed no critical ionizations but did show a slight pH-dependent
rate change that varied only 4-fold between the pH extremes (0.45 s−1 at low pH and 1.87
s−1 at high pH) (Figure 2A). Similarly, the kcat/Km profile did not reveal any critical
ionizations (data not shown). The lack of a critical ionization using nicotinamide as the
substrate was consistent with previous reports on nicotinamidases from Torula cremoris and
M. tuberculosis (33, 50).

The higher KIE values and slower kcat/Km values for pyrazinamide compared to
nicotinamide (Table 4) indicated that C–N bond cleavage was only partially rate limiting for
nicotinamide but nearly fully rate limiting for pyrazinamide. Therefore, we hypothesized
that the pH profile for pyrazinamide would display critical ionizations involved in C–N bond
cleavage. Indeed, Pnc1 kcat values for pyrazinamide revealed two critical ionizations over a
pH range from 4 to 10, one with an apparent pKa value of 5.1 ± 0.2 that must be
unprotonated for activity and another with an apparent pKb value of 9.0 ± 0.2 that must be
protonated for activity (Figure 2B). The residues responsible for these ionizations are
discussed below.

Discussion
Nicotinamidase kinetic mechanism

Although several nicotinamidase chemical mechanisms have been proposed (30–33), the
kinetic mechanism had not been investigated in detail. Here, we determined that Pnc1
follows an ordered Uni Bi kinetic mechanism (Figure 3) in which nicotinamide binding is
followed by formation of a thioester intermediate between C167 and nicotinic acid.
Evidence supporting this thioester intermediate is discussed below. Ammonia is released
and then the thioester intermediate is hydrolyzed to form nicotinic acid, which is then
released. The product inhibition pattern expected for an ordered Uni Bi mechanism is that
the second product released acts as a competitive inhibitor versus nicotinamide and the first
product released acts as a non-competitive inhibitor versus nicotinamide (56). Therefore,
nicotinic acid is the second product released based on the competitive inhibition patterns
displayed versus nicotinamide (Figure S1). The non-competitive inhibition displayed by
ammonium chloride is also consistent with ammonia as the first product released, but we
were unable to confirm that the inhibition was specific to the Pnc1 active site or that the
inhibition was caused by NH3 rather than NH4

+.

Nicotinamide binding may proceed through a hydrophobic tunnel
The Pnc1 active site is largely sequestered from solvent. However, a small tunnel exists
from the active site to the protein surface that is constricted by L20, Y70, and I192 (Figure
4A). I192 appears to be especially important in the opening and closing of this tunnel as
I192 resides on a dynamic C-terminal loop in Pnc1. The dynamic nature of the C-terminal
loop and helix is exemplified by the high B factors of this region in the crystal structure
(Figure 4B). Furthermore, the C-terminal helix displayed greater variance than any other
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portion of the structure when aligned with previous nicotinamidase structures (31, 52, 53,
55) (Figure 4C). However, Pnc1 does not undergo significant conformational changes
outside of this C-terminal loop and helix upon nicotinamide binding as shown by the low
rmsd values (rmsd 0.23–0.38 Å) between the apo- (32) and nicotinaldehyde-bound Pnc1
structures. Once nicotinamide proceeds through this tunnel, binding is stabilized within the
active site through edge-face aromatic interactions between the aromatic cage residues F13,
W91, Y131, and Y166 and the pyridine ring of nicotinamide (Figure 1B).

Zinc is involved in both binding and activation of substrate
The Zn2+ ligated by D51, H53, and H94 also stabilizes nicotinamide binding within the
active site. Our structure of nicotinaldehyde bound to Pnc1 revealed that the pyridyl nitrogen
is ligated to the active-site Zn2+ at a distance of 2.6 Å. This Zn2+ ligation is important for
binding and/or activating nicotinamide for catalysis as mutation of D51, H53, or H94
decreased the kcat value 11- to 49-fold. The importance of the Zn2+ ligation is further shown
by the alternate substrate benzamide where the pyridyl nitrogen is replaced with a carbon.
Using benzamide as an alternate substrate reduced the kcat/Km value 200-fold compared to
nicotinamide (Table 4). This rate difference can partially be explained by the observed 7-
fold slower pseudo-first-order rate of benzamide hydrolysis in basic solutions compared to
nicotinamide (0.00408 versus 0.0301 hr−1 at 25 °C in 0.1 N NaOH) (57). In addition,
benzaldehyde was a 22,000-fold less potent inhibitor compared to nicotinaldehyde (Table 1)
indicating that the pyridyl nitrogen plays a significant role in substrate affinity through Zn2+

ligation. Besides nicotinamide binding, the Zn2+ also acts as a Lewis acid to activate
nicotinamide towards hydrolysis. Interestingly, this method of Lewis acid catalysis appears
unique among zinc hydrolases, which typically facilitate hydrolysis through binding to the
carbonyl oxygen of the substrate (58, 59). In nicotinamidases, the Zn2+ instead acts as a
‘vinylogous Lewis acid’ activating the amide carbon for nucleophilic attack by C167
through the electron-withdrawing character of Zn2+, which acts through the conjugation of
the pyridine ring instead of directly at the amide oxygen.

The Zn2+ ligand mutants also displayed the most interesting KIE results. For Pnc1 D51N,
both the 15N and 13C KIE are ~0.5% compared to ~1.25% for those of Pnc1 WT (Table 3).
We believe this is due to an increase in one of the back reaction off rates. A truncated
derivation demonstrating how this is possible is included in the supporting information.
Another intriguing KIE result is that for the Zn2+ ligand mutant, D51A, which has a 15N
KIE that is larger than the wild type, while the 13C KIE is smaller. One feasible explanation
is that the carbon is bonded more stiffly than the nitrogen at the transition state in the D51A
mutant. This may be due to the inability of the alanine residue in the mutant enzyme to be
liganded to the Zn2+, which affects the position of the Zn2+ and nicotinamide substrate in the
active site compared to the wild type. If true, the orientation of the substrate has changed
before the nucleophilic attack by C167, possibly affecting the bond stiffness of carbon to
nitrogen in the transition state (Scheme 3). One final possibility for the difference in KIE for
the D51N and D51A mutants compared to wild type is the change of charge at the active site
upon mutation of a negatively charged aspartate residue to the neutral asparagine or alanine.
There is precedence for the requirement of certain charges in and around the active site for
proper substrate binding and catalysis (60). With Pnc1 it is unclear how loss of a negative
charge may cause changes in the KIE and kinetic data but it may be due to the same factors
discussed with the pH profiles.

C167 is activated by Pnc1 active-site residues
Our Pnc1 structure suggested D8, K122, and C167 form a catalytic triad, which resembles
the catalytic triad of the nitrilase superfamily (61). These three residues are universally
conserved among all nicotinamidases (Figure S2) and an active-site Cys residue (C167 in
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Pnc1) was previously proposed to act as a nucleophile during catalysis (30, 31, 46, 47, 50–
52, 55) attacking the carbonyl carbon of nicotinamide to form a thioester intermediate. Here,
we present several lines of evidence that are highly consistent with this nucleophilic role of
C167. First, nicotinamide analog aldehydes and ketones are competitive inhibitors versus
nicotinamide. Although these aldehydes and ketones are predicted to form covalent adducts
with C167, classical competitive inhibition patterns and no time dependent loss of activity
are expected as reaction with C167 is completely reversible (49, 50, 62) and infinite
concentrations of nicotinamide would preclude inhibitor binding to Pnc1. Nicotinaldehyde is
a particularly potent inhibitor (Ki value of 940 nM), and the weaker inhibition of 3-
acetylpyridine (Ki = 316 µM) is consistent with the greater reactivity of aldehydes compared
to ketones (63). We co-crystallized nicotinaldehyde with Pnc1 and continuous electron
density was observed between C167 and nicotinaldehyde (Figure 1A) indicating a covalent
thiohemiacetal adduct was present in the crystals. The importance of C167 was confirmed
through mutagenesis as the Pnc1 C167A mutant lost all detectable nicotinamidase activity
(Table 3).

The Pnc1 pH profile using pyrazinamide as a substrate revealed a critical ionization with an
apparent pKa value of 5.1 that must be unprotonated and a critical ionization with an
apparent pKa value of 9.0 that must be protonated for activity (Figure 3B). The group that
must be unprotonated for activity might reflect C167, consistent with a previously
determined pKa of 6.6 for cysteine alkylation by iodoacetamide with the nicotinamidase
from M. tuberculosis (33). The lowered pKa of C167 is likely due to the positively charged
K122 ε-amino group within 3.1 Å of the C167 sulfur. The group that must be protonated
(pKa ~ 9) may reflect the requirement for protonated K122. The precise positioning of the
K122 ε-amine within the Pnc1 active site is critical as both the Pnc1 K122A and K122R
mutants displayed significantly diminished kcat values 16- and 767-fold below those of Pnc1
WT, respectively. For the K122R mutant, the 15N KIE is exactly the same as that
determined for Pnc1 WT while the 13C effect is only ~0.4% higher. This may reflect a
classic case of non-productive substrate binding, which affects the kcat, but not the kcat/Km
value. Arginine likely sterically interferes with nicotinamide binding causing a greater
degree of non-productive binding. However, once the substrate achieves the proper near
attack conformation the reaction proceeds normally resulting in a minimal increase in the
KIE. Another possibility is that the positively charged K122 might lower the pKa values of
D8 and C167 (31, 33). If so, the KIEs of K122R suggest that the positive charge of arginine
is sufficient to maintain the lowered pKa values of D8 and C167 in the transition state. If
not, the KIE would be expected to increase since an increased pKa value of either residue
would slow proton abstraction and thus the C-N bond cleavage.

Within the Pnc1 active site, D8 is likely the base that initiates catalysis by abstracting the
proton from C167 leading to the attack at the nicotinamide amide carbon (30, 31, 33, 52).
The Pnc1 D8A, D8N, and D8E mutants revealed the importance of both the charge and
positioning of D8 within the Pnc1 active site. Removal of the charge (D8A and D8N)
resulted in 767- and 1150-fold reductions in kcat value compared to Pnc1 WT. Repositioning
the negative charge (D8E) increased both the 15N and the 13C KIE to very close to the
maximum (~2.7% for 15N; Table 3) observed with the substrate analogs and resulted in a
100-fold reduction in kcat value. Therefore, the extra methylene group of glutamate likely
pushes the carboxyl group out of position to substantially slow proton abstraction, resulting
in slower C-N bond cleavage and the fullest expression of the KIEs. Finally, nucleophilic
attack by C167 is further favored by the presence of a putative oxyanion hole (Figure 1B)
originally proposed by Fyfe et al. (31) consisting of the amide backbone nitrogens of the
conserved A163 and invariant C167 (Figure S2). These nitrogens form hydrogen bonds to
the oxygen of the trapped thiohemiacetal adduct in the structure of nicotinaldehyde inhibited
Pnc1.
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Structure-activity relationships and rate-limiting steps of nicotinamide analogs
The pH dependence of nicotinamide hydrolysis displayed no critical ionizations over the
range 4.5–10.5 (Figure 2A), indicating a step other than C167 nucleophilic attack and C–N
bond cleavage is rate-limiting for nicotinamide, such as tetrahedral intermediate breakdown
or product release. In addition, the KIEs determined for nicotinamide were significantly less
than the maximum observed for the substrate analogs indicating that C–N bond cleavage is
only partially rate-limiting with respect to the kcat/Km value. The two critical features of
proper nicotinamide binding and orientation are the ring nitrogen, which is liganded to the
zinc atom and the nicotinamide carbonyl oxygen, which is held in place by backbone amide
interactions. Replacing the oxygen with sulfur (i.e. thionicotinamide) leads to a >103 drop in
kcat/Km value and a large 1.4% increase in the 15N KIE value compared to nicotinamide.
Therefore, the overall rate limiting step likely shifts from product release for nicotinamide,
to C–N bond cleavage for thionicotinamide. Oxygen is more electronegative than sulfur
(3.44 vs 2.58, Pauling Scale) (64), which can affect the reaction in two possible ways. First,
the hydrogen bonding strength is less for a thionyl group than a carbonyl leading to a more
loosely bound substrate (i.e. the interaction with the backbone amides of A163 and C167).
Secondly, the drop in electronegativity directly impacts the electrophilicity of the thionyl
amide carbon thus diminishing its reactivity when attacked by C167. In addition, the larger
size of sulfur and the longer bond length of C=S versus C=O bonds may also sterically clash
with the enzyme and result in non-optimal substrate positioning. Any of these reasons would
lead to a decreased forward commitment factor of the reaction and thus an increase in the
observed 15N and 13C KIE.

Addition of a methyl group on the ring nitrogen (i.e. 1-methylnicotinamide) and replacement
of N1 with carbon (i.e. benzamide) both block the interaction with the bound zinc atom
resulting in a dramatic drop in kcat and kcat/Km values (see above). Methylation at the C5
position (i.e. 5-methylnicotinamide) is tolerated, yielding a substrate that displays modest
effects on kcat/Km values but not of kcat values compared to nicotinamide. The higher KIE
values for 5-methylnicotinamide (and all the analogs tested) compared to nicotinamide
indicated that 5-methylnicotinamide is not as “sticky” as nicotinamide (i.e. the ratio of
substrate dissociation to forward reaction is greater for the analogs). Thus, the C-N bond
cleavage is almost entirely rate-limiting in regard to the kcat/Km value. Therefore, the extra
methyl group of 5-methylnicotinamide is most likely sterically interacting with a nearby
residue (possibly Y166) hindering achievement of the proper orientation for optimal
catalysis. However, the steric hindrance of the methyl group of 5-methylnicotinamide also
results in a more loosely bound substrate (higher Km) and a higher kcat value likely due to
faster product release. Therefore, 5-methylnicotinic acid release, not C-N bond breaking, is
the overall rate-limiting step reflected in the kcat value. Consistent with the high specificity
of nicotinamidases toward nicotinamide, NAD+ salvage pathway metabolites NMN+ and
NAD+ are not substrates.

Pyrazinamide displayed a 4.5-fold lower kcat/Km value compared to nicotinamide, but a 3.7-
fold higher kcat value (Table 4). The size and geometry of the pyrazine ring are nearly
identical to the pyridine ring of nicotinamide, so the additional nitrogen in the pyrazine ring
slows the binding and chemical steps reflected in the kcat/Km value (substrate binding,
nucleophilic attack of C167, and release of ammonia) through inductive effects or
unfavorable interaction of the unshared pair of electrons with nearby aromatic residues
involved in substrate binding and positioning leading to a more loosely bound substrate.
However, the higher kcat value indicates that pyrazinamide reacts faster in the chemical steps
after release of ammonia such as thioester hydrolysis and pyrazinoic acid release. Indeed,
the 56-fold higher Ki value of pyrazinoic acid compared to nicotinic acid (Table 1) is
consistent with a higher off rate constant for pyrazinoic acid and an overall rate
enhancement due to an increased rate of rate-limiting product release. The 4.5-fold lower
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kcat/Km value for pyrazinamide is due to slower and nearly fully rate-limiting amide C–N
bond as revealed by the higher 15N and 13C KIE values of 2.3% and 2.0% determined for
pyrazinamide, compared to 1.2% and 1.3% determined for nicotinamide.

Nicotinamidase chemical mechanism
Previous nicotinamidase studies indicate that there are three residues that directly chelate the
Zn2+ at the active site (D51, H53, and H94 in Pnc1) and three that are involved as a catalytic
triad (C167, D8, and K122 in Pnc1) (31, 32, 55). Here, our data suggests specific roles for
each of these residues and other active-site residues during catalysis (Scheme 4). In the first
step of the mechanism, the substrate binds at the active site replacing one of two equatorial
water molecules ligated to the Zn2+ and is stabilized by edge face interactions with the
aromatic residues F13, W91, Y131 and Y166. The nitrogen of the pyridine ring is liganded
to the Zn2+ at the active site and the proton is removed from C167 by D8, forming a thiolate
that then attacks the amide carbonyl carbon creating a tetrahedral intermediate. The recently
abstracted proton is transferred to the amino portion of the amide, which is then ejected as
NH3 as the intermediate collapses and the C–N bond is broken. Although this final step
before C-N scission is shown as concerted in Scheme 4, proton transfer and C-N cleavage
may be in fact stepwise.

At the next stage of the mechanism there is some disagreement on how the reaction moves
forward. It has been hypothesized that the Zn2+ ligated water is in proper position to attack
the thiol ester (52), but our crystal structure indicates the water is too far away (~5–7 Å)
from the carbonyl carbon to be effective without a significant conformational rearrangement
or dissociation from the Zn2+. Another option is that the Zn2+ ligated water is deprotonated
and can then deprotonate a bulk solvent water molecule that attacks the thiol ester (30). The
final possibility is that a bulk solvent water molecule is deprotonated by D8 and then acts as
the nucleophile reforming a tetrahedral intermediate (31, 33). We favor the third option as
D8 is in proper position to accomplish this deprotonation. Finally, the intermediate collapses
to form nicotinic acid and the cysteine thiolate abstracts the proton from D8 and the catalytic
cycle is complete.

It is possible that if the thiol pKa in Pnc1 is lowered to the same level as in PncA (pKa 6.6)
(33), presumably by the interaction with the positive charge of K122, then under the
conditions of our experiments (pH 7.5) ~90% of the cysteine would exist in its thiolate form
and thus would not require deprotonation by D8. Accordingly, D8 would only be involved
in the hydrolytic portion of the reaction, removing a proton from a water molecule and
reforming the tetrahedral intermediate. The glutamate in the D8E mutant is out of position
relative to the substrate for forming the tetrahedral intermediate, thus retarding the reaction
so that the KIE is fully expressed in the D8E mutant because the forward commitment has
become very small.

Conclusion
This detailed characterization of a eukaryotic nicotinamidase provides critical information
on the structure and mechanism of nicotinamidases. In particular, this work provides
fundamental understanding for the development of mechanism-based inhibitors and
prodrugs that target nicotinamidases to treat fungal, bacterial, or parasite infections. In
addition, results like those reported here, along with theoretical calculations of transition-
state bond lengths, have been used by others to design excellent transition-state inhibitors
for other enzymes (65). Similarly, we anticipate that these findings can lead to the
development of nicotinamidase inhibitors to treat infections in which nicotinamidase activity
is critical for viability or the infectious phenotype.
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Abbreviations

EDTA ethylenediaminetetraacetic acid

KIE kinetic isotope effect

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid

HPLC high performance liquid chromatography

IRMS isotope ratio mass spectrometry

NAD+ β-nicotinamide adenine dinucleotide

NADPH β-nicotinamide adenine dinucleotide 2′-phosphate reduced form

NMN+ nicotinamide mononucleotide

Pnc1 nicotinamidase from S. cerevisiae

WT wild type
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Figure 1.
Structure of nicotinaldehyde covalently bound in the active site of yeast Pnc1. A. Fo−Fc
electron density map (3.5 σ) showing the inhibitor and Zn2+ in cross-eyed stereo view. The
inhibitor (nicotinaldehyde) covalently attached to Cys167 was modeled into the density.
Additional residues that coordinate the Zn2+ (Asp51, His53, and His94) are also shown. B.
A cross-eyed stereo view of the active site of Pnc1 with nicotinaldehyde covalently bound.
C. A cross-eyed stereo view of ordered water within the nicotinaldehyde-bound Pnc1 active
site.
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Figure 2.
pH rate profiles. Reaction rates were determined as described under Experimental
Procedures. (A) Effect of pH on kcat of Pnc1 catalyzed hydrolysis of nicotinamide. (B)
Effect of pH on kcat of Pnc1 catalyzed hydrolysis of pyrazinamide.
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Figure 3.
Proposed kinetic mechanism of the nicotinamidase reaction. E represents the unmodified
Pnc1 enzyme, F represents the covalent thioester intermediate between nicotinic acid and
C167, NAM represents nicotinamide, and NA represents nicotinic acid.
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Figure 4.
Putative route of nicotinamide access to the Pnc1 active site. (A) A narrow tunnel exists in
the Pnc1 structure from the active site to the protein surface. This tunnel was discovered
using Caver (66, 67). (B) The C-terminal loop and helix of the nicotinaldehyde-Pnc1
structure is the most dynamic portion of the protein. All seven Pnc1 monomers in the
asymmetric unit were aligned and represented using the b factor putty preset of Pymol (68).
The range of b factors in the structure are represented as thin (low b factor) to thick (high b
factor) main chains and a color gradient from blue (low b factor) to red (high b factor). (C)
Alignment of all published nicotinamidase structures reveals that the C-terminal loop and
helix containing I192 is the most dynamic portion of the structures. The nicotinamidases
shown are from Pyrococcus horikoshii (PDB 1IM5; yellow), Mycobacterium tuberculosis
(PDB 3PL1; orange), Streptococcus pneumoniae (PDB 3O91; blue), Acinetobacter
baumannii (PDB 2WT9; pink), and Saccharomyces cerevisiae (this work; green).
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Scheme 1.
General reaction catalyzed by nicotinamidases.
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Scheme 2.
The decarboxylation of nicotinic acid by copper chromite.
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Scheme 3.
Possible transition states depicting a stiffer bonded carbon (lower KIE) and a less stiffly
bond nitrogen (higher KIE) in the D51A mutant compared to WT.

Smith et al. Page 25

Biochemistry. Author manuscript; available in PMC 2013 January 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Scheme 4.
Proposed Pnc1 chemical mechanism.

Smith et al. Page 26

Biochemistry. Author manuscript; available in PMC 2013 January 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Smith et al. Page 27

Table 1

Ki values of Pnc1 competitive inhibition by nicotinamide analogs. Ki values were determined as described
under Experimental Procedures. All reactions were performed at pH 7.5.

Inhibitor Structure Ki value (µM)

nicotinic acid 120 ± 19

pyrazinoic acid 6700 ± 1700

nicotinaldehyde 0.94 ± 0.35

benzaldehyde 20600 ± 5700

3-acetylpyridine 316 ± 101
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Table 2

X-ray data collection and structure determination statistics

Data Collection

    Wavelength, Å 0.97872

    Resolution Range (high resolution bin), Å 30-2.70 (2.75-2.70)

    Space Group R3

    Unit Cell (a, b, c (Å)) 298.72, 298.72, 112.65

       (α, β, γ (°)) 90, 90, 120

    Completeness, % 100.0 (100.0)

    Total/Unique Reflections 578,608/101,147

    Redundancy 5.7 (5.5)

    <I/σI> 19.8 (5.3)

    Rsym
a, % 11.3 (34.8)

Refinement

    Resolution, Å 30-2.70

    Rwork/Rfree
b, % 18.9/21.4

    Rms deviations

      Bonds, Å 0.009

      Angles, ° 1.23

    Ramachandran statistics, %

      Most favored 89.8

      Allowed 9.9

      Generously allowed 0.3

      Disallowed 0.0

    # atoms

      Protein 12,439

      Water 296

      Ligandc 14

    <B factor>, Å2

      Protein 27.5

      Water 23.9

      Ligandc 82.7

a
Rsym = ΣΣj|Ij − 〈I〉|ΣIj, where Ij is the intensity measurement for reflection j and 〈I〉 is the mean intensity for multiply recorded reflections.

b
Rwork/Rfree = Σ‖Fobs| − |Fcalc‖/|Fobs|, where the working and free R factors are calculated by using the working and free reflection sets,

respectively. The free R reflections (5% of the total) were held aside throughout refinement.

c
Ligand refers to 7 zinc and 7 magnesium ions (one zinc and one magnesium for each of 7 monomers in the asymmetric unit).
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