BIOCHEMISTRY

including biophysical chemistry & molecular biology

DOI: 10.1021/bi1012436

Article

High-Resolution Crystal Structures of Streptococcus pneumoniae Nicotinamidase
with Trapped Intermediates Provide Insights into the Catalytic Mechanism and
Inhibition by Aldehydes'*

Jarrod B. French,® Yana Cen,H Anthony A. Sauve,II and Steven E. Ealick*?®

SDepartment of Chemistry and Chemical Biology, Cornell University, Ithaca, New York 14853, and
”Deparlment of Pharmacology, Weill Cornell College of Medicine, 1300 York Avenue, New York, New York 10065

Received August 4, 2010, Revised Manuscript Received September 7, 2010

ABSTRACT: Nicotinamidases are salvage enzymes that convert nicotinamide to nicotinic acid. These enzymes
are essential for the recycling of nicotinamide into NAD™ in most prokaryotes and most single-cell and
multicellular eukaryotes, but not in mammals. The significance of these enzymes for nicotinamide salvage and
for NAD™ homeostasis has stimulated interest in nicotinamidases as possible antibiotic targets. Nicotina-
midases are also regulators of intracellular nicotinamide concentrations, thereby regulating signaling of
downstream NAD"-consuming enzymes, such as the NAD"-dependent deacetylases (sirtuins). Here, we
report several high-resolution crystal structures of the nicotinamidase from Streptococcus pneumoniae
(SpNic) in unliganded and ligand-bound forms. The structure of the C136S mutant in complex with
nicotinamide provides details about substrate binding, while a trapped nicotinoyl thioester in a complex with
SpNic reveals the structure of the proposed thioester reaction intermediate. Examination of the active site of
SpNic reveals several important features, including a metal ion that coordinates the substrate and the
catalytically relevant water molecule and an oxyanion hole that both orients the substrate and offsets the
negative charge that builds up during catalysis. Structures of this enzyme with bound nicotinaldehyde
inhibitors elucidate the mechanism of inhibition and provide further details about the catalytic mechanism.
In addition, we provide a biochemical analysis of the identity and role of the metal ion that orients the ligand
in the active site and activates the water molecule responsible for hydrolysis of the substrate. These data
provide structural evidence of several proposed reaction intermediates and allow for a more complete
understanding of the catalytic mechanism of this enzyme.
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Nicotinamide adenine dinucleotide (NAD™)" and its phos-
phorylated and reduced forms (NADP", NADH, and NADPH)
are central to cellular metabolism and energy production. Main-
tenance of NAD™ concentrations is important for cell and
organism viability, and the strategies cells use to recover NAD ™"
from nicotinamide (NAM), nicotinic acid (NA), and nicotina-
mide riboside via de novo routes are quite elaborate (/). The
complexity of NAD™ biosynthesis in most organisms is likely
linked to the importance of the dinucleotides in central meta-
bolism, and targeting NAD™ biosynthesis as an antibiotic
approach has recently been the subject of investigation (/—3).
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In addition to biosynthetic production, salvage pathways
operate to offset depletion of NAD™ stocks by NAD-con-
suming enzymes and nonenzymatic hydrolysis, which can occur
even at physiological temperatures and pH values (4, 5).

An important difference between human NAD™ homeostasis
and that of most prokaryotes, unicellular eukaryotes, and multi-
cellular eukaryotes involves the mechanism of NAD™ production
and/or salvage. In most organisms, nicotinamide is recycled
to NAD™ by first being converted to nicotinic acid by the enzyme
nicotinamidase, the genes of which are also known as pyrazina-
midase/nicotinamidase (PncA) (Figure 1A). Mammalian genomes
do not encode nicotinamidases but instead convert NAM directly
into nicotinamide mononucleotide (NMN) using nicotinamide
phosphoribosyltransferase (Nampt). NMN is then adenylated
by nicotinomide mononucleotide adenyltransferase to form
NAD™ (6, 7). Mammals also retain the capacity to utilize nicotinic
acid to make NAD™, doing so using the Preiss Handler pathway.
This pathway is biochemically similar to the manner in which most
organisms recycle nicotinic acid (Figure 1B) (7).

The importance of the nicotinamidase activity to organisms
that are pathogenic to humans, combined with its absence in
human NAD™ biosynthetic pathways, has heightened interest in
this enzyme as a possible drug target. Recent work on the
spirochaete Borrelia burgdorferi indicates that host nicotinic acid
levels are too low to support pathogen survival and that a
plasmid-encoded nicotinamidase is essential for viability (8).
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F1GURE 1: Nicotinamidase chemistry and function. (A) PncA hydrolyzes nicotinamide to give nicotinic acid (left) and is also able to catalyze the
conversion of the drug pyrazinamide to pyrazinoic acid (right). (B) Sirtuin chemistry. Sirtuins deacetylate an acetylated peptide in an NAD™*-
dependent manner, releasing nicotinamide in the process. Heightened levels of nicotinamide inhibit sirtuin chemistry. (C and D) Schematics of the

NAD™ recycling pathways in humans and microbes, respectively.

Similarly, a nicotinamidase deficient mutant from Brucella abortus
failed to replicate in cells but was rescued by the addition of nicotinic
acid (9). In addition, an increased nicotinamidase activity has been
observed in erythrocytes infected with Plasmodium falciparum (10).
A need for nicotinamidase activity for viability is consistent with
the idea that some organisms lack a de novo NAD™ biosynthetic
pathway and therefore rely upon recycling and salvage of host
NAM for growth (1, 2, 11, 12).

Nicotinamidase activity was first reported by Williamson and
Hughes in extracts from Lactobacillus arabinosus (13), and this
activity was later observed in many other microorganisms (/4—19).
Nicotinamidases have also been confirmed in plants (20, 21),
Caenorhabditis elegans (22), and Drosophila melanogaster (23). In
addition to proposed roles in NAD" homeostasis, nicotinamidases
are reported to regulate the NAD " -dependent deacetylase activity
of sirtuins (22, 24, 25). This is accomplished through modulation
of in vivo concentrations of nicotinamide, a potent inhibitor of
sirtuins (Figure 1C) (26—28). An increased level of nicotinamidase
expression increases the level of Sir2-dependent gene silencing
(24, 29, 30) and increases the replicative life span in yeast (25),
D. melanogaster (23, 31), and C. elegans (22, 32).

In addition to its known biological functions, nicotinamidase
activity is required for activation of the front-line tuberculosis
prodrug, pyrazinamide. Nicotinamidase encoded by Mycobacterium
tuberculosis hydrolyzes pyrazinamide to form the active form of the
drug, pyrazinoic acid (Figure 1A). Despite the effectiveness of
pyrazinamide, drug resistant strains of M. tuberculosis have emerged
that are unable to metabolize this drug. Resistance arises from point
mutations on the nicotinamidase enzyme (33), and these mutations
have been mapped to catalytic residues as well as to residues
predominantly structural in nature (34, 35).

With considerable interest in nicotinamidases for their biolo-
gical effects, their potential as antibiotic targets, and a long
history of investigation, it is somewhat surprising that the
structural basis for the catalytic function of these enzymes has
remained largely undetermined. Until recently, only unliganded
crystal structures of nicotinamidases, from Saccharomyces cere-
visiae (36) and Pyrococcus horikoshii (37), had been reported.
While the active site within both structures was identified through
similarity to known structures and by the presence of a coordinated

metal, few conclusions about ligand binding or the reaction mecha-
nism could be reached. Recently, a structure of the Acenitobacter
baumanii nicotinamidase with nicotinic acid bound at the active
site was reported in which the pyridine nitrogen of the ligand was
determined to be coordinated to the central metal ion (38). The
results suggest that nicotinamidases utilize metal coordination of
the pyridine nitrogen to orient the substrate and possibly also to
activate it for catalysis.

In this work we report crystal structures of both the un-
liganded form and several trapped intermediates of the nicoti-
namidase from the human pathogen Streptococcus pneumoniae
(SpNic). In addition, we provide an analysis of the role and
identity of the active site metal ion. These structures provide
insight into key active site interactions and provide snapshots of
several presumed reaction intermediates. The structure of the
C136S mutant with nicotinamide bound provides details about
substrate binding, while the nicotinyl thioester observed in the
structure of nicotinic acid-treated crystals provides evidence of a
thioester intermediate. The structures of the SpNic—aldehyde
complexes reveal a covalent adduct with tetrahedral geometry,
analogous to another putative reaction intermediate. These
structures, along with the biochemical evidence presented, allow
us to propose a catalytic mechanism for the nicotinamidase-
catalyzed reaction and provide a likely rationale for the inhibition
by aldehyde analogues of nicotinamide.

MATERIALS AND METHODS

Cloning and Mutagenesis. The PncA gene for S. pneumoniae
TIGR4 was amplified by polymerase chain reaction (PCR) from
genomic DNA (ATCC 6314D) and engineered to contain the
Ndel and BamHI restriction endonuclease recognition sites. The
PCR product was inserted into the pSTBlue vector (Novagen)
using the AccepTor vector kit (Novagen). The gene was then
digested with Ndel and BamHI restriction endonucleases and
ligated into similarly digested pET28a; the presence of the gene
was verified by sequencing. The C136S mutant plasmid was made
at the Cornell Protein Characterization and Production Facility
by using site-directed mutagenesis of the native gene. Briefly, site-
directed mutagenesis was performed on SpNic by a standard
PCR protocol using PfuTurbo DNA polymerase (Invitrogen)
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Table 1: Summary of Data Collection Statistics”

SpNic—Zn— SpNic—Zn— Cys136Ser
SpNic—Zn nicotinaldehyde S-methoxynicotinaldehyde SpNic—Zn—nicotinic acid SpNic—Zn—NAM

resolution (A) 1.95 1.63 1.9 1.84 1.60
wavelength (A) 0.9795 0.9795 0.9795 0.9795 0.9795
space group P2, P2, P2,2,2, P2, P2,
a(A) 60.8 60.8 61.2 61.2 61.2
b (A) 120.9 120.0 114.5 121.2 120.8
¢ (A) 63.2 62.8 120.9 63.2 62.8
p (deg) 114.3 114.9 90 94.3 114.7
no. of unique reflections 54280 96559 67241 71957 106320
average I/o(]) 11.3(2.2) 14.7 (1.9) 14.3 (4.7) 16.5 (4.5) 18.9 (3.8)
redundancy 3421 4.7 (2.5) 5.0 (4.9) 5.4 (4.9 4.0((3.4)
completeness (%) 88.2 (73.7) 95.1(79.4) 99.0 (99.9) 99.5(98.8) 97.7 (86.2)
Ry’ (%) 13.2(29.2) 9.3 (17.7) 9.8 (35.3) 9.9 (28.9) 5.1(18.9)

“Numbers in parentheses correspond to values for the highest-resolution shell. ”Rsym = S50l = (DI/> (D), where () is the mean intensity of the N

reflections with intensities /; and common indices 7, k, and /.

and Dpnl (New England Biolabs) to digest the methylated
parental DNA prior to transformation. The presence of the
mutated residue was verified by sequencing.

Protein Expression and Purification. Rosetta 2(DE3)
pLysS (Novagen) Escherichia coli cells were transformed by the
plasmid DNA. Cells were grown in LB medium at 37 °C with
shaking (180 rpm) to an ODgg, of 0.6. SpNic expression was
induced by the addition of 0.5 mM isopropyl f-p-1-thiogalacto-
pyranoside, and cells were incubated at 37 °C with shaking for an
additional 10 h. Cells were harvested by centrifugation, resus-
pended in lysis buffer [300 mM NaCl, 50 mM Na,PO,, and 5 mM
imidazole (pH 7.6)], and lysed by sonication. The lysate was then
centrifuged at 30000g for 60 min at 4 °C. The cleared lysate
was loaded onto Ni-NTA resin (Qiagen) that had been pre-
equilibrated with lysis buffer. After being loaded, the lysate was
washed with lysis buffer and then with wash buffer [300 mM
NaCl, 50 mM Na,POy,, 10% glycerol, and 25 mM imidazole
(pH 7.6)]. Finally, the protein was eluted with 300 mM NacCl,
50 mM Na,POy, and 250 mM imidazole (pH 7.6) and then buffer-
exchanged using an Econo-Pac 10DG column (Bio-Rad) into
30 mM NaCland 10 mM Tris (pH 7.6). The protein was concen-
trated using a centrifugal filter with a 10 kDa molecular mass
cutoff (Amicon) to a final concentration of 25 mg/mL as measured
by the method of Bradford (39). Protein purity was verified to be
greater than 95% by sodium dodecyl sulfate—polyacrylamide gel
electrophoresis (SDS—PAGE).

Synthesis of 5-Methoxynicotinaldehyde. 5-Methoxynico-
tinaldehyde was synthesized in two steps from 3,5-dibromopyr-
idine as previously reported (40).

Protein Crystallization, Data Collection, and Structure
Determination. Crystallization experiments were conducted
using the hanging drop vapor diffusion method at 18 °C by
combining equal volumes of protein and reservoir solution.
Initial crystallization conditions were determined by sparse
matrix screening (Hampton Research, Emerald Biostructures).
After optimization, diffraction-quality crystals were grown from
18—22% polyethylene glycol 3350, 0.2—0.3 M NaCl, and 0.2 M
sodium malonate (pH 6.3) at 18 °C. To obtain the SpNic—small
molecule complexes, the crystals were soaked for 12 h in the
crystallization solution containing 2 mM ZnCl, and 2 mM ligand
(nicotinaldehyde, 5-methoxynicotinaldehyde, NA, or NAM).
Prior to being flash-frozen in liquid nitrogen, crystals were
soaked in a solution containing the crystallization buffer,
2 mM ZnCl,, 2 mM ligand, and 18% glycerol. Data sets were

collected at Advanced Photon Source (APS) beamline 24-1D-C
using an ADSC Quantum 315 detector at a wavelength of 0.9795 A.
The data collection statistics are provided in Table 1.

The structure of SpNic was determined by molecular replace-
ment using MolRep (4/) with an all-alanine monomer of
P. horikoshii pyrazinamidase [Protein Data Bank (PDB) entry
1IM5] as the search model. The models were refined by iterative
cycles of restrained refinement using Refmac5 (42) and CNS (43)
and by manual model building using the interactive graphics
program Coot (44). Water molecules were added using Coot only
after the refinement of the protein structure had converged.
Ligands were directly built into the corresponding difference
electron density, and the model was then subjected to an addi-
tional round of refinement. Refinement statistics for the model
are listed in Table 2.

Estimation of Coordinate Error. While the variances and
covariances of parameters used in structural refinement can be
obtained through the inversion of the full least-squares matrix,
this calculation is computationally very challenging and difficult
to realize for protein structures, given the number of parameters
needed for refinement. Alternatively, approximations can be used
to compute an estimate of coordinate error in a model. To
determine the approximate coordinate error for the Zn*" and
water atoms bound in the SpNic active site, the method of
Cruickshank (45), called the diffraction-component precision
index (DPI), was used.

Total Elemental Analysis of Protein Samples. Elemental
analysis of protein samples was performed by the Cornell
Nutrient Analysis Laboratory (46) following Environmental
Protection Agency protocol 3051-6010. This method involves
microwave-assisted nitric acid digestion of samples followed by
analysis by inductively coupled plasma-atomic emission spectro-
metry. Prior to treatment of samples, the six-His tag was
cleaved from the protein using TEV protease. An aliquot was
set aside to use as an untreated sample, and the remaining
amount was incubated with 2 mM EDTA and 2 mM 1,10-
phenanthroline for 24 h at 4 °C. Samples were buffer-
exchanged on a Centricon 10 kDa cutoff centrifugal device
(Millipore) into 30 mM Tris and 10 mM NaCl. Three sub-
sequent centrifugation runs were conducted using a 20:1 ratio
of new buffer to concentrated sample on each run. Metal salts
were added to a final concentration of 2 mM to 5 mg/mL
solutions of protein and the solutions incubated for 16 h.
These samples were buffer-exchanged to remove unbound
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Table 2: Summary of Data Refinement Statistics

SpNic—Zn— SpNic—Zn— Cys136Ser
SpNic—Zn nicotinaldehyde S-methoxynicotinaldehyde SpNic—Zn—NA SpNic—Zn—NAM
resolution (A) 1.95 1.63 1.9 1.84 1.60
total no. of atoms 5851 6043 5980 5996 6028
no. of ligand atoms 4 60 68 72 40
no. of water atoms 534 510 548 567 840
no. of reflections in working set 51163 77657 62379 66829 95621
no. of reflections in test set 2719 4097 3328 3542 5312
R factor” 21.8 20.4 20.8 20.9 16.4
Reree 26.0 233 23.8 23.6 20.0
rmsd for bonds (A) 0.006 0.006 0.007 0.006 0.006
rmsd for angles (deg) 0.92 0.90 0.93 0.95 0.92
mean B factor (Az) 25.0 29.7 26.2 19.8 15.8
Ramachandran plot (%)
most favored 923 92.4 92.7 91.3 91.9
additionally allowed 7.7 7.6 7.3 8.7 8.1
generously allowed 0 0 0 0 0
disallowed 0 0 0 0 0

“Rfactor = > il Fovsl = k| Featel |/> niil Fobs|s Where Fops and Fyc are observed and calculated structure factors, respectively. PFor Ryyee, the sum is extended

over a subset of reflections excluded from all stages of refinement.
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FiGure 2: Structure of SpNic. (A) SpNic tetramer. (B) SpNic monomer. (C) Topology diagram of SpNic. The yellow arrows represent S-strands

and red cylinders a-helices.

metal ions as described above and sent for analysis at a
concentration of 2 mg/mL.

Metal Dependence Measurements. SpNic protein used for
metal-dependent kinetics analysis had the six-His tag removed,
was treated with chelators, and was buffer-exchanged as detailed
above. After addition of Zn(OCH3),, Fe(I1)SO4, MnCl,, CoCl,,
NiSO,, or Fe(IIT)Cl; (at concentrations ranging from 0 to 2 mM
for each metal salt), the solutions were incubated for 6 h and
buffer-exchanged using spin columns to remove excess metals.
This step is necessary as the metal ions can interfere with the
coupling enzyme. The rate of reaction was monitored on a
96-well plate using a glutamate dehydrogenase-coupled assay (40).
Control reactions using ammonium sulfate with each enzyme
solution without added NAM were conducted to ensure that the
coupling enzyme was not limiting the reaction.

RESULTS

Structure of Unliganded SpNic. S. pneumoniae nicotinami-
dase is a 191-amino acid protein with a molecular mass of 21.4
kDa. The structure of SpNic is a homotetramer (Figure 2A),
consistent with molecular mass estimates determined by size
exclusion chromatography (data not shown). One complete

tetramer was observed in the asymmetric unit of the crystal.
SpNic is an o/f protein with a six-stranded [-sheet flanked by
three helices on one side and four helices on the opposite side
(Figure 2B,C). The interface between protomers is dominated by
polar contacts of a5 on one side and by z-stacking and polar
interactions of a, and o. The four active sites of the SpNic
tetramer are located in solvent-accessible pockets in each proto-
mer that are formed primarily by three loop regions containing
residues 55—75 (between 5, and a3), residues 104—112 (between
fs3and as), and residues 133—136 (between 34 and o). While one
of the open sides of the active site is bordered by two residues
(Thr176 and His172) of a; from a neighboring protomer, all
interactions necessary for substrate binding and catalysis, includ-
ing those that coordinate the metal ion, are provided by a single
SpNic protomer.

Organization of Metal Binding Site. The metal center is
coordinated by two histidines (HisS5 and His71), an aspartate
(Asp53), and a glutamate (Glu64). Two additional coordina-
tion interactions are provided by a single water molecule and
by the pyridyl nitrogen of the ligand (Figure 3) or by two water
molecules in the absence of a ligand, in each case furnishing full
octahedral coordination to the metal ion. The magnitude of the
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FIGURE 3: SpNic active site. (A) Stereoview of the active site of SpNic shown with NAM bound as observed in the Cys136Ser SpNic—NAM
structure. The gray and red spheres represent zinc and water, respectively. Phel4 (not shown) is situated in front of NAM in the plane of the paper
and makes an additional -stacking interaction with the NAM ring. (B) Schematic of the active site of the Cys136Ser SpNic mutant in complex
with NAM. The thick dashed lines represent interactions provided by the residues that make up the oxyanion hole. The distances shown are heavy

atom—heavy atom distances in angstroms.

Table 3: Recovery of SpNic Activity by Addition of Metal Ions

sample relative rate”
untreated SpNic 1.0°
metals removed 0.0£0.01
Zn** 0.9040.04
Mn?" 0.27+0.02
Fe’* 0.1340.03
Co** 0.13+£0.02

Fe’* or Ni** 0.0 £0.02

“The data are represented as means of triplicate tests £ the standard
deviation. “This value is for the activity of the enzyme “as purified” and
may not necessarily reflect the maximal rate of turnover for this enzyme.

electron density peak at the metal ion binding site was low when
crystals were grown without exogenous metal added. The crystal-
lization solution supplemented with Zn** ions, however, led to a
clear, strong peak. Supplementation of the well solution with
other ions, including Mn**, Fe**, Fe**, Co*", Ni*", or Ca", did
not lead to improvement over crystals grown in the absence of
exogenous metals.

Metal Ion Dependence of SpNic. To determine the metal
dependence of SpNic, the enzyme was first treated with EDTA
and phenanthroline, buffer-exchanged to remove chelators, and
then treated with various metal ion solutions. These solutions
were further buffer-exchanged to remove unbound metals and
then tested for activity. Addition of Fe*", Mn>*, Co®*, and Zn**
restored various levels of enzyme activity, with Zn** showing the
highest level (Table 3). Note that the treatment of the enzyme to
remove and reintroduce metals may have resulted in some small
degree of protein loss, accounting for the only 90% recovery
of activity of the zinc-treated enzyme. Addition of Fe*™ or Ni*"
resulted in no detectable activity. Moreover, analysis of the metal
content of the untreated native enzyme showed the presence of
Zn*" ions only (Table 4). Similarly, soaks of SpNic by metals
after treatment with chelators showed that, while both Fe>* and
Mn?" can bind, Zn*" is observed at the highest concentration
under equivalent conditions. Note that for Fe*" and Zn*" the
observed concentration of the metal was higher than that of the
enzyme. This indicates that, in these cases, some nonspecific
binding of the metal to the enzyme is occurring.

Active Site Water Molecule and Metal—Water Rela-
tionship. In addition to four bonds to the enzyme side chains and
an interaction with the pyridyl nitrogen of the ligand, a water
molecule is coordinated to the metal in the SpNic active site
(Figure 3). This water is located ~5—6 A from the carbonyl
carbon of the ligand in the SpNic structures. Water molecules

coordinated to metals can be activated for catalysis, and the
degree of activation of the water has implications for the
mechanism of the enzymatic reaction. The length of the metal—
water bond can indicate the type of species present in the
structure. The distances between the metal ion and the water in
the SpNic structures vary from 2.2 to 2.4 A. The method of
Cruickshank (45) was used to estimate the coordinate error pre-
sent in the model, and from this information and the individual
B factors, approximate coordinate errors for the water and metal
ion were calculated (see Materials and Methods). The estimated
coordinate error for both the metal ion and the water varied
between 0.12 and 0.19 A.

Structure of C136S SpNic with Bound Nicotinamide. To
assess the roles of active site residues, we determined the
structures of several SpNic complexes. The structure of an
inactive form of SpNic, the C136S mutant, reveals several
important features of the active site (Figures 3 and 4A). The
orientation of the ligand in the active site is facilitated by several
m-electron interactions of the pyridyl ring with Phe14, Phe68§, and
Tyr106 and through coordination of the pyridyl nitrogen to the
observed metal ion. Both Phe68 and Tyrl106 (not shown in
Figure 3A, but positioned behind nicotinamide in this view)
make herringbone interactions, while the aromatic ring of Phel4
(not shown in Figure 3A, but positioned in front of nicotinamide
in this view) stacks with the pyridine ring of nicotinamide.
Additional contacts are made to the amide nitrogen of nicotin-
amide by the side chains of Asp8 and Ser136 as well as by the
backbone carbonyl of Vall31. A putative oxyanion hole, which
forms H-bonds with the backbone amines of Leu132 and Ser136
in this structure, is also observed (Figure 3A). In addition, the
carbonyl carbon of nicotinamide is situated <3 A from the sus-
pected catalytic residue (position 136), while an aspartate residue
(Asp8) is approximately equidistant from the amide nitrogen
and the oxygen of Ser136 (Figure 3B).

Structures of SpNic— Aldehyde Complexes. To further
probe the active site of SpNic, we determined the crystal
structures of SpNic in complex with the aldehyde inhibitors
nicotinaldehyde and 5-methoxynicotinaldehyde. While the orga-
nization of the active site remains essentially unchanged, the
observed geometry about the carbonyl carbon varies in the
differently liganded structures of SpNic. In both of the nicoti-
naldehyde complexes, tetrahedral geometry is observed at what
was the carbonyl carbon center (Figures 4B,C and 5). The difference
density observed in these structures allows for the unambiguous
placement of the proposed thiohemiacetal in the active site
(Figure 4B,C).
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Table 4: Analysis of Metal Content

sample S (uM) [SpNic]* (uM) [Mn] (uM) [Fe] (uM) [Zn] (uM) [Co], [Cu], [Ca], [Mg], [K] (uM)
untreated 203 34 <det” <det” 5 <det”
no metal added 119 20 <det? <det? <det? <det?
Zn>* 144 24 <det” <det” 142 <det”
Mn** 144 24 18 <det” 17 <det?
Fe?* 122 20 <det” 51 <det® <det”

“Srefers to the sulfur content of the enzyme sample. [SpNic] was calculated using the measured sulfur content and the known ratio of the total mass of sulfur
to the total mass of the enzyme as determined by analysis of the sequence. “Below the detection limit.

FiGURE 4: Electron densities of ligands bound to SpNic. Each panel
shows a stereodiagram of a ligand-bound complex; the zinc ion (gray
sphere) and Asp8 are shown for reference. All electron density shown
is from Fops — Feac maps, and density shown, contoured at 2.50, was
calculated prior to addition of the ligand to the model. For the
covalent complex maps, the Cys136 side chain was also omitted from
the model to illustrate the linkage: (A) Cys136Ser SpNic mutant with
NAM bound, (B) SpNic complex with nicotinaldehyde, (C) SpNic
complex with 5-methoxynicotinaldehyde, and (D) SpNic thioester
complex formed in the presence of nicotinic acid.

Structure of SpNic Treated with Nicotinic Acid. As was
observed for the aldehyde soaks of SpNic, treatment of this
enzyme with nicotinic acid had little effect on the overall
organization of the active site. The observed ligand density,
however, was distinct from that of the other liganded structures.
The electron density observed from data collected on soaks of
SpNic treated with nicotinic acid corresponded to a covalent

FIGURE 5: Mechanism of SpNic inhibition by nicotinaldehyde.
(A) Stereodiagram of the structure of the SpNic—nicotinaldehyde com-
plex showing the trapped tetrahedral adduct. In the structure, carbon
atoms are colored green, oxygen atoms are colored red, nitrogen
atoms are colored blue, the sulfur is colored yellow, and the zinc atom
is colored gray. The red sphere is the water molecule that is coordinated
to the zinc ion. (B) Mechanism of inhibition whereby a tetrahedral
adduct is formed by reaction with Cys136 with the carbonyl of the
inhibitor, resulting in a complex that is stalled because of the inability
of the aldehyde hydrogen to act as a leaving group.

adduct with sp* hybridization at the carbonyl carbon. A covalent
nicotinyl thioester linkage between the ligand and Cys136 of
SpNic was a good fit to the observed density (Figure 4D).

DISCUSSION

Structural Similarity to Other Proteins. The crystal struc-
ture of SpNic was compared to those of other proteins from the
Protein Data Bank using the DALI server (47). The overall fold
of SpNic is shared by several classes of enzymes, most of which
belong to the cysteine hydrolase family. These enzymes predom-
inantly catalyze the hydrolysis of amides, esters, or ethers and
share a conserved catalytic cysteine residue. Structurally, the
most closely related enzymes are the N-carbamoylsarcosine
amidases (PDB entries 3EEF and INBA) and the isochorisma-
tases (PDB entries INF9, 2FQ1, and 2A67). N-Carbamoylsar-
cosine amidohydrolases (CSHases) hydrolyze N-carbomoyl-
sarcosine to sarcosine, carbon dioxide, and ammonia. While
the fold of this enzyme is quite similar to that of SpNic, the shape
and nature of substrates accommodated are different. In addi-
tion, CSHase catalyzes the removal of an amide group and does
not employ a metal ion in catalysis or substrate binding (48).
The isochorismatases catalyze the conversion of isochorismate
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to 2,3-dihydroxybenzoate and pyruvate via the hydrolysis of a
vinyl ether bond. Despite the structural similarities between these
enzymes and PncA, isochorismatases lack the conserved cysteine
residue and catalyze unrelated chemistry (49).

Key Active Site Residues. There are several features of the
SpNic active site that are significant for substrate binding and
catalysis. Structurally, the pyridine ring of the ligand is oriented
in the active site through coordination to the metal ion and
through m-interactions made with the aromatic side chains of
Phel4, Phe68, and Tyr106; additional polar contacts are made
with the amide moiety through both side chain and backbone
atoms. The SpNic—aldehyde complex structures indicate that
Cys136 is the catalytic residue responsible for nucleophilic attack
of the carbonyl carbon. Asp8, nearly equidistant from Cys136
and the NH; group of the amide, is poised both to deprotonate
the catalytic cysteine and to transfer a proton to the amine leaving
group (Figure 3). Studies of PncA mutants, predominantly
conducted in M. tuberculosis, have shown that a complete loss
of activity occurs upon mutation of either the active site cysteine
or aspartate (34, 35, 50). One interesting case, the Borrelia
bergdorferri PncA, is annotated as having an N-terminally
truncated PncA, which lacks the aspartate residue equivalent to
Asp8. Studies of the activity of this enzyme showed that an
additional 48 bp 5’ of the designated start codon (16 amino acid
residues) was needed to reconstitute PncA activity (§). When
aligned with SpNic, this leading sequence contained an aspartate
residue equivalent to Asp8 in SpNic.

Another active site mutation known to eliminate PncA activity
is Lys96 in M. tuberculosis (equivalent to Lys103 in SpNic)
(34, 35). It has been suggested that, along with the cysteine and
aspartate residues, the lysine completes a catalytic triad in the
PncA active site (57). There has been no evidence put forth,
however, to indicate a direct role of the lysine residue in catalysis.
Our structures indicate that the role of Lys103 is likely ancillary.
This residue makes salt bridges with Asp8 and Asp53 (one of the
residues that coordinates the metal ion) as well as interacting with
Cys136 in the SpNic active site. Its likely role, therefore, is to
orient these residues before and during catalysis and to help to
offset the negative charges that develop along the reaction
pathway. The proximity of Lys103 to Asp8 is also likely to
influence the pK, of the carboxylate group, facilitating the proton
transfer step.

A further notable feature of the SpNic active site is the pres-
ence of a putative oxyanion hole. In this pocket, the backbone
amides of Leul32 and Cys136 (Ser136 in the C136S mutant)
make favorable contacts with the carbonyl oxygen of the ligand
(Figure 3). This site is structurally configured by a cis peptide
bond between Vall3l and Leul32 that is conserved among
nicotinamidases as well as in two other proteins with a similar
fold, N-carbamoylsarcosine amidohydrolase from Arthrobacter sp.
(52) and YcaC from E. coli (53). This oxyanion hole presumably
acts by contributing to the proper orientation of the ligand in the
active site, by donating hydrogen bonds to the carbonyl oxygen,
and by stabilizing the negative charge that builds up along the
reaction coordinate.

Identity and Role of the Metal Ion. Previous structural and
biochemical studies of the PncA from M. tuberculosis (35) and
P. horikoshii (51) have shown that this enzyme binds a metal ion.
For the former, either Fe>* or Mn** was sufficient to reconstitute
activity, and a 1:1 Fe*":Mn”" stoichiometry was found in the
native enzyme (35). Kinetic analysis of the P. horikoshii PncA,
however, showed a 19-fold increase in enzyme activity in the
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presence of zinc (57). In the case of SpNic, elemental analysis
indicates that both Zn** and Fe’" can bind to the enzyme,
although zinc was the only metal isolated from the native protein.
Clearly, Zn*" can occupy the active site of SpNic as both the
ligand and metal electron densities in our structures were very
clear when crystals were grown in the presence of ZnCl,. The
absence of electron density for the metal in the structure deter-
mined from crystals grown without added zinc also indicates
that metal may freely associate or dissociate from the active site
under different conditions. In addition, our analysis of the metal
dependence of SpNic kinetics shows that, while several divalent
metals can participate in catalysis, the most catalytically active is
Zn”" (Table 3). These data suggest that this enzyme is most suited
to utilize zinc in the metal site but can also accommodate other
divalent ions.

The number and nature of the amino acid residues coordinated
to the metal differ among P. horikoshii PncA, S. cerevisiae
PncA, and SpNic. In both P. horikoshii and S. cerevisiae, the
metal ion is coordinated by two histidine residues and an
aspartate (57, 54). An additional glutamate residue is present in
the SpNic enzyme (Figure 3). Mutational studies of M. tuberculosis
PncA suggest that this enzyme also coordinates the metal through
four side chain interactions; however, these residues are puta-
tively identified as three histidines and one aspartate (35). These
findings indicate that the identity of the bound metal may depend
upon the organism and is dictated by the nature of the coordinat-
ing residues. One possible explanation for this phenomenon is a
divergent evolved specificity for particular metal(s) in distinct
organisms due to differing environmental conditions. In this case,
the ability of SpNic to utilize different metals for catalysis could
have provided a competitive advantage and thus provided evolu-
tionary pressure toward promiscuity.

Catalytic Water Molecule. In addition to four bonds to the
enzyme and an interaction with the pyridyl nitrogen of the ligand,
a water molecule is coordinated to the metal in the SpNic active
site (Figure 3). To complete the hydrolysis of NAM, an OH
group donor is needed, which presumably originates from
a water molecule. Because the metal-bound water molecule is
the only water less than 10 A from the catalytic cysteine, it is
reasonable to assume that this molecule may act as the OH
group donor. While the distance from this water to the carbonyl
carbon of the ligand is approximately 5.5 A, all of our SpNic—
ligand complexes show the carbonyl of the ligand oriented in such
a way that this water molecule has a clear line of attack to the
carbonyl carbon (Figure 4).

Water molecules coordinated to metals can be activated for
catalysis. The degree of activation of the water has implications
for the mechanism of the enzymatic reaction. In some cases, the
water is deprotonated upon coordination to the metal, thus being
activated as a hydroxide ion. The nature and number of coordi-
nated ligands to a metal affect the overall ligand—metal bond
strengths, with higher coordination numbers leading to weaker
bonds (55). In the case of water coordinated to a zinc ion, bond
lengths of less than 2 A generally indicate a metal—hydroxide
moiety, while bonds greater than 2 A in length indicate zinc-
bound water (55). The metal—water bond length in our structures
ranges from 2.3 to 2.5 A, with an estimated coordinate error at
each atom of 0.1—0.2 A. In addition, it has been observed that
hydrogen bonds to the metal-bound water/hydroxide moiety
orient it for attack (55). In the SpNic structure, both Glu64 and
Asp53 are ideally positioned to accept hydrogen bonds from the
water molecule coordinated to zinc (Figure 3A). Considering the
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octahedral coordination, the metal—water bond length, and the
presence of two hydrogen bond acceptors, it is likely that, while
the water may be activated for nucleophilic attack, it is coordi-
nated as a water molecule and not as a hydroxide ion.

Upon completion of the hydrolysis of nicotinamide and release
of the product, the active site must be repopulated with a water
molecule to complete the catalytic cycle. This water molecule may
reenter the active site from two different directions. First, despite
the relatively hydrophobic nature of the entrance to the active
site, water molecules can gain access in the same manner as the
substrate. This is evident in the unliganded structure of SpNic, in
which several water molecules are seen occupying the site where
the ligand is known to bind. The second alternative is a pathway
through the protein at a loop region that “caps” the metal
coordination site. This loop, which is solvent-exposed on one
face, contains the glutamate residue (E64) that is coordinated
to the metal ion and the active site water. Two other water
molecules, both with access to the bulk solvent, are also within
hydrogen bonding distance of the carboxylate group of this
residue. A slight movement of Glu64, therefore, may allow for the
replacement of the catalytic water molecule to complete the
catalytic cycle.

SpNic— Inhibitor Complexes and Mechanism of Inhibition.
Nicotinaldehydes are known competitive inhibitors of nicotina-
midase enzymes (19, 40). To examine the mechanism of inhibi-
tion, we determined the structure of SpNic in complex with both
nicotinaldehyde and 5-methoxynicotinaldehyde (Figure 4B,C).
These structures reveal a covalent adduct, formed between the
carbonyl carbon and Cys136, that has tetrahedral geometry
at the (formerly) carbonyl carbon. This observation is consis-
tent with the hypothesis that Cys136 acts as the nucleophile
during catalysis. With the exception of the amide nitrogen,
the inhibitors are structurally identical to the substrate and there-
fore share the same enzyme—substrate interactions in the active
site. The methoxy group at the 5-position of 5-methoxynicoti-
naldehyde extends into a relatively open region of the active site,
causing a slight shift in Phe68, but otherwise appears to have little
effect on the orientation of the molecule or the active site residues.

The observation of a covalently linked tetrahedral structure
suggests that the enzyme reacts with the inhibitor but is unable to
proceed past a relatively stable intermediate. In the absence of a
good leaving group, the intermediate formed by the reaction of
the inhibitor with SpNic persists in the active site for a sufficiently
long time period to form the product observed in the structures.
The presence of the oxyanion hole, which could stabilize the
negative charge of a tetrahedral intermediate, suggests that the
observed SpNic—thiohemiacetal adducts are formed as outlined
in Figure 5B. This mechanism involves deprotonation of
Cys136 by the nearby Asp8 followed by attack at the carbonyl
carbon of the inhibitor. The charge buildup is stabilized by the
oxyanion hole. In the absence of a leaving group, the intermediate
either proceeds in the reverse direction to re-form the inhibitor
or gains a proton from the solvent, leading to the structure
observed.

Structure of the Trapped Thioester. The nicotinamidase
reaction has been proposed to proceed through a thioester
intermediate formed after attack of the substrate by the catalytic
cysteine and concomitant liberation of ammonia (38, 57). While
biochemical and structural evidence supports this hypothesis,
there has been no direct evidence reported for this type of
intermediate. The structure of SpNic from crystals soaked with
nicotinic acid, however, suggests that such a reaction intermediate
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is likely formed along the nicotinamidase reaction pathway. This
structure shows a covalently linked intermediate with planar
geometry at the carbonyl carbon center. The difference density
for the ligand allows for unambiguous placement of a nicotinyl
thioester linked to Cys136 of SpNic (Figure 4D). This structure
not only provides evidence of a thioester intermediate but also
indicates that the final steps in the reaction are fully reversible.
This observation is supported by '®O exchange experiments in
which facile exchange of '®0 was observed in the presence of both
unlabeled and '®O-labeled nicotinic acid (40). These data,
together with the C136S SpNic—NAM and SpNic—inhibitor
complexes, suggest a reaction mechanism in which the putative
thioester intermediate is accessible in both the forward and
reverse directions.

Implications for Catalysis. The structures presented here
elucidate several important features of substrate binding and
catalysis and provide evidence of two putative intermediates in
the nicotinamidase reaction pathway. Our analysis suggests that
SpNic catalyzes a ping-pong reaction that proceeds through two
half-reactions separated by the reactive thioester intermediate.
The proposed mechanism for the SpNic-catalyzed reaction is
given in Figure 6C. Nicotinamide is first oriented in the SpNic
active site through z-stacking with several aromatic side chains
and by coordination to the active site metal ion, which may also
serve to activate the ligand for nucleophilic attack (Figures 3A
and 6A). Additional interactions occur between the carbonyl
oxygen of the substrate and the backbone amine groups that
constitute the oxyanion hole. Catalysis is initiated by deprotona-
tion of the catalytic cysteine, Cysl136, by the nearby AspS§,
followed by attack of the carbonyl carbon by the nucleophilic
thiol of Cys136. This leads to the formation of the putative
tetrahedral intermediate. The negative charge that builds up on
the carbonyl oxygen of this species is stabilized by the oxyanion
hole. This proposed intermediate is analogous in structure to that
observed between SpNic and nicotinaldehyde (Figures 4B,C
and 5A). The tetrahedral intermediate then collapses to form a
thioester, as the amino group of the ligand is protonated by Asp8
and leaves as ammonia. This aspartate residue is observed in the
C136S SpNic—nicotinamide structure to be nearly equidistant
from the nucleophile and the leaving group, aligned ideally for
proton transfer between these two groups.

The thioester intermediate, presumably equivalent to what is
observed for the nicotinic acid-treated SpNic, can then undergo
nucleophilic attack by a water molecule to lead to a second tetra-
hedral intermediate. While our structures cannot unequivocally
determine the source of the water that ultimately hydrolyzes the
nicotinamide, the most likely source of this nucleophile is the water
coordinated to the zinc ion. This water is ideally positioned for
attack at the carbonyl carbon and is properly oriented by Asp53
and Glu64 to carry out this chemistry. The orientation of the
carbonyl group of the intermediate makes it unlikely that a water
molecule from the bulk solvent could affect this hydrolysis, which
has been proposed in an alternative mechanism (38). In addition,
coordination of a water molecule to the metal ion activates it for
attack. Despite the structural evidence of a fully protonated water
molecule coordinated to the zinc ion, the possibility that deproto-
nation of the water molecule occurs prior to attack, yielding a
hydroxide moiety as the nucleophile, cannot be ruled out.

The final stages of the reaction, leading from the second
tetrahedral intermediate to product, are analogous to the first
steps but occur in the reverse order. Deprotonation of the bound
water by Asp8 prevents reversal of the reaction as collapse of the
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FIGURE 6: Mechanism of SpNic-catalyzed hydrolysis of nicotinamide. (A) Stereodiagram showing the Cys136Ser mutant in complex with NAM.
(B) Stereodiagram showing the trapped thioester intermediate formed by soaking native SpNic with NA. For panels A and B, carbon atoms are
colored green, oxygen atoms are colored red, nitrogen atoms are colored blue, the sulfur is colored yellow, and the zinc atom is colored gray. The
red sphere is the water molecule that is coordinated to the zinc ion. (C) Proposed mechanism of the SpNic-catalyzed reaction. See the text for

details of the steps.

intermediate expels the thiol group of Cys136. The product,
nicotinic acid, dissociates, likely driven by unfavorable interac-
tions between Cys136 and AspS8 of the enzyme and the acid group
of the product. The catalytic cycle is completed by the return of
the proton from Asp8 to Cys136.

In summary, we have presented several crystal structures of the
nicotinamidase enzyme from the human pathogen S. pneumoniae
and provided a biochemical analysis of the role and identity of the
active site metal. The structures allow us to define many of the
key active site interactions and provide details about the mech-
anism by which aldehyde analogues of nicotinamide inhibit this
enzyme. These structures also provide a glimpse of the putative
reaction intermediates and provide much needed insight into the
catalytic mechanism of this important enzyme.
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