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Abstract
The yeast nicotinamidase Pnc1p acts in transcriptional silencing by reducing levels of nicotinamide,
an inhibitor of the histone deacetylase Sir2p. The Pnc1p structure was determined at 2.9 Å resolution
using MAD and MIRAS phasing methods after inadvertent crystallization during the pursuit of the
structure of histidine-tagged yeast isocitrate dehydrogenase (IDH). Pnc1p displays a cluster of surface
histidine residues likely responsible for its co-fractionation with IDH from Ni2+-coupled
chromatography resins. Researchers expressing histidine-tagged proteins in yeast should be aware
of the propensity of Pnc1p to crystallize, even when overwhelmed in concentration by the protein of
interest. The protein assembles into extended helical arrays interwoven to form an unusually robust,
yet porous superstructure. Comparison of the Pnc1p structure with those of three homologous
bacterial proteins reveals a common core fold punctuated by amino acid insertions unique to each
protein. These insertions mediate the self-interactions that define the distinct higher order oligomeric
states attained by these molecules. Pnc1p also acts on pyrazinamide, a substrate analog converted by
the nicotinamidase from Mycobacterium tuberculosis into a product toxic to that organism. However,
we find no evidence for detrimental effects of the drug on yeast cell growth.
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Pnc1p from Saccharomyces cerevisiae is a zinc-dependent nicotinamidase (EC 3.5.1.19) that
catalyzes the deamidation of nicotinamide to produce ammonia and nicotinic acid [1;2] (Figure
1Ai). The latter compound is converted back to NAD+ in a series of reactions catalyzed by
other enzymes in the NAD+ salvage pathway. Pnc1p has received considerable attention [3;
4;5] because nicotinamide is an inhibitor of Sir2p [6;7;8], an NAD+-dependent histone
deacetylase required for transcriptional silencing in yeast cells subjected to calorie restriction
[9]. Deletion of the PNC1 gene correlates with an increase in nicotinamide levels and a decrease
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in transcriptional silencing [7;10], whereas overexpression of Pnc1p correlates with an
extension of replicative life span [11].

Pnc1p demonstrates limited sequence similarity to the products of the Escherichia coli and
Mycobacterium tuberculosis pncA genes [2;12;13], and to the product of the Pyrococcus.
horikoshii gene with locus tag PH0999, which until now represented the only nicotinamidase
for which structural information was known [14]. The E. coli and M. tuberculosis
nicotinamidases can also act on pyrazinamide [2;12;15], converting it to ammonia and
pyrazinoic acid (Figure 1Aii). Pyrazinoic acid is active against M. tuberculosis, and when
pyrazinamide is administered in combination with isoniazid and rifampin, the conventional
tuberculosis treatment can be substantially shortened [16]. Today, pyrazinamide remains a
front-line treatment of M. tuberculosis infection, although resistant strains have been identified
that contain alterations in the pncA gene [13;17;18]. Collectively, these prokaryotic
nicotinamidases demonstrate distant sequence similarity to the N-carbamoylsarcosine
amidohydrolase (CSHase, Figure 1Aiii) from Arthrobacter sp. [19;20], one of three enzymes
found in a pathway for the degradation of creatinine to glycine [21], and to a putative hydrolase
(YcaC) of unknown function from E. coli [22].

Pnc1p was purified initially over 30 years ago using conventional column chromatography
[1], but more recently due to its unexplained ability to bind Ni2+-coupled affinity matrices
[2]. In the present study, Pnc1p was crystallized unexpectedly as a minor contaminant in the
purification of a histidine-tagged form of yeast isocitrate dehydrogenase (IDH). Crystals
believed to be of IDH were later identified as Pnc1p during manual tracing of an experimental
electron density map. The structure determination and refinement was completed because of
the general interest in the role of Pnc1p in the modulation of Sir2 function and its link to aging,
and because it represents the first nicotinamidase structure to be determined from a eukaryote.

The results of the structural analysis reveal a cluster of solvent-exposed residues that may
account for the co-fractionation of Pnc1p with histidine-tagged IDH from Ni2+-coupled
chromatography resins and show that Pnc1p can assemble into a robust superstructure
consisting of interconnecting “hubs” and “spokes” interspersed with large solvent channels.
Comparison of Pnc1p with the structures of PH0999, YcaC, and CSHase reveals a common
core fold broken by amino acid insertions that are unique to each protein. These amino acid
insertions appear to mediate the assembly of these proteins into distinct higher order oligomeric
states.

Materials and Methods
Expression and purification of Pnc1p

When isolated from yeast, Pnc1p elutes as a contaminant in the purification of histidine-tagged
yeast IDH as described [23;24]. For heterologous expression in E. coli, the PNC1 gene was
amplified from yeast genomic DNA using the polymerase chain reaction (PCR) and cloned
into pET-17b (Novagen), which was subsequently transformed into E. coli strain BL21(DE3).
A single transformant colony was grown in 1.0 L LB medium at 37°C to OD600nm = 0.5.
Isopropyl-β-D-galactoside was added to 1.0 mM, and cultivation was continued for 6 h at 30°
C. Cells were harvested by centrifugation and lysed by sonication. Recombinant Pnc1p was
purified using immobilized metal affinity chromatography with a Ni2+-nitrilotriacetic (NTA)
column as described [23]. Protein concentrations were determined using the Bradford method
[25]. The yield was ~35 mg Pnc1p/L culture. Protein samples from yeast and E. coli were
electrophoresed using 10% polyacrylamide sodium dodecyl sulfate gels and stained with
Coomassie blue. The relative amounts of Coomassie blue-stained polypeptides were estimated
using densitometry. Individual bands were excised and subjected to in-gel tryptic digestion
prior to their identification by the Mass Spectrometry Laboratory at the UTHSCSA.
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Crystallization, data collection, structure determination and refinement
Pnc1p was crystallized in space group R3 with a=b=302.0 Å, c=112.1 Å [23;24]. Heavy atom
derivatives were prepared by transferring suitable crystals to solutions containing the reservoir
solution plus 10 mM K2OsCl6, 10 mM K2Pt(SCN)6 or 0.5 M NaI, and soaked for 2 – 24 h,
depending on their tolerance for the heavy atom used. Native and derivative Pnc1p crystals
were cryoprotected with a 1 min soak in reservoir solution made 50% (w/v) in D-sorbitol and
flash-cooled by plunging into liquid nitrogen prior to data collection. Diffraction data were
taken at the Advanced Light Source beamline 8.2.1 and the Advanced Photon Source beamline
19BM. All data were integrated and scaled using HKL-2000 [26].

Molecular replacement using coordinates of bacterial isocitrate dehydrogenases and
isopropylmalate dehydrogenases currently available in the Protein Data Bank (http://
www.rcsb.org/pdb/home/home.do) failed. The structure was subsequently determined with a
combination of multiple isomorphous replacement with anomalous scattering (MIRAS) and
multiwavelength anomalous diffraction (MAD) phasing methods using the data sets in Table
1. Osmium atoms were located first, and phases were calculated using SOLVE and RESOLVE
[27;28], resulting in a mean figure of merit of 0.46 to 4.3 Å resolution. This initial phase set
was used to locate the platinum and iodine atoms through anomalous difference Fourier
analyses. Calculations combining phases from the three heavy atom data sets were performed
using SHARP [29], resulting in a mean figure of merit of 0.49 to 3.6 Å resolution. The initial
Pnc1p backbone was traced, and this backbone model was fit manually into six additional
regions of the experimental electron density map in the asymmetric unit. The
noncrystallographic symmetry (NCS) operators obtained after the manual fitting of these
chains were used to perform sevenfold noncrystallographic averaging, substantially improving
the electron density for the amino acid side chains. The model was completed through iterative
cycles of computational refinement using REFMAC [30] and manual model rebuilding using
COOT [31]. During crystallographic refinement, “loose” non-crystallographic (NCS)
restraints were applied to each of the seven Pnc1p monomers in the asymmetric unit.
Translation/libration/screw (TLS) refinement [32] was invoked in the final cycles with each
Pnc1p monomer as a TLS group. The stereochemistry of the final model was assessed with the
program PROCHECK [33]. All figures containing molecular models were prepared with the
program PyMOL (DeLano, W.L. http://www.pymol.org) and structure-based sequence
alignments were made with the help of the programs ESPript [34] and MUSTANG [35].

Kinetic analyses
Enzymatic activities were assayed as described [2] at 30°C. Recombinant Pnc1p (~1.0 μg/
reaction) was incubated for 3 min with nicotinamide (concentrations ranging from 0–3.0 mM)
or with pyrazinamide (concentrations ranging from 0–6.0 mM) in 400 μl 10 mM Tris-HCl (pH
7.4), 150 mM NaCl, and 1 mM MgCl2. The ammonia produced in the reaction was quantified
using a Sigma diagnostic kit (catalogue #AA0100). A unit of activity is defined as 1.0 μmol
ammonia/min. Kinetic data were analyzed using Sigma Plot (SPSS Inc.). Kinetic parameters
represent averages of two independent determinations. Nicotinamide and pyrazinamide
(pyrazinecarboxamide) were obtained from Sigma-Aldrich.

Phenotype analyses
A pnc1Δ gene disruption mutant (Accession No. Y14405) was obtained from the
EUROSCARF collection of viable yeast gene-disruption strains (www.unifrankfurt.de/fb15/
mikro/euroscarf/index.html). The disruption was confirmed by PCR using genomic DNA from
the pnc1Δ strain as the template. The corresponding parental BY4742 strain (MATα his3Δ1
leu2Δ0 lys2Δ0 ura3Δ0) and the pnc1Δ strain were grown overnight in rich YP medium (1%
yeast extract, 2% Bacto-peptone) with 2% glucose as the carbon source. Dilutions of the
cultures were plated on 2% agar plates containing YP glucose medium and pyrazinamide in
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concentrations ranging from 0–8 mM. Colony growth was assessed after growth at 30°C for
3 days.

Results and Discussion
Pnc1p purification, crystallization, structure determination, and refinement

Figure 1B (lane 1) shows the proteins in a sample eluted from a Ni2+ affinity chromatography
column loaded with a cleared lysate derived from yeast overexpressing histidine-tagged IDH,
a ~302 kDa heterooctameric enzyme composed of four IDH1 (38 kDa) and four IDH2 (37.5
kDa) subunits [36;37]. Crystals suitable for X-ray diffraction grown from this eluate were
presumed to be of IDH given its overwhelming dominance over contaminating proteins, and
given the large unit cell dimensions that were consistent with the expected mass of an IDH
heterooctamer [23;24]. In addition, the initial partial trace of the experimental electron density
map revealed a multi-stranded β-sheet flanked by α;-helices and a prominent loop containing
a two-stranded antiparallel β-sheet, features found in both the IDH and Pnc1p structures
(Supplementary Figure 1). As the building of the protein model progressed, however, the
backbone deviated from that expected for IDH. The coordinates for the traced main chain
residues were submitted to the DALI 3D structure comparison server [38] to search the Protein
Data Bank for a similar fold. The pyrazinamidase/nicotinamidase from P. horikoshii (PH0999)
[Protein Data Bank entry 1IM5 [14]] was returned as a structural homolog. A subsequent search
of the yeast genome with this bacterial nicotinamidase sequence returned the sequence of the
24 kDa nicotinimidase Pnc1p, which was an excellent fit with the symmetry averaged
experimental election density. Mass spectrometry confirmed that Pnc1p was present in the
minor contaminating band of the original protein sample used in crystallization experiments
(Figure 1B, lane 1), and indicated that the band of intermediate mass was an IDH degradation
product. Table 1 shows the X-ray diffraction data, MAD phasing, and protein structure
refinement statistics. The high overall B-factor of the diffraction data is likely a result of a high
solvent content of 78% (Vm = 5.6). The coordinates and structure factors have been deposited
into the Protein Data Bank with identifier 2H0R.

The large volume of the unit cell, the overwhelming dominance of IDH over Pnc1p in the
protein sample used for crystallization, the presence of seven Pnc1p molecules in the
asymmetric unit, and the coincidental structural similarity shared by Pnc1p and IDH resulted
in a case of mistaken identity [23;24]. Although it was fortuitous that the work provided
knowledge of a structurally uncharacterized molecule that plays a role in transcriptional
silencing, a simple silver-stained denaturing gel or mass spectrometric analysis of the protein
coming from a dissolved crystal would have prevented the initial misidentification of the
protein. Researchers using yeast expression systems to isolate His-tagged proteins should be
forewarned that Pnc1p can be expected to be a contaminant when using Ni2+-affinity
chromatography resins and that contaminating Pnc1p can crystallize even though it may be a
minor component of the protein sample of interest (see below). The facile crystallization of
Pnc1p is underscored by the observation that recombinant Pnc1p produced crystal specimens
isomorphous with those used in this study in approximately 30% of all crystallization trials
spanning a wide range of pH values, with many different precipitating agents, and in the
absence of any alternative crystal forms. Intriguingly, Pnc1p is not the only representative of
this fold family to crystallize as a minor contaminant in the overwhelming presence of another
molecule. Several crystal forms of the product of the E. coli ycaC gene (see below) were
unexpectedly obtained during crystallization trials of a commercially prepared sample of E.
coli L-glutamic acid decarboxylase [22].
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Pnc1p topology
Figure 2 shows the sequence alignment of Pnc1 with PH0999 modified relative to that derived
from a BLAST search to reflect the similarities and differences of the two proteins when they
are structurally aligned. The sequences of E. coli YcaC and Arthrobacter sp. CSHase (see
below) were added to this structure-based alignment with the assistance of the program
Mustang [35]. Figure 3A shows that the overall Pnc1p fold consists of a six-stranded parallel
β-sheet flanked by three α;-helices on one side and two on the other. Figure 3B shows that the
largest insertion I1 (residues 62–90), near residues 63–67 of PH0999, forms an extended loop
within which is contained a two-stranded antiparallel β-sheet. I2 (residues 105–115), inserted
at residues 82–87 of PH0999, forms an α;-helix not found in the bacterial enzyme. I3 (residues
135–143), inserted near residues 107–109 of PH0999, forms a loop that interacts with I1.

Although Pnc1p demonstrates only weak sequence similarity with YcaC (~17% identity over
149 aligned residues) and CSHase (~16% identity over 171 aligned residues), Figure 3C shows
that the common core fold of these proteins is highly conserved. The root mean square (rms)
deviation between corresponding Cα; atoms of Pnc1p and the Cα; atoms of aligned residues
for both YcaC and CSHase is 2.3 Å. YcaC and CSHase demonstrate ~15% identity over 165
aligned residues with a rms deviation of 2.2 Å between corresponding Cα atoms of aligned
residues.

Pnc1p active site and affinity for Ni2+ resins
Pnc1p contains a metal-binding site formed by residues D51, H53, and H94 and an additional
triad of residues consisting of C167, K122, and D8 (Figure 4A) that are presumed to be involved
in catalysis. This first triad of amino acids is spatially conserved with respect to residues D52,
H54, and H71 that participate in the binding of zinc in PH0999, while the second group is
conserved spatially with respect to C133, K94, and D10 of PH0999, Cys118, R84, and D19 of
YcaC, and Cys177, K144, and D51 of CSHase, all of which are presumed to act as the catalytic
triads in these enzymes. A rare cis-peptide bond found in hydrolases of this family is observed
between residues V162 and A163 in Pnc1p and aligns with the cis peptide bonds found between
residues 128 and 129 in PH0999, between residues 113 and 114 in YcaC, and between residues
172 and 173 of CSHase. The functional importance of the catalytic cysteine residue is based
on the sensitivity of CSHase to thiol-reactive agents. Structural analyses revealed a covalent
bond between this cysteine and aldehyde inhibitors of that enzyme [20]. In PH0999 and Pnc1p,
the thiolate moiety of the catalytic cysteine is proposed to attack the carbonyl carbon of
nicotinamide (or pyrazinamide) to form a tetrahedral intermediate, and a Zn-activated water
molecule is proposed to attack the resulting thioester bond to release nicotinic (or pyrazinoic)
acid [14]. The cis-peptide bond orients an amide proton that, together with the amide proton
of the catalytic cysteine, form an oxyanion hole to stabilize the carbonyl oxygen of the
tetrahedral intermediate [14]. In the PH0999 structure, a Zn-bound water molecule sits adjacent
to the position predicted to be occupied by the thioester bond, supporting the suggested role
of the metal ion in catalysis [14]. The presence of structurally equivalent Zn-binding sites in
Pnc1p and PH0999 and the absence of such a site in CSHase and YcaC suggest that Zn-
mediated catalysis is unique to the nicotinamidase/pyrazinamidase enzymes of this family of
hydrolases [14;19;22].

To determine whether endogenous Pnc1p co-purified with IDH due to affinity for the Ni2+-
NTA column rather than an affinity for IDH, the PNC1 gene was cloned and expressed in E.
coli as described in Materials and Methods. As suspected, the bacterially-expressed enzyme
lacking an affinity tag could be purified to near homogeneity using only Ni2+-NTA column
chromatography (Figure 1B, lane 2). A methionine (M1) and three histidine residues (H44,
H152, and H153) form a cluster near the N-terminus (Figure 4B) that is likely responsible for
this observed affinity of Pnc1p for nickel resins. The observation that osmium ions used for
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phasing bind to this cluster supports this notion. As these residues are not conserved in PH0999,
CSHase, YcaC, or in related enzymes, the functional significance of this cluster is unknown.

Pnc1p superstructure
Figure 5A shows that the seven Pnc1p molecules in the asymmetric unit form a helical
filamentous array, burying a total of ~1100 Å2 or 10.6% of the total solvent accessible surface
area for each polypeptide. Each Pnc1p molecule is related to its two adjacent molecules by an
average rotation of ~206° around the long axis of the array. The heptameric helical arrays of
Pnc1p in each asymmetric unit assemble end-to-end to form an intricate, higher order
framework of unbroken helical fibers running the entire length of the crystal. As shown in
Figures 5B and 5C, the lynchpins of this superstructure are the blue Pnc1p molecules that reside
at one end of the helical array in each asymmetric unit and are positioned on a crystallographic
three-fold screw axis. In addition to binding two Pnc1p proteins along the long axis of the
unbroken helical filaments, each blue Pnc1p protein binds two additional blue Pnc1p molecules
along an axis approximately normal to the unbroken filament axes, forming “hubs” through
which the unbroken filamentous “spokes” radiate. Figure 5C shows a view normal to the three-
fold screw axis, revealing how the unbroken “spoke” filaments become interwoven to form an
intricate porous mesh.

Because recombinant Pnc1p assembles into the higher order superstructure shown in Figure 5
over a wide range of pH and precipitating agent conditions and in the overwhelming presence
of IDH, it is tempting to speculate that this assembly may have significance in vivo. When
preliminary sedimentation equilibrium data are fit to various models including a single ideal
species, two component non-interacting species, monomer-dimer equilibrium, or a fixed
molecular weight distribution, the best fit (lowest variance) is observed for the fixed
distribution model (data not shown), suggesting that Pnc1p self-associates through the
sequential addition of monomers. If filamentous assembly does occur in vivo, it is possible that
it might affect compartmentalization, e.g. if elevated levels of nicotinamide in the nucleus
relative to the cytosol dictated a need for enhanced levels of Pnc1p in the nucleus. The Pnc1p
protein in these arrays are predicted to be active, as the I1 insertion forming the two-stranded
antiparallel β-sheet (lower portion of Figure 3A and 3B), the active site, and the surface His
cluster near the N-terminus (Figure 4A) are all positioned on the exterior of the filament where
they would be accessible to the nicotinamide substrate, metal ions, and other proteins.

The oligomeric structures of Pnc1p, YcaC and CSHase are mediated by insertion elements
Unlike Pnc1p, which associates into helical, unbroken filamentous arrays (Figure 5), YcaC
and CSHase are observed as discrete globular higher order oligomers [20;22]. Figures 6A and
7A show the YcaC and CSHase proteins superimposed with Pnc1p in the same orientation as
shown in Figure 3C, revealing the regions of amino acid insertion that are distinct in each
molecule. The two C-terminal helices inserted in YcaC not present in Pnc1p or CSHase provide
the self-interactions that mediate the assembly of YcaC into a ring of four subunits related by
a 90° rotation, which associates with another ring of YcaC molecules through a 180° rotation
to generate an octamer of ~180 kDa (Figure 6B). Figure 6C shows that if the Pnc1p were packed
into the YcaC octameric architecture, its I1 insertion containing the 2-stranded β-sheet would
occupy the same space as the C-terminal helices of YcaC, although this structural element
would be provided by the adjacent molecule in the four-membered ring. However, the nature
of the resulting interactions would obviously be quite different and unfavorable for octameric
assembly. Similarly, Figure 7A shows that the inserted N-terminal helix and lengthy C-terminal
tail in CSHase not present in Pnc1p or YcaC provide the interactions that mediate its assembly
into a tetramer with 222 symmetry (Figure 7B). Figure 7C shows that if the Pnc1p were packed
into the YcaC octameric architecture, its I1 insertion would be incompatible with the
interactions required around two of the two-fold axes of rotation found in the CSHase tetramer.
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Thus the distinct insertion elements that punctuate the overall common core fold of these
enzymes, which otherwise contain superimposable active site regions, appear to modulate the
assembly of these proteins into their unique higher order oligomeric states.

Pnc1p and Sir2p
Nicotinamide is both a product and a noncompetitive inhibitor of the NAD+-dependent
deacetylation reaction catalyzed by yeast Sir2p [6;7;8]. Deletion of the yeast PNC1 gene results
in a ~10-fold increase in cellular nicotinamide levels [7], suggesting that Pnc1p plays a direct
role in preventing its accumulation. Normal levels of nicotinamide in yeast cells are estimated
to be ~10 μM if distributed throughout the cell or ~150 μM if the metabolite is localized in the
nucleus [7]. These levels are similar to those that produce inhibition of Sir2p [IC50 values of
50–120 μM [4;8]] Furthermore, exogenous addition of nicotinamide has been shown to inhibit
Sir2p-dependent silencing and to reduce life span in yeast [4;5;39], whereas exogenous
addition of isonicotinamide, an antagonist of nicotinamide, enhances transcriptional silencing
in wild-type or pnc1Δ cells [7]. Collectively, these results suggest that Sir2p-dependent
processes may be sensitive to cellular concentrations of nicotinamide and that Pnc1p may play
a critical role in regulating levels of this metabolite. However, there is also evidence that levels
of NADH may contribute to control of Sir2p-dependent processes [40;41]. Related to this,
NADH has been shown to be a competitive inhibitor of Sir2p [40], and NAD+ has been shown
to be an inhibitor of Pnc1p [1].

Pnc1p expression is elevated in response to cellular stress [2;5;11], and such conditions may
correlate with a need for increased Sir2p activity. Pnc1p was demonstrated to be localized to
the cytosol, peroxisomes, and the nucleus [11], whereas other NAD+ salvage pathway enzymes
are enriched primarily in the nucleus alone [3;10]. This pattern of localization might reflect
regulation of Sir2p homologue activity in cellular compartments other than the nucleus.
Although the studies described above focused primarily on Sir2p activity as related to
replicative life span in yeast, there is evidence that Sir2p does not promote chronological life
span extension [42]. Replicative life span is an index of the number of times a cell divides in
a lifetime, whereas chronological life span is a measure of the survival time of non-replicating
cells. The roles of Pnc1p and the NAD+ salvage pathway in the latter model of cellular aging
remain to be clarified.

Kinetic Analyses
The kinetics of the Pnc1p enzyme were characterized using both nicotinamide and
pyrazinamide as substrates. As shown in Figure 1A, the two substrates differ only at position
1 in the pyrazinamide six-membered ring. The action of Pnc1p toward these structurally related
compounds was quite similar, with measured Vmax values of 50.2 ± 0.1 and 59.4 ± 1.5 units/
mg for nicotinamide and pyrazinamide, respectively. The apparent Km value for nicotinamide
(0.21 ± 0.02 mM) was three-fold lower than that for pyrazinamide, and was similar to the value
previously reported [2]. Calculated Hill coefficients suggested cooperativity with respect to
nicotinamide (2.1 ± 0.2) but little with respect to pyrazinamide (1.3 ± 0.03).

Nicotinamidases as drug targets
Mammalian cells lack a nicotinamidase analogous to Pnc1p, and the NAD+ salvage pathway
involves a nicotinamide phosphoribosyltransferase that converts nicotinamide and PRPP to
nicotinamide mononucleotide and pyrophosphate [43]. The absence of a nicotinamidase in
humans is the basis for the efficacy of treatment of M. tuberculosis infections with
pyrazinamide [17]. Since Pnc1p can also use nicotinamide and pyrazinamide as substrates as
described above, we examined growth of parental and pnc1Δ yeast strains on YP glucose plates
containing pyrazinamide. No differences in number or colony size were observed for either
strain as a function of pyrazinamide concentrations ranging from 0 to 8 mM (data not shown).
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Thus, despite the robust pyrazinamidase activity of Pnc1p, yeast cells appear resistant to this
drug. Several types of bacteria have nicotinamidase/pyrazinamidase activities, but are also
apparently resistant to the drug [12]. For example, the nicotinamidase encoded by the E. coli
pncA gene is constitutively expressed, but no effect on growth was observed in the presence
of 10 mM pyrazinamide. Thus, mechanisms involved in the permeability or toxicity of this
drug in M. tuberculosis may not be conserved in other organisms.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations and Symbols
PH0999  

Pyrococcus horikoshii nicotinamidase

CSHase  
Arthrobacter sp. N-carbamoylsarcosine amidohydrolase

YcaC  
Escherichia coli hydrolase of unknown function

IDH  
Saccharomyces cerevisiae NAD+-specific isocitrate dehydrogenase

RMS  
root mean square

MAD  
multiwavelength anomalous diffraction

MIRAS  
multiple isomorphous replacement with anomalous scattering
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Figure 1.
Three classes of hydrolase enzymes, the reactions they catalyze, and the purification of the
Pnc1p nicotinamidase from yeast. A) Hydrolase reactions catalyzed by nicotinamidase,
pyrazinamidase, and N-carbamoylsarcosine hydrolase. Nicotinamidases catalyze the
conversion of nicotinamide (pyridine-3-carboxamide) to nicotinic acid (pyridine-3-carboxylic
acid) and ammonia. Pyrazinamidases catalyze the conversion of pyrazinamide (pyrazine-2-
carboxamide) to pyrazinoic acid (pyrazine-2-carboxylic acid) and ammonia. N-
carbamoylsarcosine aminohydrolases catalyze the conversion of N-carbamoylsarcosine (2-
(carbamoyl-methyl-amino)acetic acid to sarcosine 2-(Methylamino)acetic acid), ammonia and
carbon dioxide. B) Isolation of Pnc1p. Coomassie stained denaturing gel of protein samples
obtained following Ni2+-NTA column chromatography. Lane 1 was loaded with 30 μg of
protein isolated from yeast expressing histidine-tagged IDH. The IDH1 and IDH2 subunits
that assemble to form the functional IDH octamer [44] are not resolved because they have
similar molecular masses [36;37]. Lane 2 was loaded with 10 μg of protein isolated from E.
coli expressing recombinant Pnc1p. Lane 3 was loaded with molecular mass standards. Mass
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spectrometry revealed that the band migrating between IDH and Pnc1p in lane 1 contains an
IDH degradation product.
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Figure 2.
Aligned sequences of yeast Pnc1p, PH0999, YcaC, and CSHase. The alignment of these
sequences obtained from a BLAST search was modified based on the structural data and
prepared using the programs Mustang [35] and ESPript [34]. Identical residues are boxed and
highlighted in blue. Homologous residues are boxed and highlighted in yellow. The three
insertion elements I1, I2, and I3 in Pnc1p not found in PH0999 are shown in red lettering.
Indicated are conserved residues that form catalytic triads (c) and Zn-binding sites (z) in Pnc1p
and PH0999, and the residues (n) of Pnc1p proposed to form the surface cluster responsible
for the affinity of the protein for Ni2+-coupled affinity resins.
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Figure 3.
Divergent stereo views showing the overall Pnc1p fold and its similarity to three bacterial
enzymes. A) The Pnc1p fold. The amino terminus is marked as N, and metal-binding residues
D51, H53, and H94 are indicated. B) Structural alignment of Pnc1p and the bacterial
nicotinamidase/pyrazinamidase PH0999. The backbone of Pnc1p is in shown in red and
PH0999 is shown in blue. Three prominent insertions in Pnc1p as compared to PH0999 are
labeled. C) Superposition of the common core folds of Pnc1p (red), PH0999 (blue), YcaC
(green), and CSHase (yellow). The structural elements inserted in YcaC and CSHase relative
to PH0999 and Pnc1p are shown in Figures 6 and 7.
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Figure 4.
The active site and putative Ni2+-binding cluster in Pnc1p. A) 2Fo – Fc SIGMAA-weighted
[45] electron density superimposed on the model of the Pnc1p metal-binding site residues (D51,
H53, and H94) and catalytic triad residues (C167, K122, and D8). Also shown are residues
V162 and A163 which contribute to a putative oxyanion hole as a result of their cis-peptide
bond [14;22]. B) The cluster of solvent exposed methionine and histidine residues located near
the amino terminus of Pnc1p. These residues are proposed to be responsible for the observed
interaction of Pnc1p with Ni2+-NTA resin. This site is occupied by metal ions in heavy atom
derivative crystal forms but not in native crystal forms.
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Figure 5.
Pnc1p filamentous arrays form a porous superstructure in the crystal. A) The seven Pnc1p
molecules of the asymmetric unit associate to form a helical filamentous array. Each monomer
of Pnc1p is shown in a different color (see text). B) Superstructure of Pnc1p helical fibers in
the crystal. The color scheme is as in A). The view is looking along the crystallographic 3-fold
(center of the large solvent channels) and 3-fold screw axes (the blue “hub” Pnc1p residues
and the center of the small solvent channels bordered by the salmon and magenta Pnc1p
molecules). C) Superstructure of Pnc1p helical fibers in the crystal. The color scheme is as in
A) and B). The view is normal to the view shown in B). Each unbroken helical array of Pnc1p
is related to its neighbor along the vertical “hub” array of blue Pnc1p molecules by a 3-fold
screw axis of rotation.
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Figure 6.
The insertion elements of Pnc1p and YcaC mediate assembly into distinct higher order
oligomers (see text). The views are the same as in Figure 3. A) Superposition of Pnc1p (red)
with YcaC (green) revealing the distinct amino acid insertions in each enzyme relative to the
common core fold. The two green C-terminal helices in YcaC mediate its assembly into the
functional octamer shown in the next panel. B) The YcaC monomer assembles into an octamer
with 422 symmetry. C) Superposition of the Pnc1p molecule onto the position of each YcaC
molecule in the octamer reveals that the two-stranded β-sheet insert in Pnc1p would occupy
the same space as the green helices from YcaC.
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Figure 7.
The insertion elements of Pnc1p and CSHase mediate assembly into distinct higher order
oligomers (see text). A) Superposition of Pnc1p (red) with CSHase (yellow) revealing the
distinct amino acid insertions in each enzyme relative to the common core fold. B) The yellow
N-terminal helix and extended C-terminal tail in CSHase mediate its assembly into the
functional tetramer with 222 symmetry. C) Superposition of the Pnc1p molecule onto the
position of each CSHase molecule in the tetramer reveals that the two-stranded β-sheet insert
in Pnc1p would disrupt the interaction across the two-fold axes in CSHase.
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