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Abstract
Quinolinate synthase (NadA) catalyzes a unique condensation reaction between iminoaspartate and
dihydroxyacetone phosphate, affording quinolinic acid, a central intermediate in the biosynthesis of
nicotinamide adenine dinucleotide (NAD). Iminoaspartate is generated via the action of L-aspartate
oxidase (NadB), which catalyzes the first step in the biosynthesis of NAD in most prokaryotes. NadA
from Escherichia coli was hypothesized to contain an iron–sulfur cluster as early as 1991, because
of its observed labile activity, especially in the presence of hyperbaric oxygen, and because its
primary structure contained a CXXCXXC motif, which is commonly found in the [4Fe-4S]
ferredoxin class of iron–sulfur (Fe/S) proteins. Indeed, using analytical methods in concert with
Mössbauer and electron paramagnetic resonance spectroscopies, the protein was later shown to
harbor a [4Fe–4S] cluster. Recently, the X-ray structure of NadA from Pyrococcus horikoshii was
solved to 2.0 Å resolution [H. Sakuraba, H. Tsuge, K. Yoneda, N. Katunuma, and T. Ohshima, (2005)
J. Biol. Chem. 280, pp. 26645-26648]. This protein does not contain a CXXCXXC motif, and no Fe/
S cluster was observed in the structure or even mentioned in the report. Moreover, rates of quinolinic
acid production were reported to be 2.2 μmol min-1 mg-1, significantly greater than that of E. coli
NadA containing an Fe/S cluster (0.10 μmol min-1 mg-1), suggesting that the [4Fe-4S] cluster of E.
coli NadA may not be necessary for catalysis. In the study described herein, nadA genes from both
Mycobacterium tuberculosis and Pyrococcus horikoshii were cloned, and their protein products
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shown to contain [4Fe–4S] clusters that are absolutely required for activity despite the absence of a
CXXCXXC motif in their primary structures. Moreover, E. coli NadA, which contains nine cysteine
residues, is shown to require only three for turnover (C113, C200, and C297), of which only C297
resides in the CXXCXXC motif. These results are consistent with a bioinformatics analysis of NadA
sequences, which indicates that three cysteines are strictly conserved across all species. This study
concludes that all currently annotated quinolinate synthases harbor a [4Fe–4S] cluster, that the crystal
structure reported by Sakuraba et al does not accurately represent the active site of the protein, and
that the “activity” reported does not correspond to quinolinate formation.

Nicotinamide adenine dinucleotide (NAD) is an essential and ubiquitous cofactor known
primarily for its role as a co-substrate in a multitude of biological oxidation-reduction reactions
that involve hydride transfers (1). It is also involved in myriad non-redox reactions such as
adenylation, ADP-ribosylation, and histone deacetylation (2,3), and in enzymes such as
urocanase, in which its nicotinamide ring is proposed to form a transient covalent adduct with
the substrate urocanate, facilitating catalysis via an electrophilic mechanism (4). Moreover, it
serves as the initial substrate for the biosynthesis of thiamin thiazole in Saccharomyces
cerevisiae (5). Quinolinic acid (QA) serves as the first common precursor to NAD and its
derivatives in all organisms that synthesize NAD de novo; the subsequent steps that lead to
NAD from QA are virtually identical across organisms (6). By contrast, there are two distinctly
different pathways by which QA is formed. In most eukaryotes, QA is generated from the
oxidative degradation of tryptophan in a series of five enzymatic steps, three of which involve
molecular oxygen as a cosubstrate (6). The requirement for molecular oxygen in this pathway
has led to its branding as the aerobic pathway for QA production, which distinguishes it from
an alternative pathway (anaerobic pathway) found predominantly in prokaryotes, which does
not display an obligate requirement for molecular oxygen. In the anaerobic pathway, L-aspartate
is first converted to iminoaspartate (ImAsp) by L-aspartate oxidase (NadB); ImAsp is then
condensed with dihydroxyacetone phosphate (DHAP) to form quinolinic acid in a reaction
catalyzed by quinolinate synthase (NadA). The byproducts of the reaction are 2 mol of water
and 1 mol of inorganic phosphate (Scheme 1) (7).

NadB is a 60 kDa flavoprotein that contains one noncovalently bound molecule of flavin
adenine dinucleotide (FAD) per polypeptide (8). During catalysis, L-aspartate is transiently
oxidized to ImAsp with concomitant reduction of FAD to FADH2. Under oxic conditions,
FADH2 is re-oxidized to FAD by molecular oxygen, with generation of hydrogen peroxide as
a byproduct (Scheme 1). Under anoxic conditions, fumarate serves as the electron acceptor,
being reduced to succinate (9). ImAsp is an unstable intermediate; it hydrolyzes to ammonia
and oxaloacetate (OAA) at 37 °C and pH 8.0 with a half-life of 144 s (10). In vitro the NadB
protein can be replaced by conducting the reaction in the presence of OAA and an ammonia
source, such as ammonium sulfate (AS), which undergo Schiff-base formation to afford an
equilibrium concentration of ImAsp (11).

NadA from Escherichia coli has served as the prototype for the study of quinolinate synthases;
however, detailed characterization and mechanistic analysis of the enzyme was originally
hampered by its observed instability (10). The protein contains a CXXCXXC motif, which is
found often in the primary structures of [4Fe-4S]-containing proteins of the ferredoxin class
(12). This motif, as well as the enzyme’s reported tendency to lose catalytic competence in the
presence of hyperbaric oxygen, led to the suggestion that E. coli NadA is an iron-sulfur (Fe/
S) protein (13). This hypothesis was later confirmed. Analytical and spectroscopic studies by
two independent laboratories showed that the protein binds and requires one [4Fe-4S]2+ cluster
per polypeptide (14,15). NadA has been purported to be a member of the Fe/S cluster-dependent
class of the hydro-lyase family of enzymes (16), which includes aconitase, the prototype
member (17). Aconitase contains a [4Fe-4S] cluster in which three of the iron atoms are ligated
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by three cysteine residues contributed by the protein scaffold. The fourth iron (Fea) provides
a site for bidentate coordination by the substrate or product, with a corresponding change in
its coordination geometry from tetrahedral to octahedral (18-21). Similarly, it is expected that
the [4Fe-4S] cluster of NadA will also be ligated by three cysteinate protein ligands, allowing
one iron site to be available for direct involvement in the reaction (16).

The X-ray crystal structure of quinolinate synthase from the hyperthermophilic archaeon
Pyrococcus horikoshii (Phk) was solved to 2.0 Å in 2005. Surprisingly, the structure showed
no evidence of an Fe/S cluster or any other type of cofactor, nor was mention of an Fe/S cluster
made in the published report (22). Yet, the protein was stated to catalyze formation of QA with
a specific activity of 2.2 μmol min-1 mg-1, an activity that is significantly higher than that
reported for the Fe/S-containing E. coli enzyme (14). However, the structure contained three
regions of poorly defined electron density, in which three cysteine residues that are strictly
conserved among NadA proteins are found (Scheme 2). Herein, we show that the three
corresponding cysteines in E. coli NadA are absolutely required for turnover in vitro, and most
likely act as ligands to the [4Fe-4S] cluster. When C→S substitutions were made at each of
the nine cysteine residues present in the primary structure of E. coli NadA, only substitutions
at C113, C200, and C297 afforded inactive proteins when analyzed in their as-isolated (AI) or
reconstituted (RCN) forms. Importantly, only C297 is present in the CXXCXXC motif
(Scheme 2). In addition, we report the first published isolation of NadA from Mycobacterium
tuberculosis (Mtb), and show that the protein contains a [4Fe-4S] cluster with similar
spectroscopic parameters as that from E. coli. Unlike NadA from E. coli, the primary structure
of the enzyme from Mtb does not contain a CXXCXXC motif, but does contain three conserved
cysteine residues (Scheme 2). Last, we show that when Phk NadA is isolated under strict
anaerobic conditions, it too contains a [4Fe-4S] cluster and displays a specific activity that is
similar to that of the E. coli and Mtb enzymes. When it is overproduced recombinantly in the
presence of o-phenanthroline, an Fe(II) chelator, or isolated aerobically, the protein is devoid
of an Fe/S cluster and exhibits no catalytic activity. When this apo form of Phk NadA is
reconstituted anaerobically with iron and sulfide, the [4Fe-4S] cluster reforms, and catalytic
competence is regained. Since all annotated quinolinate synthases contain these three
conserved cysteine residues, we argue that [4Fe-4S] clusters are common and requisite
cofactors throughout this class of enzymes.

MATERIALS AND METHODS
Materials

All DNA modifying enzymes and reagents, and Deep Vent DNA Polymerase and its associated
10× ThermoPol reaction buffer were purchased from New England Biolabs (Beverly, MA).
PfuUltra High Fidelity DNA Polymerase and its associated 10× reaction buffer were obtained
from Stratagene (La Jolla, CA). Oligonucleotide primers for cloning were obtained from
Integrated DNA Technologies (Carlsbad, CA). Escherichia coli genomic DNA (strain W3110)
was obtained from Sigma Corp (St. Louis, MO), and Pyrococcus horikoshii (Phk) genomic
DNA was obtained from the American Type Culture Collection (Manassas, VA). Genomic
DNA from Mycobacterium tuberculosis (Mtb) was a kind gift of Dr. Peter Tonge (SUNY Stony
Brook). E. coli strains BL21(DE3) and Rosetta 2(DE3) were obtained from Novagen (Madison,
WI), as was vector pET-28a. Isopropyl-β-D-thiogalactopyranoside (IPTG) was purchased from
Biosynth International (Naperville, IL). Coomassie blue dye-binding reagent for protein
concentration determination and the bovine serum albumin (BSA) standard (2 mg mL-1) were
obtained from Pierce (Rockford, IL). Nickel nitrilotriacetic acid (Ni-NTA) resin was purchased
from Qiagen (Valencia, CA). Sephadex G-25 resin and PD-10 pre-poured gel filtration columns
were purchased from GE Biosciences (Piscataway, NJ). 2,3-Pyridinedicarboxylic acid
(quinolinic acid) was obtained from Aldrich (St. Louis, MO). Dihydroxyacetone phosphate
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(dilithium salt), L-(+)-arabinose, ferric chloride, and α-glycerophosphate dehydrogenase were
obtained from Sigma (St. Louis, MO), while o-phenanthroline was obtained from Fisher (Fair
Lawn, NJ). All other buffers and chemicals were of the highest grade available.

57Fe (97-98%) metal was purchased from Isoflex USA (San Francisco, CA). It was washed
with CHCl3 and dissolved with heating in an anaerobic solution of 2 N H2SO4 (1.5 mol of
H2SO4 per mole of 57Fe).

General Procedures—High performance liquid chromatography (HPLC) was conducted
on a Beckman System Gold unit (Fullerton, CA), which was fitted with a 128 diode array
detector and operated with the System Gold Nouveau software package. Iron and sulfide
analyses were performed as previously described (23-25). All numbers reported are the average
of four determinations, with errors reflecting one standard deviation. Sonic disruption of E.
coli cells was carried out with a 550 sonic dismembrator from Fisher Scientific (Pittsburgh,
PA) in combination with a horn containing a ½ inch tip. The horn was threaded through a port
in an anaerobic chamber to allow the process to be conducted under anoxic conditions. The
polymerase chain reaction (PCR) was performed with a Robocycler temperature cycler from
Stratagene (La Jolla, CA). DNA sequencing was carried out at the Pennsylvania State
University Nucleic Acid Facility.

Spectroscopic Methods—UV-vis spectra were recorded on a Cary 50 spectrometer
(Varian; Walnut Creek, CA) using the associated WinUV software package. Low-temperature
X-band EPR spectroscopy was carried out in perpendicular mode on a Bruker (Billerica, MA)
ESP 300 spectrometer equipped with an ER 041 MR microwave bridge and an ST4102 X-band
resonator (Bruker). The sample temperature was maintained with an ITC503S temperature
controller and an ESR900 liquid helium cryostat (Oxford Instruments; Concord, MA).

Mössbauer spectra were recorded on a spectrometer from WEB research (Edina, MN)
operating in the constant acceleration mode in transmission geometry. Spectra were recorded
with the temperature maintained at 4.2 K. The sample was kept inside an SVT-400 dewar from
Janis (Wilmington, MA), and a magnetic field of 53 mT was applied parallel to the γ-beam.
The isomer shift is relative to the centroid of the spectrum of a metallic foil of α-Fe at room
temperature. Data analysis was performed using the program WMOSS from WEB research.

Cloning of E. coli nadA and nadB Genes
The nadA gene was amplified from E. coli (strain W3110) genomic DNA by PCR technology
using primers nadAfor and nadArev (Supplementary Data, Table S1). Each amplification
reaction contained the following in a volume of 50 μL: 0.4 μM of each primer, 0.2 mM of each
deoxynucleoside triphosphate, 100 ng of E. coli genomic DNA, 2.5 U of PfuUltra High Fidelity
DNA Polymerase, and 5 μL of 10× PfuUltra™ reaction buffer. The reaction mixture was
overlaid with 30 μL of mineral oil. After a 2 min denaturation step at 95 °C, 30 cycles of the
following program were initiated: 30 s at 95 °C, 30 s at 70 °C, 1 min at 72 °C. Following the
cycling program, the reaction was incubated further for 10 min at 72 °C. The PCR product was
digested with NdeI and EcoRI and then ligated into similarly digested pET-28a by standard
methods (26).

The nadB gene was amplified from E. coli (strain W3110) genomic DNA by PCR technology
using primers nadBfor and nadBrev (Supplementary Data, Table S1). Each amplification
reaction contained the same concentrations of reagents as described above for cloning the
nadA gene, except that DMSO was added to a final concentration of 4%. After a 2 min
denaturation step at 95 °C, 30 cycles of the following program were initiated: 30 s at 95 °C,
30 s at 63 °C, 3 min at 72 °C. Following the cycling program, the reaction was incubated further
for 10 min at 72 °C. The PCR product was digested with NdeI and HindIII and then ligated
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into similarly digested pET-28a by standard methods. All other procedures were carried out
by standard methods. The correct constructs were verified by DNA-sequencing and designated
pET28-NadA and pET28-NadB, respectively.

Cloning of P. horikoshii nadA Gene
The nadA gene was amplified from Phk (JCM 9974) genomic DNA by PCR technology using
primers PhNadA.for and PhNadA.rev (Supplementary Data, Table S1). Each amplification
reaction contained the following in a volume of 50 μL: 0.48 μM of each primer, 0.25 mM of
each deoxynucleoside triphosphate, 200 ng of Phk genomic DNA, 2 U of Deep Vent DNA
Polymerase, and 5 μL of 10× ThermoPol reaction buffer. The reaction mixture was overlaid
with 40 μL of mineral oil. After a 9 min denaturation step at 95 °C, 35 cycles of the following
program were initiated: 1 min at 95 °C, 1 min at 55 °C, 2.5 min at 72 °C. Following the cycling
program, the reaction was incubated further for 10 min at 72 °C. The PCR product was digested
with NdeI and EcoRI and then ligated into similarly digested pET-28a by standard methods.
The correct construct was verified by DNA-sequencing and designated pET28-PhNadA.

Cloning of the M. tuberculosis nadA Gene
The nadA gene from Mtb was cloned as described for the nadA gene from Phk, with the
exception that the primers used for PCR amplification were MtNadA.for and MtNadA.rev
(Supplementary Data, Table S1), and genomic DNA from Mtb (H37Rv) served as the template.
The correct construct was verified by DNA-sequencing and designated pET28-MtNadA.

Construction of E. coli NadA Variants
E. coli NadA variants were constructed using the QuikChange II Site-directed Mutagenesis
Kit (Stratagene) according to the manufacturer’s specifications, and as described previously
(27), in which the cycling protocol is adapted for the Stratagene Robocycler thermocycler
(28). Plasmid pET28-NadA was used as the template in conjunction with the appropriate
primers for each respective amino acid substitution (Supplementary Data, Table S2). All
mutations were verified by DNA-sequencing of the entire gene.

Expression of the Genes Encoding E. coli Wild-type NadA and Variants
Plasmid pET28-NadA, encoding WT or variant NadA proteins, was cotransformed into E.
coli BL21(DE3) with plasmid pDB1282 as described previously (29). A single colony was
selected and used to inoculate 100 mL of Luria–Bertani (LB) media containing 50 μg/mL
kanamycin and 100 μg/mL ampicillin, and was cultured for ~7 h at 37 °C with shaking (180
rpm). A 60 mL portion of the culture was then evenly distributed among four 6 L Erlenmeyer
flasks to inoculate 16 L of LB media containing 50 μg/mL kanamycin and 100 μg/mL
ampicillin, and the bacteria were cultured further at 37 °C with shaking. At an optical density
at 600 nm (OD600) of 0.3, solid L-(+)-arabinose was added to each flask at a final concentration
of 0.05 % (w/v). At an OD600 of 0.6, the cultures were cooled in an ice–water bath, and solid
IPTG and ferric chloride were added to each flask at final concentrations of 200 and 50 μM,
respectively. The cultures were then allowed to incubate further at 18 °C with shaking for 16
h. Cells were harvested by centrifugation at 10,000 × g for 10 min at 4 °C, and the resulting
cell paste was frozen in liquid N2 and stored at -80 °C until ready for use. Typical yields were
50-60 g of frozen cell paste per 16 L of culture.

Expression of the nadA Gene from M. tuberculosis
Expression of the nadA gene from Mtb was carried out similarly to that described above, except
that pET28-MtNadA replaced pET28-NadA. In addition, induction was carried out a 37 °C for
4 h rather than 18 °C for 16 h.
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Expression of the P. horikoshii nadA Gene
The Phk nadA gene was expressed in a similar manner, with the following exceptions. E.
coli Rosetta 2(DE3) cells were cotransformed with plasmids pET28-PhNadA and pDB1282
and cultured in LB media containing 34 μg/mL chloramphenicol, 50 μg/mL kanamycin, and
100 μg/mL ampicillin. Induction of the genes on plasmid pDB1282 was initiated at an
OD600 of 0.3 by addition of L-(+)-arabinose to a final concentration of 0.2%. Induction of the
Phk nadA gene was initiated at an OD600 of 0.6 by addition of IPTG to a final concentration
of 400 μM. Expression was allowed to proceed for 4 h at 37 °C before the cells were harvested
by centrifugation at 4 °C.

Purification of E. coli and M. tuberculosis NadA Proteins
All steps of the purification were conducted inside of an anaerobic chamber from Coy
Laboratory Products, Inc. (Grass Lake, MI) under an atmosphere of N2 and H2 (95%/5%), with
an O2 concentration maintained below 1 ppm by the use of palladium catalysts. Steps using
centrifugation were performed outside of the anaerobic chamber in centrifuge tubes that were
tightly sealed before they were removed from the chamber. All buffers were prepared using
distilled and deionized water that was boiled for at least 1 h and then allowed to cool with
stirring uncapped in the anaerobic chamber for 48 h. All plastic ware was autoclaved and
brought into the chamber hot, and allowed to equilibrate overnight before use.

Protein purification was carried out by immobilized metal affinity chromatography (IMAC)
using a nickel nitrilotriacetic acid (Ni-NTA) matrix. In a typical purification, 25 g of frozen
cells were resuspended in 80 mL of buffer A (50 mM HEPES, pH 7.5, 0.3 M KCl, 20 mM
imidazole, and 10 mM 2-mercaptoethanol). Solid egg white lysozyme was added to a final
concentration of 1 mg mL-1 and the mixture was stirred at room temperature for 30 min. After
the mixture was allowed to cool in an ice–water bath to <8 °C, it was subjected to four 1 min
bursts of sonic disruption (setting 7). Cellular debris was removed by centrifugation at 50,000
× g for 1 h, and the resulting supernatant was loaded onto a Ni-NTA column (2.5 × 7 cm)
equilibrated in buffer A. The column was washed with 100 mL of buffer B (50 mM HEPES,
pH 7.5, 0.3 M KCl, 40 mM imidazole, 10 mM 2-mercaptoethanol, and 20% glycerol), and
subsequently eluted with buffer B containing 250 mM imidazole. Fractions that were brown
in color were pooled and concentrated in an Amicon stirred cell (Millipore, Billerica, MA)
fitted with a YM-10 membrane (10,000 Da MW cutoff). The protein was exchanged into buffer
C (50 mM HEPES, pH 7.5, 0.1 M KCl, 10 mM DTT, and 20% glycerol) by anaerobic gel
filtration (Sephadex G-25), concentrated, and stored in aliquots in a liquid N2 dewar until ready
for use, or immediately reconstituted (vide infra). All buffers were chilled on ice prior to use,
and ice packs were used to jacket the Amicon stirred cell during protein concentration steps.

Purification of P. horikoshii NadA
Phk NadA was purified as described above for the E. coli enzyme, except that two heat
denaturation steps were included to eliminate additional contaminating proteins, as described
by Sakuraba et al (22). After allowing the suspended cells to thaw, the suspension was incubated
with lysozyme for 30 min at room temperature before heating it at 37 °C for 15 min. Following
sonication, a sodium sulfate solution was added to a final concentration of 0.2 M, and the
suspension of cells was heated at 85 °C for 15 min. The remainder of the purification was
carried out as described for the purification of E. coli NadA, except it was performed with
buffers maintained at ambient temperature.

Overproduction of E. coli and P. horikoshii Apo-NadA Proteins
E. coli and Phk NadA proteins lacking a [4Fe-4S] cluster was produced by addition of o-
phenanthroline to the growth media (30). Cultures were initially grown as described above,

Saunders et al. Page 6

Biochemistry. Author manuscript; available in PMC 2009 October 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



without induction of the genes on plasmid pDB1282. At an OD600 of 0.6, 100 mM o-
phenanthroline in 100 mM HCl was added to a final concentration of 100 μM. The cultures
were then incubated for 15 min before addition of IPTG to a final concentration of 200 μM.
Following induction, the cultures were incubated further for 4 h at 37 °C with shaking. Cells
were harvested at 10,000 × g for 10 min at 4 °C, and the resulting cell paste was frozen in liquid
N2 and stored at -80 °C until ready for use.

Reconstitution of NadA
Reconstitution of E. coli and Mtb NadA proteins with iron and sulfide was carried out on ice
in a Coy anaerobic chamber using anaerobic buffers and solutions. A typical reconstitution
contained, in a final volume of 20 mL, 100 μM NadA that was initially treated with 5 mM DTT
for 20 min. Next, an 8-fold molar excess of FeCl3 was added, and the solution was allowed to
sit on ice for 20 min. Finally, an 8-fold molar excess of Na2S was added over a period of 3 to
4 h, and then the mixture was allowed to incubate on ice for 5-13 h. The mixture was then
concentrated in an Amicon stirred cell and subjected to centrifugation at 14,000 × g for 2 min
to remove precipitate. The supernatant was removed and exchanged into buffer C by gel
filtration, reconcentrated, and then stored in aliquots in a liquid N2 dewar. Reconstitution of
Phk NadA was performed in a similar fashion, except that the process was conducted at room
temperature.

Expression of the nadB Gene, and Purification of its Product
Plasmid pET28-NadB was transformed into E. coli BL21(DE3). A single colony was used to
inoculate 100 mL of LB media containing 50 μg/mL kanamycin, and was cultured for 7 h at
37 °C with shaking. A 60 mL portion of the culture was evenly distributed among four 6 L
Erlenmeyer flasks to inoculate 16 L of LB media containing 50 μg/mL kanamycin, and was
cultured further at 37 °C. At an OD600 of 0.6, the cultures were cooled in an ice–water bath,
and solid IPTG and FAD were added to each flask to final concentrations of 200 and 10 μM,
respectively. The cultures were then incubated at 18 °C with shaking for 16 h. Cells were
harvested at 10,000 × g for 10 min at 4 °C, and the resulting cell paste was frozen in liquid
N2 and stored at -80 °C until ready for use. Typical yields of frozen cell paste were between
50 and 60 g per 16 L growth.

In a typical purification, 25 g of frozen cells were resuspended in 80 mL of buffer D (50 mM
HEPES, pH 7.5, 0.2 M NaCl, 10 mM imidazole, 10 mM succinate, and 20 μM FAD). Solid
egg white lysozyme and and phenylmethanesulfonyl fluoride (PMSF) were added to final
concentrations of 1 mg mL-1 and 1 mM, respectively, and the mixture was stirred at room
temperature for 30 min. After the mixture was allowed to cool in an ice–water bath to <8 °C,
it was subjected to four 1 min bursts of sonic disruption (setting 7). Cellular debris was removed
by centrifugation at 50,000 × g for 1 h, and the resulting supernatant was loaded onto a Ni-
NTA column (2.5 × 7 cm) equilibrated in buffer D. The column was washed with 175 ml of
buffer E (50 mM HEPES, pH 7.5, 0.2 M NaCl, 20 mM imidazole, 10 mM succinate, 20 μM
FAD, and 10% glycerol) and subsequently eluted with buffer E containing 250 mM imidazole.
Protein-containing fractions were pooled and concentrated in an Amicon stirred cell fitted with
a YM-10 membrane (10,000 Da MW cutoff). The protein was exchanged into anaerobic buffer
F (50 mM HEPES, pH 7.5, and 10% glycerol) by anaerobic gel filtration (Sephadex G-25),
reconcentrated, and stored in aliquots in a liquid N2 dewar until ready for use.

Determination of Protein Concentrations
Protein concentrations were determined by the Bradford dye staining procedure with BSA as
the standard (31). Quantitative amino acid analysis on parallel samples of E. coli and Mtb NadA
proteins, conducted at the University of Iowa Molecular Analysis Facility, confirmed that the
Bradford assay was accurate without a correction factor. Phk NadA was similarly analyzed at
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the University of California–Davis Molecular Structure Facility; the Bradford method
overestimates its concentration by a factor of 1.54.

Activity Determinations
The activity of WT and variant NadA proteins was determined by monitoring the formation
of QA over a 20 min time period at 37 °C under anaerobic conditions. The substrate ImAsp
was generated enzymatically via the NadB reaction using fumarate as the electron acceptor,
or chemically by replacement of NadB, L-aspartate, and fumarate in assay mixtures with OAA
and AS (11). Activity determinations conducted in the presence of NadB contained, in a final
volume of 1300 μL, 200 mM HEPES, pH 7.5, 25 mM L-aspartate, 25 mM fumarate, 25 μM
FAD, 1 mM DHAP, 0.1 M KCl, 0.3 mM L-tryptophan (internal standard), and either 5 μM
RCN NadA and 5 μM NadB or 15 μM AI NadA and 15 μM NadB. When ImAsp was generated
chemically, L-aspartate, fumarate, FAD, and NadB were replaced with 30 mM OAA and 30
mM AS. The reactions were initiated by addition of either NadB or OAA after incubation of
the other components of the assay mixture at 37 °C for 5 min. At designated times, 200 μL
aliquots of the assay mixture were removed and added to 40 μL of 2 M trichloroacetic acid
(TCA) to quench the reaction. The precipitated protein was pelleted by centrifugation, and the
supernatant was analyzed by HPLC with UV detection (268 nm) using a Zorbax SB-C18
column (4.6 × 250 mm) from Agilent (Foster City, CA). The column was equilibrated in 100%
Solvent A (1% trifluoroacetic acid (TFA)) at a flow rate of 1 mL min-1. These initial conditions
were maintained for 10 min after injection, upon which a gradient of 0-45% Solvent B
(acetonitrile) was applied over 10 min. At 20 min, a gradient of 45-90% Solvent B was applied
over 3 min. Finally, at 25 min, a gradient of 90-0% Solvent B was applied over 3 min to re-
establish the initial conditions until the end of the run at 32 min. Using this method, QA eluted
at 8.3 min, and the tryptophan internal standard eluted at 20.3 min. The concentration of QA
was determined from a calibration curve of known concentrations of the compound using the
internal standard to correct for volume changes between sample injections. Activity
determinations of Phk NadA were conducted at 50 °C in HEPES buffer, pH 7.0. All other
components of the assay mixture were as described above.

Activity determinations were also performed by quantifying the amount of DHAP remaining
as a function of time as described previously (15). Assay mixtures were as described above;
however, at designated times, 50 μL aliquots of the quenched assay mixture were added to a
cuvette containing 100 mM HEPES, pH 7.5, and 250 μM NADH, and the absorbance at 340
nm was measured. α-Glycerophosphate dehydrogenase (5.6 U) was added to the cuvette, and
the resulting decrease in absorbance at 340 nm (ε = 6440 M-1 cm-1) was recorded and then
used to calculate the concentration of DHAP present. The concentration of QA was then
assumed to be the difference between the starting DHAP concentration and the concentration
measured at any given time point.

Preparation of Mössbauer and EPR Samples
Samples to be analyzed by Mössbauer and EPR spectroscopies contained 425-950 μM NadA
and were all prepared inside of the anaerobic chamber. For characterization by Mössbauer,
bacterial growth and gene expression were carried out in M9 minimal media, and 57FeSO4 was
added at induction. For the E. coli C200S variant, 57Fe was incorporated by reconstitution.
Samples (400 μL) were placed in small plastic cups and frozen in liquid N2. For characterization
by EPR, samples (250 μL) were treated with 2 mM sodium dithionite at room temperature for
5 min, placed in EPR tubes (2 mm i.d.), and frozen in liquid N2.
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RESULTS
Cloning and Expression of the P. horikoshii nadA Gene, and Purification and
Characterization of its Product

The determination of the X-ray crystal structure of NadA from Phk in 2005 produced surprising
findings (22). The structure showed no presence of an Fe/S cluster; however, the protein was
reported to catalyze formation of QA with a specific activity of 2.2 μmol min-1 mg-1, which is
considerably greater than that reported for the recombinant E. coli enzyme (0.015 μmol
min-1 mg-1) (14). This observation suggests that the presence of an Fe/S cluster is not a
mechanistic imperative, but that the E. coli enzyme might simply use it to satisfy structural
and/or regulatory requirements, for example. To address this issue directly, the nadA gene from
Phk was amplified by PCR technology and cloned into a pET-28a expression vector. The
resulting construct allowed production of an N-terminally hexahistidine-tagged form of the
protein for facile and rapid purification within the confines of an anaerobic chamber.

The UV-vis spectrum of as-isolated (AI) Phk NadA is shown in Figure 1A (solid line), and is
similar to the published spectrum of the E. coli enzyme isolated under similar conditions
(14). Iron and sulfide analysis of the AI enzyme indicates the presence of 2.3 ± 0.4 equiv of
the former and 2.6 ± 1.0 equiv of the latter per polypeptide, also similar to that obtained for
the AI E. coli enzyme. The 4.2-K/53-mT Mössbauer spectrum of this sample is shown in Figure
2. It is dominated by two peaks that belong to a quadrupole doublet with parameters (isomer
shift, δ, of 0.45 mm/s and quadrupole splitting parameter, ΔEQ, of 1.15 mm/s) typical of the
[4Fe-4S]2+ cluster form. This quadrupole double accounts for 87 % of the total Fe, resulting
in a stoichiometry of 0.5 [4Fe-4S] clusters per NadA. In addition, there is a line at +1.6 mm/
s. This line is associated with a minor quadrupole doublet, the low-energy line of which
overlaps with the low-energy line of the subspectrum of the [4Fe-4S]2+ clusters. This
component can be simulated with the following parameters: δ = 0.65 mm/s and ΔEQ = 1.87
mm/s (13 % of total intensity). The nature of this component is currently not well understood
(18, 20, 32).2 Chemical reconstitution of the AI enzyme results in an increase in the absorbance
at 400 nm (Figure 1A, dashed line) and a concomitant increase in the amount of iron and sulfide
bound to the protein subsequent to gel-filtration, affording 5.8 ± 0.1 equiv of iron and 4.4 ±
0.4 equiv of sulfide per polypeptide.

NadA catalyzes the condensation of DHAP and ImAsp. ImAsp is an unstable species, which
hydrolyzes to ammonia and OAA at 37 °C and pH 8.0 with a half-life of 144 s (10). In vivo,
ImAsp is provided by the action of L-aspartate oxidase (NadB); however, an equilibrium
concentration can also be generated chemically by Schiff-base formation between OAA and
an ammonia source, such as AS. Using chemically generated ImAsp, AI Phk NadA catalyzed
formation of QA at 50 °C with a Vmax/[ET] of 1.9 min-1, while the reconstituted enzyme
displayed a Vmax/[ET] of 3.2 min-1 (specific activity = ~0.1 μmol min-1 mg-1).

Given that the activity of Phk NadA described in this work is considerably less than that
reported by Sakuraba et al (22), it is conceivable that the Fe/S cluster in this enzyme acts as a
negative regulator of NadA activity. To address this possibility, the apo form of Phk NadA
was generated by inducing expression of the nadA gene in the absence of induction of genes
on plasmid pDB1282, and adding the Fe(II) chelator o-phenanthroline to the growth medium

2The position of the low-energy line of the novel quadrupole doublet cannot be determined accurately. The spectrum can also be simulated
with the following parameters: δ(1) = 0.43 mm/s, ΔEQ(1) = 1.19 mm/s (87% intensity); and δ(2) = 0.82 mm/s, ΔEQ(2) = 1.53 mm/s (13
% intensity). The parameters of the major component are nearly identical, and indicate the presence of [4Fe-4S]2+ clusters, regardless
of the fitting model used. We speculate that the larger isomer shift of the minor component may indicate multidentate binding of an
organic molecule with hard N/O donor atoms to the unique Fe site of the [4Fe-4S]2+ cluster, as was observed previously for aconitase
(17) and pyruvate formate–lyase activase (31), a member of the radical SAM enzyme family. Addition of substrates, product, or analogs
thereof to AI P. horikoshii NadA did thus far not yield a larger fraction of this component for more detailed spectroscopic characterization.
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at induction. The UV-vis spectrum of the anaerobically isolated protein is shown in Figure 1B
(solid line), and is devoid of features that would indicate the presence of an Fe/S cluster.
Consistent with the absence of the cofactor, the protein contained < 1.2 ± 0.2 irons per
polypeptide, and sulfide was below the limit of detection (< 0.2 equiv). Activity determinations
on apo Phk NadA indicated that it was unable to catalyze formation of QA; the limit of detection
was 5 μM QA in a 20 min incubation. When apo Phk NadA was reconstituted with iron and
sulfide, its UV-vis spectrum changed dramatically (Figure 1B, dashed line), and it displayed
a Vmax/[ET] of 3.3 min-1, similar to that of the AI enzyme produced in the presence of the gene
products encoded on plasmid pDB1282 and then further reconstituted. When Phk NadA was
isolated aerobically by the procedure of Sakuraba et al, it was devoid of an Fe/S cluster, as
evidenced by its UV-vis spectrum. It was also unable to catalyze formation of QA. Again,
reconstitution of aerobically isolated Ph NadA resulted in significant gain in the protein’s
catalytic competence (data not shown).

Analytical and Spectroscopic Characterization of WT and Variant E. coli NadA Proteins
The primary structure of Phk NadA contains only five cysteines, three of which (C83, C170,
and C256) are conserved among all annotated NadA proteins (Scheme 2). Interestingly, these
three cysteines in Phk NadA are found in or near surface loops that are not observed in the X-
ray structure (residues 79-90, 165-175, and 257-260; see grey bars in Scheme 2) because of
their disordered nature (22). This observation, in concert with the bioinformatics analysis,
suggests that these cysteines are those that coordinate the required Fe/S cluster, and allows
prediction that C→S or C→A substitutions made at equivalent positions in E. coli NadA should
render the protein inactive. E. coli NadA contains a CXXCXXC motif, which is often found
in Fe/S proteins of the [4Fe-4S]-containing ferredoxin class (12). The cysteines in this motif
typically contribute three ligands to the Fe/S cluster, while the fourth is provided by a cysteine
that can be considerably further away in sequence space. This motif is found in a large fraction,
if not a majority, of NadA proteins, and was one of the initial indications that these proteins
might contain Fe/S clusters (13). However, Phk and Mtb NadA proteins do not contain the
motif, and only the last cysteine within it is strictly conserved. Therefore, serine substitutions
at the cysteines in this motif were also made to assess their effect on cluster formation and
turnover.

WT and variant E. coli hexahistidine-tagged NadA proteins were produced in the presence of
the gene products from plasmid pDB1282 as described previously (29). Typical purifications
from 20 g of cell paste yielded 200-250 mg of protein that was ≥95% pure. The UV-vis spectrum
of AI WT E. coli NadA has been reported (14). It is shown again here in Figure 3A (solid line)
to allow visual comparison with UV-vis spectra of variant proteins containing targeted C→S
substitutions. The AI WT protein contains 3.0 ± 0.1 irons and 2.3 ± 0.1 sulfides, and the ratio
of the absorbance at 280 nm to that at 400 nm, a qualitative characterization of cluster content
(lower numbers indicate better cluster incorporation), is 4.5 (Table 1). After reconstitution with
an 8-fold excess of iron and an 8-fold excess of sulfide, the protein is found to contain 10.0 ±
0.7 equiv of Fe and 8.2 ± 1.2 equiv of S2- per polypeptide, indicating the presence of
adventitiously bound iron and sulfide, as has been reported in a previous Mössbauer analysis
of E. coli NadA (14). Reconstitution with a 3-fold excess of iron and an 8-fold excess of sulfide
allows for more reasonable Fe/S numbers (3.5 ± 0.5 equiv of Fe and 3.6 ± 0.3 equiv of S2- per
polypeptide), which are in the range of the expected values for a [4Fe-4S] cluster.
Reconstitution also increases the amplitude of the peak at 400 nm in the UV-vis spectrum
(Figure 3A, dashed line), as well as the activity of the protein (Table 1, and vide infra).

In the presence of chemically generated ImAsp, RCN WT NadA catalyzed formation of QA
with a Vmax/[ET] of 4.1 min-1, a 1.9-fold increase from that of the AI enzyme (Figures 4A and
4B, closed circles, and Table 1). The activity determined using chemically generated ImAsp
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is significantly higher than that obtained when using NadB and L-aspartate to generate the
unstable substrate (Table 1, and Figures 4A and 4B, open circles). The lower activity may result
from the finding that fumarate, the electron acceptor used to re-oxidize the flavin cofactor of
NadB under anaerobic conditions, displays competitive inhibition with respect to ImAsp, and
that ImAsp binds tightly to NadB (8). Therefore, ImAsp must be released from the enzyme
prior to fumarate binding to allow re-oxidation of the flavin for subsequent rounds of turnover.
To substantiate the accuracy of QA determination by HPLC, a second, independent method
for activity determination was also employed, in which the amount of DHAP consumed was
quantified spectrophotometrically (15). As shown in Figure 5, these two different methods
correlate well.

The C113S, C200S, C291S, C294S and C297S variants were purified anaerobically—under
the conditions described for WT NadA—and characterized. Cysteines 291 and 294 are the first
two cysteines in the CXXCXXC motif, while cysteines 113, 200, and 297 are those that are
strictly conserved among NadA proteins (Scheme 2). The C291S and C294S NadA variants
are brown in color and display UV-vis spectra that are similar to that of the WT protein (Figures
3B & 3C, respectively). The A280/A400 ratios, 10.2 and 4.6, respectively, indicate varying
degrees of cluster incorporation, which is consistent with the amount of iron and sulfide
associated with the AI proteins (Table 1). Although the C291S variant appears to be seriously
deficient in cluster content, the AI protein is capable of catalyzing formation of QA, displaying
a Vmax/[ET] that is ~3-fold lower than that of the WT protein when using NadB to generate
ImAsp, and ~7-fold lower when using chemically generated ImAsp. Upon reconstitution of
this variant, its activity increased dramatically, and was comparable to that of WT NadA (Table
1). The AI and RCN C294S variant displayed higher activity than the WT protein when NadB
was used to generate ImAsp, and comparable activity in the presence of chemically generated
ImAsp (Table 1).

The UV-vis spectra of the AI C113S, C200S, and C297S variants are displayed in Figures 3D,
3E, and 3F, respectively. Their A280/A400 ratios varied from 8.6 to 19.4, and paralleled the
amount of iron and sulfide found associated with the particular protein, which was consistently
lower than that of WT NadA (Table 1). In addition, neither of these three variants, in its AI or
RCN state, was capable of catalyzing formation of QA, regardless of the method used to
generate ImAsp, suggesting that they are prime candidates for ligands to the Fe/S cluster. After
reconstitution, all three variants showed an increase in the peak at 400 nm (not shown), yet
there was no concomitant gain in observed activity (vide infra) (Table 1).

In addition to the five cysteine residues that are conserved and/or present in the CXXCXXC
motif, the four remaining Cys residues in the E. coli protein (C64, C119, C128, and C195)
were also each individually changed to Ser, and the corresponding variants characterized. All
of these AI variants, except for C119S, had only slightly lower iron and sulfide content, and
displayed UV-vis spectra with slightly higher A280/A400 ratios (Table I). The C119S variant
had significantly lower iron and sulfide content and displayed a significantly higher A280/
A400 ratio; however, the enzyme displayed catalytic competence, though significantly low, in
both the AI and RCN forms, suggesting that this residue does not ligate the cluster (Table 1).
The activities of the C64S, C128S, C195S, C291S, and C294S variants varied considerably
depending on the particular variant and the conditions of the assay. The activity of AI or RCN
WT E. coli NadA is higher when ImAsp is generated chemically than when ImAsp is generated
using NadB and L-aspartate. Only one of the variants responded similarly (C291S), while most
of the others displayed comparable activities under both conditions. The RCN C294S variant,
however, displayed slightly lower activity in the presence of chemically generated ImAsp
(Table 1).
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EPR and Mössbauer Spectroscopy of the C200S variant of E. coli NadA
As shown in Table 1, iron and sulfide analyses, and UV-vis spectra of E. coli NadA variants
C113S, C200S, and C297S, in which each of the three proposed cysteine ligands to the Fe/S
cluster has been changed, suggest the presence of small amounts of Fe/S clusters despite having
one of the purported ligands to the cluster removed. The assignment as true [4Fe-4S] clusters
rather than adventitiously bound iron and sulfide was verified by further spectroscopic studies
on the C200S variant. The RCN C200S variant contained 5.7 ± 0.4 irons and 2.9 ± 0.2 sulfides
per polypeptide. The 4.2-K/53-mT Mössbauer spectrum of this sample is shown in Figure 6A.
In addition to the broad and featureless absorption extending from −5 mm/s to +5 mm/s (~40
% of total Fe), there is a pronounced quadrupole doublet with parameters typical of a
[4Fe-4S]2+ cluster: δ = 0.44 mm/s and ΔEQ, = 1.13 mm/s. This quadrupole doublet accounts
for 55% of total Fe. The EPR spectrum of RCN C200S NadA, which is reduced in the presence
of 2 mM sodium dithionite corroborates the presence of reduced [4Fe-4S]+ clusters (Figure
6B). The spectrum, obtained at 13 K and 5 mW power, shows an axial signal with approximate
g-values (g1 = 2.04 and g2 = 1.93) that are nearly identical to the g-values observed for the WT
protein (14,15).

The results of EPR and Mössbauer spectroscopies suggest that despite the substitution of one
of the Fe/S cluster ligands with Ser, a substoichiometric amount of [4Fe-4S] cluster is still
formed; however, the resulting enzyme is inactive. To assess whether the ability to form a
cluster on this variant protein derives from possible Ser ligation, variants containing C→A
substitutions at C113, C200, and C297 were also constructed. As expected, the resulting Ala
variants were also inactive, but displayed similar UV-vis spectra and iron and sulfide content,
suggesting that they too were able to support formation of a [4Fe-4S] cluster (Table 1).

Analysis of WT E. coli Apo-NadA
In previous studies of E. coli NadA, the protein was produced largely in the apo form,
containing 0.15-0.2 iron and sulfide atoms per polypeptide when it was isolated under aerobic
conditions (15). When the apo protein was reconstituted with iron and sulfide in the presence
of DTT, approximately one [4Fe-4S] cluster was found to assemble, and the protein gained
catalytic activity. To obviate the possibility that the apo protein may have lost activity via
oxidative processes that result in structural changes (e.g. disulfide or sulfenic acid formation)
that are reversed upon incubation under reconstitution conditions, WT E. coli NadA was
produced recombinantly in the presence of o-phenanthroline, and then isolated under anaerobic
conditions. Similarly to Phk NadA produced under the same conditions, the E. coli enzyme
was isolated largely in an apo form as determined from its UV-vis spectrum (Figure 7, solid
line) and iron and sulfide content (less than 0.4 equiv each per polypeptide). Reconstitution
with a 5-fold excess of iron and sulfide afforded a protein exhibiting UV-vis spectral features
that are consistent with the presence of a [4Fe-4S] cluster (Figure 7, dashed line). Iron and
sulfide analyses of the reconstituted apo protein indicated the presence of 5.8 ± 0.4 irons and
5.0 ± 0.2 sulfides per polypeptide, while activity assays in the presence of NadB showed it to
catalyze formation of QA with a Vmax/[ET] of 0.34 min-1, similar to that obtained for the AI
WT enzyme produced in the absence of o-phenanthroline supplementation (Table 1).
Importantly, when apo E. coli NadA was reconstituted with DTT alone, with DTT plus sulfide,
or with DTT plus iron, the activity of the protein remained below the limit of detection of the
assay, suggesting that indeed the presence of the cluster is necessary for activity rather than
treatment of the protein with any one of the components of the reconstitution mixture.

Cloning and Expression of the M. tuberculosis nadA Gene, and Purification and
Characterization of its Product

The enzymes involved in NAD biosynthesis and recycling have been suggested to be
noteworthy targets for the design of antibacterial agents against a number of bacteria, including
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M. tuberculosis (Mtb) (33,34). To this end, the nadA gene from Mtb was cloned and co-
expressed in E. coli along with genes of the isc operon from A. vinelandii, encoded on plasmid
pDB1282. NadA from Mtb lacks the CXXCXXC motif found in the E. coli enzyme, but
contains three conserved cysteines in a total of ten. Consistent with the hypothesis that these
three cysteines coordinate an Fe/S cluster required for turnover, as-isolated (AI) Mtb NadA
was brown in color and displayed a UV-vis spectrum that is in line with the presence of [4Fe-4S]
clusters (Figure 8, solid line). Chemical reconstitution of AI Mtb NadA results in an increase
in the absorbance at 400 nm (Figure 8, dashed line), suggestive of additional cluster
incorporation. Iron and sulfide analyses indicate that AI Mtb NadA contains 4.7 ± 0.2 equiv
of Fe and 2.6 ± 0.1 equiv of S2- per polypeptide, while the RCN protein contains 6.4 ± 0.3
equiv of Fe and 2.7 ± 0.1 equiv of S2- per polypeptide. Under anaerobic conditions, AI Mtb
NadA catalyzed formation of QA with a Vmax/[ET] of 0.24 min-1; reconstitution resulted in
rates that were typically two-fold higher. The presence of one [4Fe-4S] cluster on Mtb NadA
is substantiated by Mössbauer and EPR spectroscopies. The Mössbauer spectrum of AI Mtb
NadA is dominated by a quadrupole doublet with parameters typical of [4Fe-4S]2+ clusters
(δ = 0.46 mm/s and ΔEQ = 1.14 mm/s, 91% of total intensity) (Figure 9). In conjunction with
the results from iron analysis, the Mössbauer spectrum indicates the presence of one [4Fe-4S]
cluster per polypeptide; the remaining iron in excess of 4 equiv is predominantly associated
with adventitiously bound ferrous species. A sample of AI Mtb NadA reduced with 2 mM
dithionite exhibited a spectrum similar to that observed for E. coli NadA treated in the same
fashion, displaying g-values of approximately g1 = 2.06 and g2 = 1.92 (Figure 10).

DISCUSSION
Quinolinate synthase has suffered a sinuous history in regard to its cofactor requirement in
catalysis. The first indication that it might require an Fe/S cluster arose from studies by Gardner
and Fridovich, in which the protein was shown to be inactivated by exposure to hyperbaric
oxygen (13). In E. coli cell extracts, this oxygen-dependent inactivation was partially reversed
upon incubation under anaerobiosis; however, reversal was blocked in the presence of iron
chelators such as α,α’-dipyridyl or 1,10-phenanthroline. Moreover, it was noticed that the
primary structure of E. coli NadA contained a CXXCXXC motif, which is often found in
proteins that contain Fe/S clusters, especially [4Fe-4S]-containing ferredoxins (12). The
cysteines lying in the motif contribute three protein-thiolate ligands to the cluster, while the
fourth cysteine typically resides 20 to 40 amino acids away. Additional evidence in support of
an Fe/S cluster associated with E. coli NadA emanated from genetic studies in E. coli, wherein
an iscS deletion mutant was found to be auxotrophic for nicotinic acid when grown on minimal
medium (35). The iscS gene encodes a cysteine desulfurase, a pyridoxal 5’-phosphate-
dependent enzyme that liberates elemental sulfur in the form of a cysteine persulfide to be used
in the biosynthesis of Fe/S clusters and other important biological compounds (36,37). E.
coli NadA was subsequently shown by two independent groups to contain [4Fe–4S] clusters.
In one study the protein was overproduced in the presence of proteins that participate in various
aspects of Fe/S cluster biosynthesis, and was found to contain 5.0 ± 1.4 irons and 2.8 ± 0.3
sulfides per polypeptide (14). In another study it was overproduced in the absence of accessory
proteins, and contained 3.1 irons and 3.0 sulfides per polypeptide (15). Upon exposure of the
protein to oxygen, UV-vis signatures that indicate the presence of Fe/S clusters bleached
concomitantly with loss of activity (15).

Results from the Fontecave and Booker laboratories were in contrast to those of Ceciliani et
al, who reported the first purification of recombinant NadA to homogeneity, in which the E.
coli enzyme was isolated from inclusion bodies obtained during overproduction (38). The
purification included solubilization in the presence of 4 M urea and 50 mM EDTA, and dialysis
in the presence of 10 mM EDTA, conditions not typically conducive to maintaining Fe/S
clusters within a protein scaffold. Moreover, their reported specific activity (600 μmol min-1
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mg-1) was significantly greater than that reported by Cicchillo et al for the Fe/S-containing
enzyme (0.015 μmol min-1 mg-1) (14), or that reported in this study for reconstituted E. coli
NadA (0.10 μmol min-1 mg-1). It is possible that there was a typographical error in their
definition of a unit, which was 1 mmol min-1 instead of 1 μmol min-1, the accepted international
unit definition. However, their reported activity would still be considerably higher than that
observed for the enzyme containing a [4Fe-4S] cluster.

Surprisingly, the X-ray structure determination of NadA from Phk, solved in 2005, seemed to
lend support to the results of Ceciliani et al (22). The structure was solved to 2.0 Å resolution,
and described as monomeric, but exhibiting pseudo-3-fold symmetry involving three repeating
αβα sandwich domains. The protein was crystallized in the presence of malate, which is found
in the structure at the interface of the three domains, suggesting the location of the active site.
Interestingly, no metal or metallocofactor is found in the structure, and the possibility that the
enzyme might contain an Fe/S cluster was not even addressed. Most surprisingly, however,
this enzyme was stated to catalyze formation of QA with a specific activity of 2.2 μmol
min-1 mg-1 (22).

Given the inconsistencies listed above we initiated efforts to conduct a comprehensive analysis
of the requirement for Fe/S clusters in several quinolinate synthases. In light of the suggestion
that NadA is a member of the Fe/S-dependent class of the hydro-lyase family of enzymes
(16), we posited that similarly to aconitase, each of three of the four iron atoms in the [4Fe-4S]
cluster would be ligated by one Cys residue, allowing the non-cysteinate-ligated iron to
participate directly in the reaction. This premise allows prediction that NadA should contain
at least three conserved Cys residues in its primary structure. Indeed bioinformatics analyses
conducted by us (39) and others (40) indicate that three cysteines are conserved throughout
over 700 annotated NadA proteins. Using site-directed mutagenesis, we changed each of the
nine Cys residues in the primary structure of E. coli NadA to Ser or both Ser and Ala, and
isolated and characterized each of the variant proteins. Only six of the variants (C113S, C113A,
C200S, C200A, C297S, C297A) displayed complete loss of activity, suggesting that C113,
C200, and C297 are viable candidates for ligands to the cluster. Initially we had predicted that
removal of one of three Cys ligands to a [4Fe-4S] cluster would yield a protein that was
completely devoid of cluster. However, iron and sulfide analyses in concert with UV-vis
spectroscopy suggested the presence of small amounts of bound cluster, which was verified
by Mössbauer spectroscopy on the 57FeSO4-RCN C200S variant. We would predict, therefore,
that the [4Fe-4S] cluster in the C200S variant is ligated by only two Cys residues as has been
shown previously for the RCN C30A variant of the activase protein of the anaerobic
ribonucleotide reductase (41). Interestingly, only one of the three conserved Cys residues
(C297) is found in the CXXCXXC motif that was predicted to house the ligands to the cluster.
Recently, we have shown that the remaining two cysteines (C291 and C294) can be oxidized
to a disulfide bond by molecular oxygen or oxidized thioredoxin, and that the dithiol/disulfide
transition regulates the activity of the protein (42).

Although it was shown that E. coli NadA could bind a [4Fe-4S] cluster (14,15), given the
differences in the specific activity between presumably apo NadA, isolated by Ceciliani et al
(38), and NadA containing a [4Fe-4S] cluster (14), we suggested that (1) the cluster might not
be obligate for turnover, but its presence might down-regulate the activity of the protein; or
(2) it is not the presence of the Fe/S cluster that gives rise to activity, but rather treatment of
the protein with one of the components of the reconstitution mixture. We produced apo forms
of NadA from both Phk and E. coli by addition of o-phenanthroline to the media at induction,
a procedure devised by Parkin et al to generate an apo form of an F208Y variant of the R2
subunit of the class I ribonucleotide reductase from E. coli (30). The proteins were then isolated
under anaerobic conditions and characterized. In both cases, the resulting apo proteins did not
display observable turnover; however, activity was restored upon incubation under conditions
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that result in formation of [4Fe-4S] clusters on the proteins. To show that indeed the Fe/S
cluster is required for turnover, apo E. coli NadA was incubated with individual components
of the reconstitution mixture and then used in activity determinations. Incubation with neither
DTT alone, nor DTT and FeCl3, nor DTT and sodium sulfide resulted in observable turnover.
All three key components of the reconstitution mixture were necessary to bring about catalytic
competence.

As proof of principle, we cloned another nadA gene that did not encode a protein containing
a CXXCXXC motif. The enzyme from Mtb was chosen, because it had been reported that it
is essential for in vitro growth of the organism (34), suggesting that it might be a viable target
for the design of antituberculosis agents. Recently, however, it was shown that, in contrast to
prevailing thought, Mtb can scavenge nicotinamide from its infected host and construct NAD
via the Preiss–Handler recycling pathway, suggesting that it is not essential in vivo (43). We
cloned and expressed the nadA gene from Mtb and isolated and characterized its product. Like
the enzymes from E. coli and Phk, AI Mtb NadA contained a [4Fe-4S] cluster, as determined
by chemical and spectroscopic analyses. In addition, it catalyzed formation of QA with Vmax/
[ET] values that are similar to those from Phk and E. coli NadA proteins. Efforts were made
to generate C→S variants at the three conserved cysteines in Mtb NadA (C114, C201, and
C300); however, each of the resulting proteins was highly unstable and could not be isolated
in soluble form.

Finally, we believe that our findings and the report of Sakuraba et al can be brought into accord.
Sakuraba et al note that there are three regions that are not visible in electron density maps due
to their disordered nature (22). These regions constitute three surface loops that separate each
of the domains, spanning amino acids 79-90, 165-175, and 257-260. Our bioinformatics
analysis indicates that two of these disordered loops contain C83 and C170, two of the strictly
conserved cysteine residues postulated to ligate a [4Fe-4S] cluster. The third conserved
cysteine (C256) is visible in the structure; however, it is immediately adjacent to the disordered
loop spanning amino acids 257-260. It is likely that the absence of the [4Fe-4S] cluster, to
which the three cysteines coordinate, renders the loops mobile, giving rise to their disordered
nature.

The observed high activity displayed by Phk NadA can also be rationalized. In the report by
Sakuraba et al, an HPLC method was used to quantify QA, employing the NadB reaction to
generate the required ImAsp. We use a similar HPLC method to quantify QA, which is
described herein. QA displays a maximum absorbance at 268 nm; however, in the report by
Sakuraba et al, formation of QA was monitored at 254 nm. OAA displays a λmax at 255 nm,
and we routinely observe time-dependent formation of this compound when conducting assays
in which the NadB reaction is used to generate ImAsp, and observe it instantaneously in assays
in which ImAsp is generated chemically. Therefore, it appears that the numbers reported by
Sakuraba et al reflect formation of OAA from ImAsp (t1/2 = 144 s) generated in the NadB
reaction, rather than turnover by NadA. We believe, therefore, that crystallization of Phk NadA
in the presence of its [4Fe-4S] cofactor will give a much clearer picture as to the organization
of the active site of the enzyme, and the manner in which this enzyme catalyzes its reaction.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
UV-vis spectra of (A) Phk WT NadA; AI (solid line, left axis); RCN (dashed line, right axis),
and (B) Phk apo-NadA (solid line, left axis); reconstituted (dashed line, right axis).
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Figure 2.
4.2-K/53-mT Mössbauer spectrum of AI Phk NadA. The spectrum can be simulated with two
quadrupole doublets with the following parameters: δ(1) = 0.45 mm/s, ΔEQ(1) = 1.15 mm/s
(87 % of total intensity) and δ(2) = 0.65 mm/s, ΔEQ(2) = 1.87 mm/s (13 % of total intensity).
The contribution of the second quadrupole doublet is also shown individually as a dashed line.

Saunders et al. Page 19

Biochemistry. Author manuscript; available in PMC 2009 October 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
UV-vis spectra of AI (solid line) and RCN (dashed line) WT and variant E. coli NadA proteins
(A) WT; (B) C291S; (C) C294S; (D) C113S; (E) C200S; (F) C297S.

Saunders et al. Page 20

Biochemistry. Author manuscript; available in PMC 2009 October 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Time-dependent formation of QA catalyzed by WT E. coli NadA. The reaction was carried
out as described in Materials and Methods and contained either 15 μM AI NadA (A) or 5 μM
RCN NadA (B). Open circles represent assays with NadB and L-aspartate as the ImAsp source;
closed circles represent assays with OAA and AS as the ImAsp source. Solid lines correspond
to linear fits to the data over the entire range.
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Figure 5.
Correlation of two methods for the time-dependent determination of QA. HPLC method (open
circles); enzymatic method (closed circles). The curvature associated with the plots derives
from the almost complete turnover of the DHAP substrate in the assay (~1 mM).
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Figure 6.
(A) 4.2-K/53-mT Mössbauer spectrum of C200S E. coli NadA. The solid line is a quadrupole
doublet (δ = 0.44 mm/s and ΔEQ = 1.13 mm/s, 55% of total intensity) representing the fraction
of [4Fe-4S]2+ clusters. (B) EPR spectrum of RCN C200S NadA (581 μM, solid line) overlaid
with spectrum of RCN WT E. coli NadA (300 μM, dashed line), both reduced in the presence
of 2 mM sodium dithionite. Obtained at 5 mW power, 13 K and 10 G modulation amplitude.
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Figure 7.
UV-vis spectra of AI (solid line, left axis) and RCN (dashed line, right axis) apo-NadA from
E. coli.
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Figure 8.
UV-vis spectra of Mtb NadA. AI (solid line, left axis), RCN (dashed line, right axis).
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Figure 9.
4.2-K/53-mT Mössbauer spectrum of Mtb NadA. The solid line is a quadrupole doublet (δ =
0.46 mm/s and ΔEQ = 1.14 mm/s, 91% of total intensity) representing the fraction of
[4Fe-4S]2+ clusters.
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Figure 10.
EPR spectrum of dithionite-reduced AI Mtb NadA. Parameters: 13 K, 5 mW power, and 10 G
modulation amplitude.
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Scheme 1. Reactions catalyzed by L-aspartate oxidase and quinolinate synthase
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Scheme 2. Relative positioning of cysteines in NadA proteins from P horikoshii, E. coli, and M.
tuberculosisa
aThe residues that coordinate the [4Fe-4S] cluster are shown in bold face. The position of the
three disordered loops of P. horikoshii NadA observed in the X-ray structure are indicated by
grey bars.
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