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ABSTRACT: Nicotinic acid phosphoribosyltransferase (NAPRTase; EC 2.4.2.11) forms nicotinic acid
mononucleotide (NAMN) and PPi from 5-phosphoribosyl 1-pyrophosphate (PRPP) and nicotinic acid
(NA). The Vmax NAMN synthesis activity of theSalmonella typhimuriumenzyme is stimulated about
10-fold by ATP, which, when present, is hydrolyzed to ADP and Pi in 1:1 stoichiometry with NAMN
formed. The overall NAPRTase reaction involves phosphorylation of a low-affinity form of the enzyme
by ATP, followed by generation of a high-affinity form of the enzyme, which then binds substrates and
produces NAMN. Hydrolysis of E-P then regenerates the low-affinity form of the enzyme with subsequent
release of products. Our earlier studies [Gross, J., Rajavel, M., Segura, E., and Grubmeyer, C. (1996)
Biochemistry 35, 3917-3924] have shown that His-219 becomes phosphorylated in the N1 (π) position
by ATP. Here, we have mutated His-219 to glutamate and asparagine and determined the properties of
the purified mutant enzymes. The mutant NAPRTases fail to carry out ATPase, autophosphorylation, or
ADP/ATP exchanges seen with wild-type (WT) enzyme. The mutants do catalyze the slow formation of
NAMN in the absence of ATP with rates andKM values similar to those of WT. In striking contrast to
WT, NAMN formation by the mutant enzymes is competitively inhibited by ATP. Thus, the NAMN
synthesis reaction may occur at a site overlapping that for ATP. Previous studies suggest that the yeast
NAPRTase does not catalyze NAMN synthesis in the absence of ATP. We have cloned, overexpressed,
and purified the yeast enzyme and report its kinetic properties, which are similar to those of the bacterial
enzyme.

Salvage pathways for NAD formation (1, 2) utilize the
enzyme NAPRTase,1 whose interaction with ATP is bioen-
ergetically intriguing. NAPRTase (EC 2.4.2.11) catalyzes
the formation of the nucleosidic bond between ribose
5-phosphate of PRPP and nicotinic acid to form PPi and the
penultimate NAD precursor NAMN. Like the other nine
PRTases that act to form the purine, pyrimidine, and pyridine
nucleotides, as well as the nucleotidelike intermediates of
histidine and tryptophan biosynthesis (3), NAPRTase utilizes
PRPP and shows a high degree of base specificity.

Little is known about NAPRTase structure. A previously
identified 14-residue sequence motif (4, 5), found in PRPP
synthase as well as several of the PRTases, suggested a

common evolutionary origin for these enzymes. Recent
crystallographic studies by our collaborators (6, 7) and other
groups (8) have shown that three of the PRTases follow a
Rossman-like five-strandedR/â fold, now designated the type
1 PRTase fold, with the conserved sequence motif at its
center, where it interacts with the ribose hydroxyls and
5-phosphate of PRPP, confirming its previously assigned
function in PRPP binding. However, the sequences of the
Escherichia coli and Salmonella typhimuriumforms of
NAPRTase (9, 10) and ofS. typhimuriumquinolinate PRTase
(11) failed to reveal similarity to the PRPP binding motif.
The sequence information suggests an evolutionary origin
(or origins) for the pyridine PRTases that may be distinct
from those PRTases that contain the nucleotide fold. In
accord with this view, the recent crystal structure of
QAPRTase (12) has revealed a fundamentally differentR/â
barrel architecture, designated the type 2 PRTase fold.

A second difference between NAPRTase and the other
PRTases lies in its use of ATP. It is known that ATP
stimulates NAMN formation by NAPRTase from several
sources (13-19), and that stimulation is accompanied by
hydrolysis of ATP stoichiometric to NAMN formed (15, 17-
19). Although some of the other PRTases show allosteric
stimulation by effector molecules (3), including GTP (20,
21), NAPRTase is the only PRTase known to cleave the
stimulator during the reaction cycle. The facultative hy-
drolysis of ATP raises important questions about NAPRTase
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energetics. We have shown that a “steady-state” energy
coupling between ATP hydrolysis and NAMN formation
exists in theS. typhimuriumenzyme, in which ATP hydroly-
sis serves to drive NAMN formation far toward products
(19). However, in contrast to the behavior of equilibrium
coupled systems, complete hydrolysis of the ATP is followed
by rapid net pyrophosphorolysis of NAMN, without resyn-
thesis of ATP.
How does ATP hydrolysis drive NAMN formation in

NAPRTase? It is not likely that the coupling involves a
reaction intermediate formed by the phosphorylation of either
substrate. Such chemical coupling (22) is easily understood
and is found in a variety of enzymes, including glutamine
synthetase (23). The alternative mechanisms do not employ
substrate-linked phosphorylation (22, 24, 25) but instead use
the steps of ATP hydrolysis to drive enzyme-linked dif-
ferential molecular discrimination. The enzyme allows
favorable binding or catalytic properties at discrete reaction
steps and disallows them at others. This coupling strategy
was originally proposed to explain the operation of ATP-
driven ion pumps, but recent work has uncovered a panoply
of additional ATPases that use molecular discrimination,
including many involved in macromolecular recognition and
processing (26, 27). The questions concerning energetic
coupling through molecular discrimination are thus of
considerable importance, and NAPRTase constitutes an ideal
model system for their study.
Kinetic studies and ADP/ATP exchanges led us to propose

that NAPRTase becomes covalently phosphorylated by ATP.
Recently, we have found that enzyme phosphorylation occurs
at His-219, forming the labile 1-phosphohistidine form of
that residue (28). Phosphorylation at His-219 was chemically
and kinetically competent to participate in the steady-state
reaction. Concomitant with ATP binding and enzyme
phosphorylation, the enzyme attains a state with high affinity
for PRPP and NA substrates. NAMN formation and
hydrolysis of E-P then occur, resulting in the relaxation to
the low-affinity state, and release of products. The alterna-
tion of apoenzyme and phosphoenzyme states thus allows
NAPRTase to bind its substrates selectively from low
concentration and release products against a high concentra-
tion. In support of the proposed ATP-induced conforma-
tional change, we have shown that, in the presence of ATP,
a 25-residue trypsin-sensitive segment of the carboxyl
terminal becomes protected from proteolysis (27). The
trypsin-cleaved enzyme is inactive for ATP-linked functions
and loses NAMN synthesis activity as well. However, the
relationship between the ATPase and NAMN synthesis active
sites has not yet been delineated. It could be that they occupy
separate contiguous parts of the sequence and are largely
structurally independent (a domain relationship) or it could
be that the functions overlap in sequence and/or in the folded
protein.
The relationship between the NAMN and ATP sites can

be explored through the alternative reactions catalyzed by
theS. typhimuriumenzyme. The bacterial enzyme catalyzes
a slow NAMN synthesis in the absence of ATP and a rapid
ATPase in the presence of PPi. Although the mammalian
enzyme also shows NAMN synthesis in the absence of ATP
(18), it has been reported that the yeast enzyme does not
catalyze this reaction (29). Additionally, NAMN, as well
as PPi, was reported to trigger ATP hydrolysis by the yeast

enzyme; this NAMN-stimulated activity was not identified
in studies of the bacterial enzyme (19). The differences
between the yeast andS. typhimuriumenzymes suggested
that the alternative reactions might not reflect intrinsic
properties of the system but arise as artifacts of enzyme
preparation.
In the current work we have undertaken mutagenesis

experiments at His-219, both to confirm its role in phos-
phorylation and to investigate the relationship between
ATPase and NAMN synthesis. As predicted, the ATP-linked
functions of the enzyme were inactivated by mutation of His-
219 to glutamate or asparagine. However, the NAMN
synthesis activity of the enzyme in the absence of ATP was
largely unaffected and retained similarKM values. Surpris-
ingly, in these mutant enzymes, ATP became an inhibitor
of the NAMN synthesis activity. We have also overproduced
and purified the yeast enzyme, and report that the alternative
reactions are similar to those of theSalmonellaenzyme.

EXPERIMENTAL PROCEDURES

Materials. Bacterial growth media were from Difco.
Restriction enzymes and T4 DNA ligase were obtained from
New England Biolabs. Taq DNA polymerase and dNTPs
were purchased from Perkin-Elmer. Sequenase was from
USB. Lactate dehydrogenase and pyruvate kinase were from
Boehringer Mannheim.P1,P5-Di(adenosine-5′-) pentaphos-
phate, [14C]nicotinic acid, [14C]ADP, and other biochemicals
were obtained from Sigma. [γ-32P]ATP was purchased from
Amersham, and [32P]PPi and [R-35S]ATP were from Du-
Pont-NEN. Inorganic chemicals and chromatography sol-
vents were purchased from Fisher. Customized primers were
synthesized at the DNA synthesis facility of Temple Uni-
versity School of Medicine and Ransom Hill Bioscience Inc.
T7 primers used forpncBsequencing were obtained from
Novagen. Preparation of [â-32P]PRPP for binding studies
followed procedures of Xu et al. (30).
Bacterial Strains, Plasmids, and Culture Conditions.All

strains were grown at 37°C with the exceptions of RMS100
(JF1024/pGP1-2), RMS01, RM219E, and RM219N, which
were grown at 30°C, and RMS12, at 25°C. S. typhimurium
RM926 [hsdLT(r- m+) hsdSA(r- m+) metE551 trpD2 leu
Val rpsL120 galE] was donated by Russell Maurer, Case
Western Reserve University, andS. typhimuriumJF1024
(∆nadA141 gal- ∆pncB3 metP70 recA1∆srl) was obtained
from John Foster, University of South Alabama. DH5R F-

[φ80dlac∆(lacZ)M15) ∆(lacZYA-argF)U169 deoR endA1
hsdR17(rk- mk

+) phoA supE44λ- thi-1 recA1 gyrA relA1]
was used as the initial host for cloning the yeast NAPRTase
gene,npt1. BL21(DE3) [F- ompT hsdSB(rB- mB

-); an E.
coli B strain] with a λ prophage carrying the T7 RNA
polymerase gene was used for overproducing yeastnpt1.
Yeastnpt1 contained in plasmid pFL44-RPB10f was con-
structed as described (31). pRM1-1, pRM1-2, pRM219E,
and pRM219N constructed in this study are described below.
Plasmid pRSETC was from Invitrogen and plasmid pGP1-2
(32) was a gift from Stanley Tabor, Harvard Medical School.
Plasmid pRM17.1 was desribed by Rajavel et al. (27).
Conventional recombinant DNA techniques were per-

formed as described in Sambrook et al. (33). DNA purifica-
tion was carried out with Qiagen plasmid purification kits.
Dideoxy DNA sequencing with Sequenase and PCR reac-
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tions with Taq polymerase were carried out as described by
the manufacturers in a Coy thermal cycler.
Construction of npt1 OVerexpression Plasmid.A 1.4 kb

BamHI/PVuII fragment from pFL44-RPB10f encodingnpt1
was ligated to similarly digested pRSETC vector.E. coli
DH5R was transformed with the ligated mixture and the
positive clone (pRM1-1) carrying the insert was identified
by restriction digestion. Thenpt1coding sequence was PCR-
amplified from pRM1-1 using DNA oligomers (clockwise
primer 5′ GCAAGATAACATATGTCAGAACC 3′ and
counterclockwise T7 termination primer 5′ GCTAGTTAT-
TGCTCAGCGG 3′). The clockwise primer contained a
restriction site (underlined) forNdeI. The amplified fragment
was digested withNdeI/MunI and the 120 bp fragment was
ligated to similarly digested pRM1-1.E. coli DH5R was
transformed with the ligated mixture and the resultant
construct, designated pRM1-2, was sequenced at the 5′ end
of the gene across theMunI restriction site (120 bp) to ensure
that no undesired mutations had occurred during PCR
amplification. E. coli BL21(DE3) was transformed with
pRM1-2 and the resultant strain (RMS12) gave high level
expression ofnpt1.
Construction and Purification of pncB Mutants.Mutations

were made using overlap PCR (34). The mutagenic primers
(the underlined bases encode the desired amino acid) were
as follows: H219E clockwise, 5′ GGCACTCAGGCGGAA-
GAATGGTTC 3′; H219E counterclockwise, 5′ GGAAC-
CATTCTTCCGCCTGAGTGCC 3′; H219N clockwise, 5′
GGCACTCAGGCGAACGAATGGTTCC 3′; H219N coun-
terclockwise, 5′ GGAACCATTCGTTCGCCTGAGTGCC
3′. The end primers (27) contained restriction sites forNdeI
andNcoI. Amplification of the mutagenic DNA fragments
from the wild-type plasmid template (pRM17.1) was achieved
by adding 50 ng of template DNA and 100 pmol each of
the desired mutagenic primers and end primers in a typical
PCR reaction. The samples were subjected to 35 cycles of
denaturation (1 min, 92°C), annealing (5 min, 55°C), and
extension (2 min, 72°C). The product of each PCR reaction
was purified with agarose gel electrophoresis followed by
Geneclean (Bio101). The DNA fragments carrying the
overlapping sequence of the desired mutation were then
amplified under similar conditions using only the end
primers. The entire coding sequence carrying the desired
mutation was then excised withNdeI andNcoI and ligated
with similarly digested pRM17.1, thus replacing the wild-
type fragment with the mutant fragment. An initial trans-
formation was carried out inS. typhimuriumRM926. The
mutant plasmids (designated pRM219E and pRM219N) were
sequenced across the entire coding region to ensure that no
undesired mutations had occurred during PCR amplification.
S. typhimuriumRMS100 was transformed with pRM219E
and pRM219N and the resultant strains, RMS219E and
RMS219N, gave high-level expression of mutantpncB.
Purification of Yeast and Mutant NAPRTase.The puri-

fication of yeast NAPRTase followed the method described
earlier for theS. typhimuriumenzyme (27). The yeast protein
eluted at approximately 0.4 M NaCl on the Q-Sepharose
column and at 22% (NH4)2SO4 saturation on the phenyl-
Sepharose column. The active fractions showed negligible
ATPase activity in the absence of NA. The purification of
mutant NAPRTases was followed by SDS-PAGE. The
purified enzymes were stored at 4°C as 70% saturated

ammonium sulfate suspensions in 200 mM NaPi buffer, pH
8.0, containing 10% glycerol and 5 mM DTT. Analysis on
SDS-10% PAGE showed a high degree of homogeneity.
Assay of Enzymatic ActiVity. Coupled spectrophotometric

ATPase assays were performed as described by Vinitsky and
Grubmeyer (19). The PPi- and NAMN-stimulated ATPase
assays were conducted as for coupled ATPase, except PRPP
was omitted and either 1 mM PPi or 1 mM NAMN was
added. In the NAMN-stimulated ATPase assays, yeast
inorganic pyrophosphatase was added to verify that the
ATPase activity was not caused by PPi contamination of the
NAMN. The [14C]NA label transfer procedure of Preiss and
Handler (35) was performed in a 0.1 mL total volume at 30
°C and quantified by phosphoimaging as described by
Rajavel et al. (27). Protein measurements were done spectro-
photometrically usingΕ280nm

0.1% )1.65 for theS. typhimurium
enzyme (36) and 1.27 for the yeast enzyme. A unit of
activity is defined as that amount of enzyme catalyzing the
conversion of 1µmol of NA or ATP/min under the
conditions given.
Enzyme Phosphorylation.Yeast andS. typhimurium

NAPRTase were phosphorylated with [γ-32P]ATP as de-
scribed by Gross et al. (28) except that covalently bound
32P was separated from unreacted [γ-32P]ATP by passage
through a G-50 centrifuge column (37) preequilibrated in
200 mM potassium glutamate, 20 mM Tris base, and 1 mM
NaPi, pH 8.3, containing 6 M urea.
Physical Properties. Enzyme samples (50µL) at 10 mg/

mL in 200 mM NaPi, pH 8.0, 5% glycerol, 1 mM EDTA,
and 2 mM DTT were chromatographed on Superdex-75 (1
× 30 cm) preequilibrated in the same buffer and eluted at
0.5 mL/min. Electrospray mass spectrometry was carried
out by Dr. William Moore at the University of Pennsylvania,
on samples prepared by HPLC as described by Rajavel et
al. (27). Amino-terminal protein sequencing of the yeast
enzyme was performed as described by Rajavel et al. (27).
Kinetic Parameters of Mutant NAPRTases.Assays of

enzymatic activity were performed as described by Rajavel
et al. (27). Kinetic constants for uncoupled NAMN synthesis
were determined from steady-state initial rate measurements
with NA and PRPP as substrates. ForKM determinations
with PRPP, and in assays where ATP inhibition was
monitored, the amount of MgSO4 was adjusted to keep a
constant 3 mM excess Mg2+ over the substrates ATP and
PRPP. All measurements were carried out at 30°C and
chromatograms were analyzed using phosphorimaging (27).
The kinetic data were fit to the hyperbolic form of the
Michaelis-Menten equation using the programs developed
by Cleland (38). ADP/ATP exchange reactions were carried
out as described (19) using [14C]ADP.
Equilibrium Gel Filtration. The approach of Hummel and

Dreyer (39), as modified (30), was used to quantitate ligand
binding. NAPRTase (100-380µM) binding to either [â-32P]-
PRPP (100µM) or [32P]PPi (25 µM-1.5 mM) was assayed
in 200 mM potassium glutamate, 20 mM Tris, pH 8.3, 3
mM MgCl2, 5 mM DTT, and [3H]glucose. Where indicated,
the reactions were supplemented with 5 mM MgATP. The
binding of ligand to NAPRTase was plotted as described by
Scatchard (40). TheS. typhimuriumenzyme is monomeric
(41) with Mr ) 45 529, and all molarities refer to the
monomeric molecule.
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Partial Proteolysis of NAPRTase.NAPRTases were
subjected to trypsin as described in Rajavel et al. (27).

RESULTS

Mutagenesis and Purification of Mutant NAPRTases.Site-
directed mutagenesis of His-219 was carried out to replace
the residue with asparagine and with glutamate. DNA
sequencing confirmed the presence of the desired base
changes and the absence of adventitious mutations. The
mutant enzymes were overexpressed in thenadA, pncB-
defectiveS. typhimuriumstrain RMS100. The enzymes were
purified to near homogeneity as described for the wild-type
enzyme (27), using SDS-PAGE to follow the purification.
Typically, this protocol yielded 200 mg of protein from a 6
L culture.
Physical Properties of Mutant NAPRTases.The purified

H219E and H219N enzymes were freed of buffers by
reverse-phase HPLC and analyzed by electrospray mass
spectrometry. The observed and predicted molecular masses
of WT (45 542( 14 vs 45 529 Da), H219E (45 554( 8 vs
45 521 Da) and H219N (45 503( 20 vs 45 506 Da) were
in good agreement and demonstrated that no proteolysis had
occurred prior to purification. The H219E and H219N
proteins were also subjected to gel-filtration chromatography
on Superdex-75 and behaved similarly to the monomeric WT.
Functional Properties of Mutant NAPRTases.In wild-

type NAPRTase, ATP hydrolysis is normally coupled to
NAMN synthesis and can also be elicited by free PPi.
H219E and H219N showed no detectable (<0.005 unit/mg)
NA-dependent or PPi-stimulated ATP hydrolysis. Values
for WT in the same experiments were 3.1 and 2.6 units/mg,
respectively.
NAPRTase phosphorylated at His-219 is proposed to be

an intermediate in the coupling of NAMN synthesis and ATP
hydrolysis (28). The ability of H219E and H219N to
autophosphorylate in the presence of ATP was tested. The
phosphorylation stoichiometries for H219E and H219N were
0.01 and 0.003 mol of32P incorporated/mol of NAPRTase,
respectively.
Another indicator of ATP utilization is the enzyme’s ability

to catalyze an ATP/ADP exchange in the absence of other
substrates (19). The exchange rate for WT was 7.8 units/
mg. H219E and H219N exchange rates were 0.13 and 0.3
unit/mg, respectively. These values, although low, were
finite, and the exchanges were investigated further. It has
been demonstrated that for the wild-type enzyme, PRPP
inhibits the ADP/ATP exchange reaction (19). The presence
of 1 mM PRPP decreased the exchange rate of WT to 0.2
unit/mg, whereas with H219E and H219N PRPP had no
effect, suggesting that the slow exchange observed in the
mutants might result from contamination of the mutant
NAPRTases by a nucleotide kinase. Exchange reactions for
WT, H219E, and H219N were also carried out in the
presence of 10µM P1,P5-di(adenosine-5′-) pentaphosphate
(Ap5A), a potent inhibitor of adenylate kinase (42). The
WT NAPRTase retained an exchange rate of 6 units/mg
whereas H219E and H219N no longer showed any detectable
exchange activity.
NAPRTase can also catalyze a slow but readily detected

NAMN synthesis reaction in the absence of ATP (19).
Under standard assay conditions (19), the rate of uncoupled

NAMN synthesis for H219E was 1.5-fold slower and for
H219N 3-fold slower than WT (not shown). Kinetic analysis
showed that mutation of His-219 to glutamate or asparagine
had not drastically affected theKM for the substrate NA or
theVmax in the uncoupled NAMN synthesis (Table 1). The
KM for PRPP was increased about 10-fold in H219N and
was decreased 2-fold in H219E.

Inhibition of Uncoupled NAMN Synthesis by ATP.The
mutant enzymes were tested for their ability to catalyze
NAMN synthesis in the presence of 3 mM ATP. Under these
conditions, NAMN formation by H219N was 0.001 unit/
mg, 20-fold slower than the rate observed in the absence of
ATP (0.02 unit/mg). The rate of H219E was slowed 1.5-
fold. The inhibition of uncoupled NAMN synthesis by ATP
in H219N was followed in detail by varying PRPP and ATP
concentrations in the assay. The results (Figure 1) showed
that ATP was a competitive inhibitor vs PRPP (KI ) 0.48
( 0.11 mM).

ATP binding to H219N was detectable using equilibrium
gel filtration. At enzyme concentrations of 250µM and an
[γ-32P]ATP concentration of 200µM, 0.22 mol of [γ-32P]-
ATP was bound/mol of NAPRTase. From this single point,
we can calculate aKD estimate of 0.5 mM, a value consistent
with theKI for ATP.

Table 1: Kinetic Parameters of H219E and H219N ofS.
typhimuriumNicotinate Phosphoribosyltransferase for Uncoupled
NAMN Synthesisa

KM (mM)

enzyme NA PRPP Vmax(units/mg)

WT 0.3( 0.1 4.5( 2.2 0.4( 0.09
H219E 0.33( 0.2 2.3( 0.9 0.3( 0.05
H219N 0.4( 0.2 48( 21 0.14( 0.04
a The kinetic data were fit to the hyperbolic form of the Michaelis-

Menten equation with the aid of the program HYPER (38). The kinetic
constants for the wild-type enzyme were determined under identical
conditions by Vinitsky and Grubmeyer (19).

FIGURE 1: Competitive inhibition by ATP vs PRPP. Uncoupled
NAMN synthesis activity was measured with ATP concentrations
(b, 0 mM; 0, 0.1 mM;9, 0.3 mM;4, 0.7 mM;2, 1 mM; O, 3
mM) and with increasing PRPP concentrations. The lines represent
a computer fit to the data (38).
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PRPP and PPi Binding to NAPRTase.The KM of
MgPRPP for WT NAPRTase in the uncoupled reaction (4.5
mM; 19) suggests that the binding of MgPRPP is weak. In
equilibrium gel-filtration experiments containing 100µM
[â-32P]PRPP and 100µM WT NAPRTase, 0.08 mol of
[â-32P]PRPP bound/mol of E was detected. The weak
binding precluded further study. In the presence of ATP
and Mg2+ (phosphorylation conditions), high-affinity PRPP
binding to a single site is observed with WT enzyme (KD )
0.5µM; 36). With His-219 mutant NAPRTase, no binding
of [â-32P]PRPP was detected, either in the presence or
absence of ATP, under conditions in which aKD as high as
2 mM would have been detected.
TheKD for [32P]PPi binding to unliganded WT NAPRTase,

determined from a Scatchard plot analysis of equilibrium
gel-filtration experiments, was 0.13 mM with 0.8 binding
site/subunit (Figure 2). Equilibrium binding of [32P]PPi to
WT NAPRTase in the presence of ATP and Mg2+ cannot
be meaningfully measured due to the PPi-stimulated ATPase
activity of WT NAPRTase. The H219N mutant NAPRTase
demonstrated weak [32P]PPi binding (KD estimated to be 1.8
mM) in the absence of MgATP and no [32P]PPi binding in
the presence of 3.0 mM ATP.
Proteolysis. WT NAPRTase is sensitive to trypsin,

suffering a first-order activity loss in the presence of 1:200
trypsin/NAPRTase (w/w). Ligands MgATP and MgPRPP
offer protection, individually and synergistically, against
proteolysis (27). After 10 min of trypsin treatment, H219N
lost 96% of the uncoupled NAMN synthesis activity. When
the identical experiment was performed in the presence of 1
mM MgATP, 45% remaining activity was observed, repre-
senting a 4-fold increase in theT1/2 for inactivation. The
protection afforded by the presence of MgATP was not
enhanced by the addition of 1 mM MgPRPP.
To define the trypsin cleavage site, H219N partially

inactivated with trypsin in the presence and absence of
ligands was purified by reverse-phase HPLC and analyzed
by electrospray mass spectrometry. Comparison of the
observed masses to theoretical values calculated from the
known amino acid sequence (corrected for the mutation at
His-219) (10) determined the cleavage sites. A major peptide
with molecular mass of 43 868 Da was observed, suggesting

cleavage at Arg-384 (theoretical value 43 826). Mutant
enzyme treated with trypsin in the presence of MgATP, or
MgATP with MgPRPP, gave two major peptides with
observed molecular masses of 43 858 and 45 266 Da,
suggesting cleavages at Arg-384 (43 826 Da) and Arg-396
(45 220 Da). These cleavage sites are identical to those for
WT under the same conditions and show that binding of
MgATP to the nonphosphorylatable H219N produces a
similar confomational change as in WT.
PCR Subcloning and OVerexpression of NPT1.The

translated protein sequence of yeast NAPRTase is shown in
Figure 3, together with theSalmonella typhimuriumsequence
(10) and the unpublished sequence of an open reading frame
inMycobacterium tuberculosis(GenBank accession number
Z73902). The yeast sequence is 30% identical to that of
the bacterial enzyme. The sequence fromM. tuberculosis,
a species thought to lack pyridine nucleotide recycling, shows
weak overall similarity to the known NAPRTases but a
higher degree of identity in several regions.
Restriction fragment and PCR-based methods were used

to subclone yeastnpt1 from plasmid pFL44-RPB10f (31)
into a T7 expression vector. High-level overexpression of
active soluble protein was achieved when RMS12 was grown
in LB containing 2% glycerol at 25°C to OD600 ) 0.6 and
induced with 0.05% lactose (43). The protein was purified
using the methods for theS. typhimuriumenzyme. Reverse-
phase HPLC of the purified protein, followed by amino-
terminal protein sequencing over the first six residues, yielded
the sequence H2N-Ser-Glu-Pro-Val-Ile-Lys and confirmed
the identity of the predicted protein in which the N-terminal
methionine had been removed.
Functional Characterization of Yeast NAPRTase.Two

groups (44-46) reported that the yeast enzyme catalyzed
the NAMN synthesis reaction only in the presence of ATP,
whereasS. typhimuriumNAPRTase (19), like the mammalian
enzyme (18), was shown to possess a slow uncoupled
reaction as well. The recombinant yeast enzyme also
catalyzed an uncoupled NAMN synthesis reaction, although,
under the non-Vmax assay conditions employed, it was 40-
fold slower than the coupled rate (Table 2). Covalent
phosphorylation of the recombinant yeast enzyme by [γ-32P]-
ATP [0.98 (( 0.04) mol of 32P/mol of enzyme] was also
observed.
Earlier reports on NAPRTase from yeast (46) suggested

that the reaction products NAMN and PPi were each able to
stimulate the ATPase reaction. InS. typhimuriumNAPRTase
only the PPi-stimulated activity was observed (19). The
ATPase activity of the recombinant yeast enzyme was also
shown to be stimulated by either 1 mM NAMN or 1 mM
PPi (Table 3). Reexamination of theS. typhimurium
NAPRTase showed that 1 mM NAMN could also stimulate
a slow ATPase reaction by the enzyme.

DISCUSSION

The work presented here shows that mutagenesis of His-
219, the proposed site of NAPRTase phosphorylation,
inactivated ATP-linked functions of the enzyme. However,
inactivation of the ATP usage did not destroy the weak ability
of NAPRTase to synthesize NAMN in the absence of ATP.
In these mutant enzyme forms, ATP acts as a competitive
inhibitor, rather than a stimulator, of NAMN synthesis.

FIGURE 2: Scatchard plot of [32P]PPi binding to E. Binding was
measured by equilibrium gel filtration. The line represents the least-
squares fit.
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When incubated with MgATP and MgPRPP, WT
NAPRTase is phosphorylated at the N1 position of His-219
(28). The enzyme-phosphate bond was shown to be rapidly
hydrolyzed in the presence of substrates for the NAMN
synthesis reaction, as expected for a kinetically competent
intermediate. Confirming the assigned role of His-219, both

the H219N and H219E mutants were inactivated for substrate
or PPi-stimulated ATPase and for autophosphorylation.
Although a weak ADP/ATP exchange was observed with
preparations of the mutant NAPRTases, this was shown to
result from an adenylate kinase contaminant and was not
intrinsic to the mutant enzymes. Gel filtration and electro-
spray mass spectrometry showed that the low activity of the
mutant enzymes was not the result of gross denaturation or
proteolysis. In addition, ATP binding to the H219N mutant
enzyme was detected with an estimatedKD of 0.5 mM.

In the normal reaction cycle, the presence of ATP triggers
the tight binding of PRPP and NA. A protein conformational
change in WT enzyme protects the carboxy terminus from
proteolysis at Lys-384. This change occurs under phospho-
rylation conditions and when ATP is allowed to bind in the
absence of Mg2+, conditions under which the enzyme is not
phosphorylated (27), suggesting that either phosphorylation
or ATP binding alone promotes the protein conformational
change that leads to protection. The MgATP protection
against trypsin proteolysis observed with H219N, which is
not phosphorylatable, further supports this conclusion.

In past work, it was not clear whether PRPP and ATP
binding were mutually exclusive events. The analysis of the
uncoupled NAMN synthesis reaction by H219N resolved this
point. ATP was a good inhibitor of the NAMN synthesis

FIGURE3: Alignment of coding sequences of NAPRTases. Alignments were done using the PILEUP program in the GCG package (University
of Wisconsin, Madison, WI). The shaded areas show amino acid identities in all sequences. The species (and accession numbers) are
Salmonella typhimurium(M55986),Saccharomyces cereVisiae (Z36878 and Z75117), andMycobacterium tuberculosis(Z73902).

Table 2: Conversion of [14C]NA to [14C]NAMN by Salmonellaand
Yeast NAPRTases

NAMN synthesisb (units/mg)Coupled ATPasea

(units/mg) +ATP -ATP

Salmonella 2.8 1.3 0.06
yeast 2.9 2.3 0.06
a Spectrophotometric assay as described by Vinitsky and Grubmeyer

(19). b Separate radiotransfer assay as described by Vinitsky and
Grubmeyer (19).

Table 3: ATP Hydrolysis Stimulated by Products PPi and NAMNa

additions
yeast enzyme
(units/mg)

Salmonellaenzyme
(units/mg)

+PRPP,+NA 2.9 3.1
+PPi 0.65 1.8
+NAMN 0.43 0.3
aCoupled spectrophotometric assay was performed as described by

Vinitsky and Grubmeyer (19).
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activity of H219N enzyme, competitive vs PRPP. The
competitive inhibition could result from ATP occupancy of
the PRPP binding site. This conclusion is strengthened by
the previous observation of substrate inhibition by PRPP with
the yeast enzyme (29). In addition, we have observed that
the nonhydrolyzable ATP analogue AMP-PCP, which is a
weak inhibitor of the ATP-linked functions of WT, also
inhibits the uncoupled NAMN synthesis activity and the
binding of [â-32P]PRPP observed with WT (not shown).
Here, we also found ATP inhibition of the weak PPi binding
by H219N. These results, taken together, strongly suggest
that the binding site for ATP in part overlaps with those for
PPi and PRPP, probably through the pyrophosphate moiety
shared by all three ligands.
Thus far, there are primary structures of only four

NAPRTases: that fromS. typhimurium(and its nearly
identicalE. coli homologue;9); the yeast enzyme reported
here, and theMycobacterium tuberculosisopen reading frame
identified from genome sequencing. The three show only
limited overall similarity, but there is conservation of a
number of residues, including His-219. The differences
between the behavior of the yeast enzyme and that fromS.
typhimurium, as reported in the literature, suggested that
fundamental differences in mechanism might exist between
these enzyme forms, although the lengthy purification
procedures and small amounts of the yeast enzyme might
have generated artifacts. Here, we found that the yeast and
bacterial enzymes display similar uncoupled NAMN syn-
thesis and NAMN-stimulated ATPase reactions.
Currently, there is no three-dimensional structure for any

NAPRTase. Two evolutionarily distinct structures, types 1
and 2, are known for PRTases (12). QAPRTase is the sole
example of type 2, so that it is not yet possible to
conclusively identify sequence motifs that characterize this
enzyme group. Interestingly, QAPRTase also catalyzes the
formation of NAMN, employing quinolinic acid as the base.
Using the QAPRTase three-dimensional structure, the spac-
ing and nature of residue identities between QAPRTase and
NAPRTase conserved sequences provides tantalizing evi-
dence that the two proteins are related. That similarity is
shown here:

where the subscripted X designates the range of unconserved
amino acids. The active site of QAPRTase is formed by a
seven-strandedR/â barrel, and sequence conservation among
known QAPRTases is strong at the tops of theseâ strands,
where side chains interact with bound substrate. One
sequence, 151-TRKT-154 (numbering is for theS. typhimu-
rium enzyme), forms the top of strand B4, from which Arg-
152 interacts with the 3-carboxylate of NAMN and Lys-
153 interacts with the 5′-phosphate. This motif appears to
be represented by a highly conserved area ofS. typhimurium
NAPRTase, 176-TRRR-179. Residues His-174 and Arg-
175, absolutely conserved among QAPRTases, form the top
of strand B5 and interact with the pyridine base. Two
absolutely conserved residues occupy this position of

NAPRTase, Ser-202 and Asn-203, and may interact with the
differentially substituted base substrate of the enzyme. In
QAPRTase, two carboxylate residues, Glu-214 and Asp-235,
are conserved among all sequences. These residues are
located at the top of strands B7 and B8 and their side chains
interact with the 2′ and 3′ hydroxyl groups of bound NAMN,
respectively. In NAPRTases, Asp-258 and Asp-283 are
absolutely conserved and may be structural homologues.
Finally, a residue of QAPRTase that is found at the carboxyl
end of strand B6, His-188, is located directly across the
active-site pocket from bound NAMN, in position to interact
with PPi. His-188 may be the structural homologue of His-
219 of NAPRTase. QAPRTase is not detectably stimulated
by ATP, and results suggesting the phosphorylation of
QAPRTase (11) have not yet been confirmed.
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