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ABSTRACT: Human nicotinamide phosphoribosyltransferase (NAMPT, EC 2.4.2.12) catalyzes the reversible
synthesis of nicotinamide mononucleotide (NMN) and inorganic pyrophosphate (PPi) from nicotinamide
(NAM) and R-D-5-phosphoribosyl-1-pyrophosphate (PRPP). NAMPT, by capturing the energy provided
by its facultative ATPase activity, allows the production of NMN at product:substrate ratios thermodynami-
cally forbidden in the absence of ATP. With ATP hydrolysis coupled to NMN synthesis, the catalytic
efficiency of the system is improved 1100-fold, substrate affinity dramatically increases (Km

NAM from
855 to 5 nM), and the Keq shifts -2.1 kcal/mol toward NMN formation. ADP-ATP isotopic exchange
experiments support the formation of a high-energy phosphorylated intermediate (phospho-H247) as the
mechanism for altered catalytic efficiency during ATP hydrolysis. NAMPT captures only a small portion
of the energy generated by ATP hydrolysis to shift the dynamic chemical equilibrium. Although the weak
energetic coupling of ATP hydrolysis appears to be a nonoptimized enzymatic function, closer analysis
of this remarkable protein reveals an enzyme designed to capture NAM with high efficiency at the expense
of ATP hydrolysis. NMN is a rate-limiting precursor for recycling to the essential regulatory cofactor,
nicotinamide adenine dinucleotide (NAD+). NMN synthesis by NAMPT is powerfully inhibited by both
NAD+ (Ki ) 0.14 µM) and NADH (Ki ) 0.22 µM), an apparent regulatory feedback mechanism.

The properties of NAD+ 1 in electron transfer are now
established. As a cofactor in many metabolic pathways,
NAD+ holds a key position in energy metabolism and its
regulation. Over the past decade, new facets of involvement
for NAD+ were discovered. It is used by poly- and
mono(ADP-ribose) polymerases as a substrate for protein
covalent modifications (1-5).

Sirtuins (SIRT) use NAD+ in protein deacetylation reac-
tions which has implications for metabolic control, cancer,
and longevity. While redox reactions do not influence the
net level of NAD+ and NADH concentrations, enzymes that
catalyze ADP ribosylation and deacetylation cleave the
N-ribosyl bond to nicotinamide and can lead to a rapid
depletion of this substrate. NAD+ levels influence all of its
associated pathways, and the NAD+ pool needs constant
replenishment from NAM recycling since dietary sources of
the vitamin may be limiting.

In prokaryotes and lower eukaryotes, NAD+ replenishment
is achieved primarily by de novo synthesis. Quinolinic acid,
derived from tryptophan, is converted into nicotinic acid
mononucleotide (NAMN) by the quinolinic acid phospho-
ribosyltransferase (QAPT). NAMN, obtained from exog-
enous nicotinic acid (NA) by reaction with nicotinic acid
phosphoribosyltransferase (NAPT), is converted into NAD+,
via the Preiss-Handler pathway (6). The salvage pathway
for those organisms (4, 7) involves the deamination of NAM
into NA via the corresponding nicotinamidase (Pnc1).
Mammals lack Pnc1 and directly convert NAM into nico-
tinamide mononucleotide (NMN) with nicotinamide phos-
phoribosyltransferase (NAMPT). NMN is converted to
NAD+ by nicotinamide/nicotinic acid mononucleotide ade-
nylyltransferase (NMNAT) (Scheme 1).

NAD+ is not localized uniformly in the cell, with up to
70% of the pool held in the mitochondria (8). Three isoforms
of NMNAT are known, and each has a specific subcellular
localization (9-13). NMNAT-3 is located mainly in the
mitochondria, and mitochondrial NAD+ is proposed to
influence cell lifespan, together with the overexpresssion of
SIRT enzymes (14, 15). In yeast, overexpression of NAPT,
NMNAT, and Pnc1 increased the activity of NAD+-depend-
ent histone deacetylase (Sir2) (16-18). In mammals, NAMPT
is the rate-limiting enzyme for salvage of NAD+ from NAM,
and its overexpression lengthened the cell lifespan (19). This
phenomenon is apparently associated with the increased
catalytic activity of the mammalian ortholog of Sir2, SIRT1
(20). Recently, NAMPT was identified as the enzyme
regulating mitochondrial NAD+ levels (21) and increasing
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cell lifespan via sirtuins, SIR3 and SIR4, both located in
this organelle.

The crucial role of NAMPT in NAD+ biosynthesis makes
it an attractive target in regulation of mammalian metabolic
and regulatory pathways. Modulation of NAMPT activity
through inhibition or activation could lead to a shorter or
extended lifespan, respectively. Inhibition of NAD+ salvage
by specific inhibition of NAMPT has been described previ-
ously (22). The small molecule inhibitor, FK866, decreased
the size of the NAD+ pool via inhibition of this enzyme (Ki

) 0.4 nM). Reducing the activity of NAMPT by FK866 in
human vascular smooth muscular cells caused low levels of
NAD+ and caused a decrease in SIRT1 activity (20). Under
these conditions, SIRT1 failed to deacetylate tumor suppres-
sor p53 and this transcription factor was kept at levels above
those which induce cell senescence.

FK866 is in clinical trials, but it exhibits low bioavail-
ability, rapid intravenous clearance, and substantial drug
binding to plasma proteins (23). Continuous intravenous
infusions over 96 h for a period of 4 weeks showed no
objective responses. Finally, inhibition by FK866 was
reversible upon NAM injection. Isosteric analogues of the
inhibitor have been synthesized without improved inhibition
properties against NAMPT (24).

Structural analyses of mammalian NAMPTs have provided
a guide to substrate-protein and inhibitor-protein interac-
tions (25-27). Catalytic site contacts together with mech-
anisms from related phosphoribosyltransferases have been
used to propose a molecular mechanism for NAMPT.
However, human NAMPT displays weak sequence identity
with other members of this family, although Thermoplasma
acidophilum dimeric NAPT has been proposed as a structural
homologue (28). The kinetic mechanism of Salmonella
typhimurium NAPT is the most complete and is useful in
analysis of NAMPT (29). This NAPT also couples ATP
hydrolysis and NAMN synthesis, to shift the dynamic
equilibrium toward NAMN. Its ATPase activity involves a
phosphohistidine intermediate (30-32), and most rate con-
stants fot the mechanism have been established (33, 34).
NAMPT is also similar to NAPT as its catalytic efficiency
is improved by ATP (35).

Unlike NAPT, the catalytic features and reaction mech-
anism of human NAMPT are poorly described. Crystal-
lographic structures are useful for proposing catalytic residues
but offer few insights into the energetic and kinetic mech-

anisms. Likewise, the covalent phospho-NAMPT structure
had not been revealed in the reported structures, and no
thermodynamic properties have been reported.

Here we describe the role of ATP in NMN synthesis
catalyzed by NAMPT. The thermodynamic and kinetic
properties of NAMPT demonstrate weak coupling of ATP
hydrolysis to the dynamic chemical equilibrium and to the
kinetic properties essential for nicotinamide salvage. The
existence of a covalently phosphorylated enzyme involved
in the mechanism is strongly supported by isotope exchange
experiments and formation of a readily hydrolyzable inter-
mediate in the presence of ATP. The kinetic mechanism
defined here provides unique insights into cellular NAD+

recycling and defines essential information required for the
kinetic and thermodynamic analysis of this critical enzyme.

EXPERIMENTAL PROCEDURES

Materials. [CONH2-14C]NAM (55 mCi mmol-1) was from
American Radiolabeled Chemicals. [4-3H]NMN (1.8 Ci
mmol-1) was from Moravek. [2,8-3H]ATP and ADP (27.8
and 40 Ci mmol-1, respectively) and [14C]NAD+ (253 mCi
mmol-1) were from Perkin-Elmer. Liquid scintillation cock-
tail (UltimaGold) was from Perkin-Elmer. Pyruvate kinase
(PK), lactate dehydrogenase (LDH), alcohol dehydrogenase
(ADH), and inorganic pyrophosphatase (PPase) were from
Sigma. NMNAT-3 was overexpressed as previously de-
scribed (13) from the corresponding plasmid (pPROEX,
generous gift from H. Zang, Department of Biochemistry,
University of Texas, Austin, TX). Ni-NTA resin and tris(hy-
droxypropyl)phosphine (THP) were from Novagen, and
HiLoad Superdex 200GP 26/60 was from Amersham. HPLC
solvents were from Fisher, and other biochemicals were from
Sigma.

OVerexpression and Purification of Human NAMPT. The
enzyme was overexpressed in Escherichia coli BL21(DE3)-
pLys containing expression plasmid pBAD DEST 49 with
inserts of chemically synthesized DNA (DNA 2.0) encoding
human NAMPT and optimized for expression in E. coli. Cells
were grown in LB broth containing 100 µg mL-1 ampicilin
and 30 µg mL-1 chloramphenicol at 37 °C to an A600 of 0.4.
The cultures were supplemented with 0.2% L-arabinose for
induction and incubated for an additional 16 h at 37 °C
preceding harvest. Resuspended cells [20 mM Tris buffer,
500 mM NaCl, 5 mM imidazole (pH 7.9), 1 mM �ME, and
protease inhibitor cocktail] were disrupted with a French
press. Debris was removed by centrifugation at 20000 rpm
for 20 min. The supernatant (150 mL from 50 g of cells)
was loaded onto a Ni-NTA column (50 mL of resin pre-
equilibrated with disruption buffer). The column was washed
consecutively with buffers having imidazole concentrations
of 10, 30, 50, 100, and 200 mM. The enzyme, eluted at 100
and 200 mM imidazole, was concentrated, desalted, and
further purified on a HiLoad Superdex 200GP 26/60 column
eluted with 100 mM HEPES (pH 7.5), 100 mM NaCl, and
10 mM �ME at a flow rate of 1 mL min-1. The purified
enzyme (10 mg mL-1) was then concentrated (50-75 mg
mL-1) and frozen.

Product Purification. For the isolation of radioactive
[14C]NMN formed from [14C]NAM during kinetic experi-
ments, [3H]NAM formed from [3H]NMN during equilibrium
conditions, and [3H]ATP formed from [3H]ADP during

Scheme 1: Reaction Catalyzed by Human NAMPT and
Inhibitors
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isotope exchange reactions, quenched samples were injected
(250 µL) onto a Luna C18

2 column (4.6 mm × 150 mm, 5
µm, 100 Å, Phenomenex) equilibrated in 100 mM K2HPO4

and 8 mM tetrabutylammonium sulfate (pH 6.0) (buffer A)
and initially eluted with 4 mL of this buffer. Further elution
was performed with a 16 mL linear gradient to 30%
acetonitrile in the same buffer (buffer B). A flow rate of 1
mL min-1 was employed. NMN elutes 2.5 mL after injection,
NAM at 6.2 mL, ADP at 18.7 mL, and ATP at 21.6 mL
(method 1). This purification protocol does not degrade the
resolution of the column if frequent acetonitrile-tetrahy-
drofuran-acetonitrile wash cycles are performed. To directly
characterize the ATPase activity of NAMPT, quenched
samples were injected (100 µL) onto a Nucleosil 4000-7 PEI
strong anion exchange column (4.0 mm × 250 mm, 5 µm,
100 Å, Macherey-Nagel) equilibrated in 20 mM Tris (pH
8.2) (buffer C) and initially eluted with 5 mL of this buffer.
Further elution was performed with a 30 mL linear gradient
to 1 M KCl in the same buffer (buffer D). A flow rate of 1
mL min-1 was employed. ADP elutes 25 mL after injection
and ATP at 33 mL (method 2).

Preparation and Reading of RadioactiVe Samples. Each
radioactive sample (HPLC) was diluted with 50 mg of cold
NAM prior to being freeze-dried. The resulting solid was
redisolved in a 1:10 mixture (water/scintillation cocktail)
prior to radioactivity determination (Wallac instrument, 20
min reading, three cycles).

Analysis of Data. All results from kinetic and inhibition
studies were fit to the appropriate equations using Kaleida-
Graph (Synergy Software). The enzyme is described by its
turnover rate and Michaelis constants, specific for each
substrate involved (kcat and Km). The inverse of the initial
velocity (VA

app) at the corresponding inverse concentration of
substrate A ([A]) follows a linear relation (Lineweaver-Burk
representation) at total enzyme concentration [E]T:

1

V A
app

)
Km

A

kcat[E]T

1
[A]

+ 1
kcat[E]T

(I)

For competitive inhibition studies, the inhibition constant
Ki is described by the expression

VI )
Vmax[A]

Km
A(1+ [I]/

Ki
)+ [A]

(II)

where VI is the initial rate at the corresponding concentration
of inhibitor [I]. For low concentrations of inhibitor (<10
times [E]T), the free inhibitor concentration in solution ([I]*)
and the inhibitor concentration added ([I]) are different and
related by

[I]/) [I]- (1- VI

V )[E]T (III)

where V is the initial rate of the reaction without inhibitor.
Km and Ki are also related by the following relationship:

Km
app )Km +

Km

Ki
B

[B] (IV)

Each experiment was carried out in duplicate.
Enzyme ActiVity-Stability Determination. To determinate

the pH dependence of NAMPT activity, the enzyme (30 nM)

was preincubated at 25 °C with 1 µM radiolabeled NAM
(100 mM universal buffer with a constant ionic strength of
60 mS at various pH values, 1 mM ATP, 5 mM MgCl2, and
1 mM THP), and the reaction was started by addition of
R-D-5-phosphoribosyl-1-pyrophosphate (PRPP) (200 µM).
Quenching was performed after 1 h, and samples were
processed according to method 1 to monitor NMN formation.
In a similar way, to determinate its stability, 10 different
mixtures of enzyme (30 nM, 1 mL at various pHs) were
preincubated for 1 h, then concentrated, and transferred to
the previously described reaction mixture (at pH 7.6). The
assay conditions were the same. The ATPase activity was
evaluated by monitoring the steady-state formation of ADP.
The reaction (0.75 µM enzyme, 100 mM universal buffer, 5
mM MgCl2, and 1 mM THP) was initiated by addition of
ATP (2 mM). Quenched samples were analyzed by HPLC
(method 2).

NAMPT Autophosphorylation. Although the presumed
phosphorylated NAMPT was unstable to isolation, under the
conditions where the assays were performed [46 µM
NAMPT, 50 mM HEPES (pH 7.5), 100 mM KCl, 5 mM
MgCl2, 0-25 mM ATP, and 1 mM THP (25 °C)], its extent
of phopshorylation could be monitored indirectly. Every 30 s,
aliquots were quenched (15 mM EDTA) and analyzed by
HPLC (method 1) to follow the formation of ADP. Extrapo-
lation of the linear ATP hydrolysis profile to the original
time of the experiment established the initial burst of ADP,
equivalent to the phosphorylation stoichiometry for NAMPT.

Equilibrium Displacement by ATP. Equilibrium constants
for the NAMPT-catalyzed reaction in the presence and
absence of ATP were established by adding enzyme (0.6
µM) to a 6 mL reaction mixture [50 mM HEPES (pH 7.5),
50 mM NaCl, 5 mM MgCl2, 1 mM THP, 100 µM PRPP,
100 µM PPi, and 5 µM [4-3H]NMN] at 25 °C. At appropriate
time intervals, aliquots were quenched and analyzed by
HPLC (method 1) to determine the profiles of NMN and
NAM. When equilibrium was established (3 h), a small
volume of ATP (leading to a final concentration of 2 mM)
was added and additional aliquots were processed by HPLC
after quenching. Variations in the equilibrium constant were
evaluated by running two simultaneous reactions under
similar conditions [0.6 µM enzyme, 50 mM HEPES (pH 7.5),
50 mM NaCl, 5 mM MgCl2, 1 mM THP, 100 µM PRPP,
100 µM PPi, and 5 µM [14C]NAM], without and with ATP
(2 mM).

NAMPT Kinetic Parameters without ATP. The kcat and Km

of each substrate for the non-ATP-coupled NMN synthesis
were determined first in the absence and then in the presence
of near-saturating phosphate concentrations. To determinate
the Km for PRPP, reaction mixtures were incubated at 25 °C
and contained 50-1000 µM PRPP, 1 µM [14C]NAM, 50 mM
HEPES (pH 7.5), 50 mM NaCl, 5 mM MgCl2, and 1 mM
THP. Conversion to [14C]NMN was started by enzyme
addition (88 nM) and monitored by quenching three samples
at 5 min intervals. Separation was achieved by HPLC
(method 1). The Km for NAM was evaluated in the same
way [0.5-5 µM [14C]NAM, 100 µM PRPP, 50 mM HEPES
(pH 7.5), 50 mM NaCl, 5 mM MgCl2, 1 mM THP, and 88
nM enzyme]. Phosphate influences the initial rate and was
evaluated by varying the Pi concentration from 0.25 to 5
mM using a concentrated sodium phosphate solution pre-
buffered at pH 7.5. A near-saturating phosphate concentration
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was then used to determine Michaelis constants for PRPP
and NAM in the presence of phosphate. The assays were
the same except that each reaction mixture was supplemented
with 2 mM phosphate.

NAMPT Kinetic Parameters with ATP. The kcat and Km of
NAM for the ATP-coupled NMN synthesis were initially
determined by a coupled fluorometric assay (19) slightly
modified. The reactions were conducted at 25 °C, and 2.8
nM enzyme and varying concentrations of NAM (from 0.1
to 5 µM) reacted in a 3 mL sample containing 100 mM
HEPES (pH 7.5), 100 mM NaCl, 10 mM MgCl2, 1 mM THP,
2.5 mM ATP, 200 µM PRPP, 100 mM ethanol, 40 mM
semicarbazide (to drive the ADH reaction to the formation
of acetaldehyde to be trapped as its hydrazide intermediate),
80 milliunits of NMNAT-3, and 800 milliunits of ADH.
NADH formation was monitored over a period of 30 min
by emission of fluorescence at 455 nm upon excitation at
340 nm (slitEx ) 2.5 nm; slitEm ) 12.5 nm). A second assay,
the radiolabeled assay described previously, was carried out
in 50 mM HEPES (pH 7.5), 50 mM NaCl, 5 mM MgCl2, 1
mM THP, 2 mM ATP, 50 µM PRPP, 0.05-5 µM
[14C]NAM, and 1.1 nM enzyme. The corresponding Km of

NAM was obtained by extrapolation to correct for the
inhibition by NAD+. At a fixed concentration of NAD+ of
5 µM, the ATP-coupled NMN synthesis was partially
inhibited [50 mM HEPES (pH 7.5), 50 mM NaCl, 5 mM
MgCl2, 1 mM THP, 2 mM ATP, 50 µM PRPP, 0.05-5 µM
[14C]NAM, and 1.1 nM enzyme]. The corresponding
Lineweaver-Burk plot led to an apparent NAM Michaelis
constant (Km

app). By variation of the NAD+ concentration from
0 to 300 µM [50 mM HEPES (pH 7.5), 50 mM NaCl, 5
mM MgCl2, 1 mM THP, 2 mM ATP, 50 µM PRPP, 0.1 µM
[14C]NAM, and 1.1 nM enzyme] and measurement of the
initial rate of NMN formation at a single NAM concentration,
several pairs of Km

app/[NAD+] values were obtained. Use of
eq IV provides the actual Km for NAM. The Km values for
PRPP and ATP were established for the ATP-coupled
reaction with fixed substrate concentrations of 125 nM NAM,
2 mM ATP, and 0.5-500 µM PRPP and 100 nM NAM, 50
µM PRPP, and 0.4-5 mM MgATP, respectively, all at 2.2
nM enzyme.

NAMPT Inhibition. FK866, previously described as a
noncompetitive inhibitor of human NAMPT (22), 5P-
DADMe-NMN (Scheme 1), NADH, and NAD+ were evalu-
ated as competitive inhibitors of both non-ATP and ATP-
coupled NMN synthesis, versus PRPP and NAM substrates.
For the reaction involving ATP, 1 mL reaction mixtures were
incubated at 25 °C and contained 200 µM PRPP, 100 nM
[14C]NAM, 2.5 mM ATP, appropriate inhibitor concentra-
tions (0-80% inhibition), 5 mM MgCl2, and 2.2 nM enzyme
in 50 mM HEPES (pH 7.5) supplemented with 50 mM NaCl
and 1 mM THP. Three samples were quenched at 15 min
intervals. Corresponding initial rates, determined by HPLC
(method 1), were fit as a function of the inhibitor concentra-
tion (eqs II and III). In a similar way, but with omission of
ATP, Ki values for FK866 and 5P-DADMe-NMN were
obtained [100 µM PRPP, 1 µM [14C]NAM, 5 mM MgCl2,
50 mM HEPES (pH 7.5), 50 mM NaCl, 1 mM THP, and 88
nM enzyme].

Stimulated ATPase ActiVity of NAMPT. The ATPase
activity was evaluated under different conditions by incubat-
ing 1.5 µM enzyme and various compounds (NAM, PRPP,
NMN, PPi, and NAD+) at 1 mM in the presence of 2 mM
ATP [50 mM HEPES (pH 7.5), 50 mM KCl, 5 mM MgCl2,
and 1 mM THP]. Quenched samples, over 150 min, were
analyzed by HPLC (method 2) to establish the steady-state
rate of ADP formation.

ADP-ATP Isotope Exchange. ADP-ATP isotope ex-
change reactions were carried out in 50 mM HEPES (pH
7.5) with 50 mM NaCl, 5 mM free MgCl2, and 1 mM THP
at 25 °C. ADP (25-200 µM, containing 105 cpm of [2,8-
3H]ADP per 100 µM cold ADP) and ATP (0.2-1 mM) were
present as equimolar mixtures with MgCl2. The reactions
were started by addition of 0.6 µM enzyme, and four samples
were quenched at 15 min intervals. Nucleotides were
separated by HPLC (method 1) to determine the rate of the
exchange reaction. Rates of the exchange reaction were
calculated as described above (eq I).

Coupling of NMN Synthesis and ATP Hydrolysis. The
stoichiometry of ATP hydrolyzed per NMN formed was
assayed at various ATP concentrations. The reaction mixtures
(3 mL) containing 0.8-3 mM MgATP, 23 µM phospho-
enolpyruvate (PEP), 23 µM NADH (with NAM at 400Km,
NAD+, and NADH did not significantly inhibit the reaction),

FIGURE 1: (A) NAMPT activity as a function of pH for the ATP-
coupled NMN synthesis reaction. Concentrations were fixed at 1
µM [14C]NAM, 200 µM PRPP, 1 mM ATP, and 5 mM MgCl2
with 30 nM enzyme. (B) NAMPT ATPase activity as a function
of pH. Concentrations were fixed at 2 mM ATP and 5 mM MgCl2
with 0.75 µM enzyme.
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5 mM MgCl2, 100 µM PRPP, 2 µM [14C]NAM, 50 mM
HEPES (pH 7.5), 50 mM NaCl, 30 mM KCl, 1 mM THP,
1 unit of PK, and 1 unit of LDH were incubated at 25 °C
for 15 min (to permit trace ADP to be converted to ATP),
and the reactions were started by the addition of 160 nM
enzyme. The decrease in the fluorescence emission from
NADH permits determination of ATP hydrolysis rates with
a second-order polynomial calibration curve for fluorescence
intensity from 0 to 25 µM NADH, using the following
parameters: slitEx ) 2.5 nm, and slitEm ) 2.5 nm. The same
experiments were used to measure the NMN formation rates.
Seven aliquots were quenched at appropriate intervals, and
the amount of [14C]NMN was determined by HPLC (method
1). The effect of PPi (from 0 to 75 µM) on the ratio of ADP:
NMN formation was established with a similar protocol using
a fixed ATP concentration of 2.5 mM, where the ADP:NMN
ratio is optimal at 1.1:1.0.

RESULTS

NAMPT Stability. NAMPT was found to be catalytically
stable from pH 6.5 to 8.5 for the experimental time ranges.

NMN synthesis was catalyzed with or without ATP. Optimal
activity is restricted to a narrow pH range for both NMN
synthesis and ATPase activities. The apparent pH optimum
is 7.5, and this pH was used for the remainder of the
experiments (Figure 1A).

Autophosphorylation of NAMPT. The slow steady-state
ATP hydrolysis catalyzed by NAMPT was preceded by an
initial burst of ADP (Figure 2A). The burst of ADP is
saturable and represents the autophosphorylation of the
enzyme. At 2.5 mM MgATP, 77% of NAMPT can be found
phosphorylated (Figure 2B). With an estimated value of
0.047 for its Keq (∆G° ) 1.9 kcal mol-1), the NAMPT
phopshorylation is an unfavorable reaction that leads to a
high-energy species that hydrolyzes at 0.8 min-1 under these
experimental conditions (Figure 3, eqs 4 and 5).

Effect of ATP on the Dynamic Chemical Equilibrium of
NAMPT. The NAM transferase activity of NAMPT gave
different equilibrium positions in the presence of ATP,
consistent with coupling to the transferase reaction (Figure
4A). With addition of ATP to a preestablished equilibrium
of NAMPT in a non-ATP-coupled reaction, the position of
the chemical equilibrium was reversed (Figure 4B). A value

FIGURE 2: Autophopshorylation of NAMPT by ATP. Assay performed by HPLC measuring ADP formation. In panel A, NAMPT was
present at 46 µM with 2.5 mM MgATP. The initial burst of ADP characterized the extent of enzyme phosphorylation. (B) Estimated
fraction of NAMPT phosphorylated at various MgATP concentrations from the experiment shown in panel A.

FIGURE 3: Thermodynamic model for NAMPT. Determination of Keq and ∆G° for the NAMPT autophosphorylation and the non-ATP- and
ATP-coupled NMN synthesis reactions at pH 7.5 (50 mM HEPES) in the presence of 100 mM KCl and 1 mM THP at 25 °C.

11090 Biochemistry, Vol. 47, No. 42, 2008 Burgos and Schramm



of 35 was obtained for the ratio KATP/K ([NMN]ATP[NAM]/
[NMN][NAM]ATP), which is the ratio of equilibrium con-
stants for the NAMPT reaction without including ATP, ADP,
and Pi concentrations. This effect represents an energy
difference of -2.1 kcal mol-1, which is small compared to
the energy of -7.3 kcal mol-1 available from ATP hydrolysis
under physiological conditions, in the presence of Mg2+

(Figure 3, eqs 1-3). Thus, hydrolytic coupling of the ATP
energy into the NAMPT reaction is weak. Nevertheless, the
energy generated by ATP hydrolysis serves to thermody-
namically switch the unfavorable product:substrate ratio
toward production of NMN.

Effects of ATP on Kinetic Parameters. To evaluate the
effects of ATP, the kinetic parameters for NAM and PRPP
were determined without ATP, in the presence of Pi, and
with ATP. The uncoupled reaction was studied with a
radiolabeled assay, and two independent methods were used
to determine the kinetic parameters of the ATP-coupled
reaction. The continuous assay (Scheme 2) revealed a lower
Km value for NAM (Figure 5A) in the presence of ATP (Km

of 57 ( 6 nM with ATP compared to 855 ( 22 nM without
ATP). The direct assay with [14C]NAM revealed an even
tighter affinity of 17 ( 2 nM for nicotinamide (Figure 5B).
The inverse of the initial rate (1/V) as a function of reciprocal
NAM concentration indicated substrate inhibition by nico-
tinamide concentrations as low as 250 nM. The addition of
NAD+ (5 µM) altered the kinetic properties to give linear
1/V versus 1/[NAM] plots. Assays with a variable concentra-
tion of NAD+ permitted the determination of an apparent
Km (17 ( 2 nM). Even in the presence of NAD+, nicotina-
mide causes substrate inhibition but with an inhibition
constant near 3 µM.

Using NAD+ as a competitive inhibitor of NMN synthesis
(Figure 5C,D), several sets of Km

app/[NAD+] pairs were
obtained and reploted, leading to a linear relationship. This
representation (eq IV), extrapolated to its ordinate intercept,
allowed the determination of the actual Km for NAM (5 ( 2
nM). This unusually small Km value has significance for the
cellular function of NAMPT in salvage of NAM for NAD+

synthesis.
While NAMPT exhibits a high affinity for NAM, espe-

cially in the presence of ATP, the Km for PRPP was less
affected by ATP (Table 1). The Km value for MgPRPP was
7-12 µM in the absence of ATP but was higher (Km ) 0.63
µM) in the presence of ATP.

The weak affinity between ATP and the protein is
consistent with physiological conditions with cellular levels
of ATP in the millimolar range. High ATP concentrations
were required to saturate NAMPT (Km ) 7.4 ( 1.5 mM)
and are complicated by inhibition at concentrations of >4
mM.

Despite the low rate of catalytic turnover of NAMPT, the
catalytic efficiency (kcat/Km) of 1.8 × 106 M-1 s-1 is high
because of the nanomolar Km for NAM (Table 1). The ATP-
coupled reaction is efficient for NAM salvage since the
enzyme will catalyze formation of NMN for most collisions
of a nicotinamide molecule at the active site.

Inhibition Studies. Four inhibitors [FK866, 5P-DADMe-
NMN, NAD+, and NADH (Scheme 1)] were assayed
against the ATP-coupled and non-ATP-coupled reactions.
In the presence of ATP, NAD+ and NADH were competi-
tive inhibitors versus PRPP. The relatively high affinities

FIGURE 4: (A) Reaction equilibrium of non-ATP- and ATP-coupled
NMN synthesis. NAM was originally present at 5 µM; PRPP and
PPi were present at 100 µM, and ATP was present at 2 mM.
Therefore, there is no significant depletion of ATP during formation
of NMN and PPi. (B) Reversible chemical equilibrium of NAMPT
as a function of ATP hydrolysis. NMN was originally present at 5
µM; PRPP and PPi were present at 100 mM with no ATP (from 0
to 180 min). At 180 min, the concentration of the solution was
made 2 mM with ATP which altered the equilibrium as shown.

Scheme 2: Continuous Fluorometric Assay for the Km

Determination of NAM (ATP-Coupled Reaction)
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of 0.14 and 0.22 µM, respectively, for these molecules
are significant for the biological pathway as regulators of
NAM recycling. Exhibiting a picomolar Ki, and high Km/
Ki ratios (with or without ATP), FK866 is a powerful
inhibitor of NAMPT (Table 2). In contrast, 5P-DADMe-

NMN (Scheme 1) was a relatively poor inhibitor of the
transfer reaction (Figure 6) with Ki values of 0.5 and 7
µM with respect to PRPP and NAM, respectively. In the
presence of ATP, its level of binding increased 3-fold
(Table 2).

FIGURE 5: (A) Determination of kinetic parameters for NAMPT. Lineweaver-Burk representation for the Km determination of NAM using
the fluorometric coupled assay and fitting only the linear portion of the curve. (B) Lineweaver-Burk representation for the Km determination
of NAM using the direct radiolabeled assay, without and with NAD+. (C) Profile of the NAD+ inhibition of the ATP-coupled NMN
synthesis reaction. (D) Determination of Km for NAM for the ATP-coupled NMN synthesis. The value of the apparent Km

app is plotted as a
function of concentration with the value for the inhibition-free Km value for NAM taken from the ordinate intercept to give 5 ( 2 nM.

Table 1: Kinetic Parameters of Human NAMPT for both ATP-Coupled and Non-ATP-Coupled Reactions

non-ATP-coupled NMN synthesis

without Pi with Pi ATP-coupled NMN synthesis

Km

NAM (nM) 855 ( 22 235 ( 17 5 ( 2
PRPP (µM) 7.2 ( 0.6 11.7 ( 0.8 0.63 ( 0.03
ATP (Pi)a (mM) 0.18 ( 0.02a 7.4 ( 1.5

kcat (min-1) 0.082 ( 0.001 0.085 ( 0.001 0.46 ( 0.09
kcat/Km (M-1 s-1)b (1.60 ( 0.06) × 103 (6.1 ( 0.5) × 103 (1.8 ( 0.9) × 106

a Km of Pi for the non-ATP-coupled NMN synthesis. b kcat/Km with respect to NAM.
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Stimulated ATPase ActiVity. ATPase activity is not tightly
coupled to NMN synthesis, and the enzyme had the ability
to hydrolyze ATP in the absence of other substrates (Figures
2A and 7A). Upon addition of single substrates of the
transferase reaction (or mixtures of those), the ATPase
function could be modulated. As described in Experimental
Procedures, the free enzyme hydrolyzed the nucleotide at
0.11 min-1 and the rate became as slow as 0.02 min-1 when
both substrates (forward and reverse reactions) were bound.
Nicotinamide and pyrophosphate enhanced ATP hydrolysis
(0.37 and 1.1 min-1, respectively), while PRPP inhibited ATP
hydrolysis (Figure 7A).

The PPi-stimulated ATPase activity was further explored
with the methylene and imido analogues of PPi (PCP and
PNP), assayed under the same conditions (Figure 7B). PNP
had the greatest effect on ATP hydrolysis (2.6 min-1), greater
than the effect of pyrophosphate. However, this effect was
reversible upon addition of NAM or PRPP (Figure 7C).

ADP-ATP Exchange Catalyzed by NAMPT. Phosphate
is a product of the ATPase reaction of NAMPT. When the
catalytic efficiencies of the enzyme in the presence of
inorganic phosphate for the non-ATP-coupled NMN syn-
thesis and the ATP-coupled reaction are compared, it is clear
that Pi effects are smaller than those with ATP (Table 1). A
catalytically altered His247 phosphoenzyme is proposed to
exist in NAMPT. ADP-ATP isotope exchange explores
conservation of a chemically exchangeable high-energy
phosphate on the enzyme. ADP-ATP exchange in the
absence of other reactants can occur only through the action
of a high-energy phosphorylated enzyme. Figure 8A shows
the results of the kinetic study for the exchange reaction.
The kcat for exchange was 0.9 ( 0.1 min-1, and the ATP

concentration required for half-maximal exchange activity
was 2.2 ( 0.2 mM and the ADP concentration 0.44 ( 0.05
mM. ATP binds weakly to the phosphorylated enzyme and
exhibited inhibition of NMN synthesis at concentrations
higher than 4 mM.

ADP-ATP exchange occurs without NMN formation;
however, the similar rates for ADP-ATP exchange (0.9 (
0.1 min-1) and NMN synthesis (0.46 ( 0.09 min-1) under
optimized reaction conditions suggest that formation or
hydrolysis of the phosphoenzyme may be rate-limiting for
the overall reaction.

ADP-ATP exchange was also carried out in the presence
of 10 µM P1,P5-di(adenosine-5′-)pentaphosphate (Ap5A), a
potent inhibitor of adenylate kinase, and the NAMPT retained
the same exchange rate. Thus, adenylate kinase activity is
insignificant, and the catalytic exchange site for NAMPT
does not accommodate Ap5A. Another control was per-
formed by measuring the rate of ADP-ATP exchange in
the presence of 100 µM PRPP. This gave near-complete
inhibition in the exchange, establishing structural or confor-
mational linkage between these sites.

Coupling of NMN Synthesis and ATP Hydrolysis. Since
only 2.1 kcal mol-1 of energy from the ATP hydrolysis is
coupled to product formation (Figure 3), chemical stoichi-
ometry by tight coupling can be eliminated. By comparing
the rates of ATPase and NMN synthesis in the coupled
transfer reaction, we found this stoichiometry (ratio R) to
be ATP-dependent (Figure 8B). Only at ATP concentrations
of 2.0-2.5 mM was this ratio near 1. Low concentrations
of ATP result in 2 mol of ATP hydrolysis per NMN formed,
and likewise, high concentrations of ATP also increased the
ratio to >1. When the ATPase-transferase system was near
optimal conditions (2 µM NAM, 100 µM PRPP, 2.5 mM
MgATP, and 5 mM MgCl2), the ratio was increased in a
linear fashion with an increasing PPi concentration (Figure
8C).

DISCUSSION

The use of ATP hydrolysis to drive enzymatic reactions
requires a mechanism for coupling hydrolytic bond energy
to the linked process. This distinction allows distribution of
ATPases into two groups. In the first, enzymes chemically
couple ATP hydrolysis by phosphorylation of a substrate-
derived intermediate, and in the second, the coupling does
not involve substrate phosphorylation but linked conforma-
tional changes. By similarity with bacterial NAPT (34),
NAMPT is not catalytically dependent on the presence of
ATP but has the ability to couple ATP hydrolysis and NMN
synthesis. During ATP hydrolysis, NAMPT catalysis is more
catalytically efficient, forward turnover is accelerated, and
the unfavorable thermodynamic equilibrium for NMN for-

Table 2: Inhibition Results for both ATP-Coupled and Non-ATP-Coupled Reactions

non-ATP-coupled NMN synthesis ATP-coupled NMN synthesisa

PRPP NAM PRPP NAM

Ki

FK866 (pM) 730 ( 75 (9863)b 5000 ( 500 (171) 10 ( 1 (63000) 150 ( 18 (33)
5P-DADMe-NMN (µM) 0.53 ( 0.02 (14) 7.1 ( 0.2 (<1) 0.160 ( 0.015 (4) 2.5 ( 0.2 (<1)
NAD+ (µM) >100 0.140 ( 0.014 (5) 2.1 ( 0.2 (<1)
NADH (µM) >100 0.22 ( 0.02 (3) 3.2 ( 0.2 (<1)

a Ki determined at 2.5 mM ATP. b Corresponding Km/Ki ratio.

FIGURE 6: Inhibition of the non-ATP-coupled reaction by 5P-
DADMe-NMN.
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mation is overcome. As ATP is consumed, the reaction
returns to the non-ATP equilibrium position.

NAMPT uses ATP hydrolysis for thermodynamic drive,
allowing the enzymatic system to build up concentrations
of NMN 35-fold higher than that observed in the absence of
ATP. Variations in the substrate and enzyme affinities are
also influenced by ATP. The Km value for PRPP is lowered

10-fold to a submicromolar value, ensuring adequate satura-
tion at cellular levels of PRPP. The presence of ATP
dramatically changed the interaction between NAMPT and
NAM, lowering its Km 150-fold. Moreover, with a kcat/Km

value of 1.8 × 106 M-1 s-1, the enzymatic efficiency of the
ATP-coupled system is improved 1100-fold. These values
are similar to those of S. typhimurium NAPT (34). The Km

values for NA (NAPT) and NAM (NAMPT) are both

FIGURE 7: (A) NAMPT-catalyzed ATP hydrolysis and the effect
of substrates and products on ATPase reaction. (B) ATPase activity
of NAMPT and activation by PPi and its analogues. (C) The
presence of PRPP and/or NAM reverses the PPi stimulation of the
NAMPT ATPase reaction.

FIGURE 8: ADP-ATP isotope exchange under conditions where
no NAM to NMN catalysis occurred. (A) NAMPT at a 0.6 mM
concentration, with four samples quenched every 15 min. (B)
Stoichiometry between ATP hydrolysis and NMN synthesis. (C)
Comparison of ATP hydrolysis and NMN synthesis at increasing
concentrations of PPi.
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lowered by >100-fold, and the catalytic efficiency increased
1000-2000-fold (Table 3). However, NAMPT is unique in
its unprecedented affinity for NAM, allowing the enzyme
to recycle the cofactor at low nanomolar concentrations of
the vitamin.

Unlike ATP, inorganic phosphate does not induce large
differences in substrate affinity or catalysis. Previous studies
on NAPT, the bacterial counterpart of NAMPT, demonstrated
conformational modifications induced by ATP binding to the
enzyme (31, 32) and from chemical modification (30) via
phosphorylation of His219, the structural equivalent of
His247 in human NAMPT. With NAMPT, positive
ADP-ATP isotope exchange experiments establish the
existence of an active phosphorylated enzyme intermediate,
although attempts to isolate and characterize this species were
not successful. Energetics of the NAMPT autophosphory-
lation describe a high-energy unstable species with a ∆G°
of hydrolysis of -9.2 kcal mol-1, consistent with a phos-
phohistidine intermediate (36, 37). Similarities between
NAPT and NAMPT allow us to propose His247 as a
candidate for the phosphorylation. This assignment is also
supported by mutagenesis studies of His247 on the mouse
and human enzymes (25, 27). The His247Glu and His247Ala
mutants exhibit a decrease in substrate affinity and a lower
enzymatic efficiency. Recent efforts to structurally character-
ize complexes of human NAMPT have provided us with
X-ray data sets (38) containing a BeF3

- ion in an apparent
covalent interaction with His247 (manuscript in preparation).

His247 overlaps the catalytic site (27) and explains the
competitive and substrate inhibitions seen in the kinetic data,
but structural reasons for His247 phosphorylation causing
NAMPT activation are not clear. Having an additional
negative charge in the active site has been proposed to
influence the formation of an oxacarbenium ion transition
state (27), but this change would influence catalysis in both
directions and is an unlikely explanation for forward activa-
tion. Considering the small change in kcat between the ATP-
coupled and uncoupled reactions (6-fold), and assuming that
NMN synthesis proceeds through a single transition state,
the presence of phospho-His247 would only lower the
transition-state barrier by 1 kcal mol-1. Such considerations
suggest that other parameters involving conformational
changes favorable for NAM binding are important for
explaining the mechanism for ATP-coupled activation.

Hydrolysis of the phosphoenzyme is required for each
catalytic turnover in NMN synthesis in the presence of ATP.
The ability of exogenous PPi to enhance ATPase indicates
that hydrolysis might be triggered by this product, signaling
that the reaction is complete. In stoichiometry studies with
NAMPT, there is always one or more ATPs hydrolyzed per
NMN formed, supporting this mechanism. It is also possible
to imagine phosphoenzyme hydrolysis and rephosphorylation

without full clearance of the catalytic site, consistent with
more than one ATP hydrolysis event per NMN formed.

With only 2.1 kcal mol-1 transferred to the enzyme in the
form of chemical equilibrium shifting, one could criticize
the thermodynamic imperfection in this machinery. Only a
few conditions result in a 1:1 stoichiometry between ATP
hydrolysis and NMN formation, and slight variations of the
ATP or PPi concentration destabilized the ratio. Linkage
between His247 phosphorylation and the catalytic site is
demonstrated by PPi-stimulated ATPase inhibition with either
PRPP or NAM, and PRPP also inhibited the rate of
ADP-ATP isotope exchange. Those observations support
an overlap between the ATP-ADP binding site and those
for PRPP and NAM.

Comparing the thermodynamic and kinetic aspects of
NAMPT establishes that the phosphoenzyme is poised to
capture NAM and PRPP, and in turn, both of these stabilize
the phosphoenzyme from hydrolysis. NMN and PPi can then
be formed at concentrations that are thermodynamically
prohibited without ATP coupling. The apparent energy leak
in this weakly coupled reaction is transferred into a NAMPT
conformation favoring the forward steps in the reaction. PPi

formation signals completion of the reaction and stimulates
hydrolysis of the phosphoenzyme. The affinity of NAMPT
for ATP is consistent with cellular ATP levels. Although
the enzyme uses ATP energy to recycle nicotinamide, the
expenditure ensures cellular NAD+ levels with feedback
regulation from NAD+/NADH levels.

An unknown feature of phosphoribosyltransferase reactions
that use ATP to shift their equilibrium is the need for ATP
hydrolysis, when product PPi hydrolysis would be more
efficient in shifting the equilibrium toward products. How-
ever, coupled PPi hydrolysis would not provide the altered
kinetic properties found for NAM binding as a consequence
of ATP activation.

NAMPT is essential for NMN synthesis and highly
adapted to replenish the NAD+ pool from NAM and PRPP.
When NAD+ is used in regulatory biological processes
(proteins, ADP ribosylation, deacetylation), free NAM can
be recycled efficiently by NAMPT using available energy
in the form of ATP. Metabolic and cell developmental studies
have revealed links from glucose restriction through AMP-
activated protein kinase to altered transcription levels of
NAMPT and altered NAD+ levels (39). Finally, the inhibi-
tions by NAD+ and NADH are sufficiently powerful to
balance NMN synthesis with needs as a function of the
NAD+/NADH pool.
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Table 3: Comparison of Kinetic Parameters for Human NAMPT and S. typhimurium NAPT

non-ATP-coupled NMN/NAMN synthesis ATP-coupled NMN/NAMN synthesis

NAMPT NAPT NAMPT NAPT

Km

NAM (nM) 855 ( 22 290000 ( 50000 5 ( 2 1500 ( 300
PRPP (µM) 7.2 ( 0.6 4500 ( 2200 0.63 ( 0.03 22 ( 3.3

kcat (min-1) 0.082 ( 0.001 17 ( 3 0.46 ( 0.0.09 174 ( 4
kcat/Km (M-1 s-1)a (1.60 ( 0.06) × 103 (1.0 ( 0.4) × 103 (1.8 ( 0.9) × 106 (1.9 ( 0.6) × 106

a kcat /Km with respect to NAM/NA.
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