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A phosphoenzyme mimic, overlapping catalytic sites
and reaction coordinate motion for human NAMPT

Emmanuel S. Burgos, Meng-Chiao Ho, Steven C. Almo', and Vern L. Schramm’

Department of Biochemistry, Albert Einstein College of Medicine, 1300 Morris Park Avenue, Bronx, NY 10461

Edited by Christopher T. Walsh, Harvard Medical School, Boston, Massachusetts, and approved July 6, 2009 (received for review April 9, 2009)

Nicotinamide phosphoribosyltransferase (NAMPT) is highly evolved
to capture nicotinamide (NAM) and replenish the nicotinamide ade-
nine dinucleotide (NAD*) pool during ADP-ribosylation and trans-
ferase reactions. ATP-phosphorylation of an active-site histidine
causes catalytic activation, increasing NAM affinity by 160,000. Crystal
structures of NAMPT with catalytic site ligands identify the phosphor-
ylation site, establish its role in catalysis, demonstrate unique over-
lapping ATP and phosphoribosyltransferase sites, and establish reac-
tion coordinate motion. NAMPT structures with beryllium fluoride
indicate a covalent H247-BeFs~ as the phosphohistidine mimic. Acti-
vation of NAMPT by H247-phosphorylation causes stabilization of the
enzyme-phosphoribosylpyrophosphate complex, permitting efficient
capture of NAM. Reactant and product structures establish reaction
coordinate motion for NAMPT to be migration of the ribosyl anomeric
carbon from the pyrophosphate leaving group to the nicotinamide-N1
while the 5-phosphoryl group, the pyrophosphate moiety, and the
nicotinamide ring remain fixed in the catalytic site.

nicotinamide | nicotinamide phosphoribosyltransferase |
phosphohistidine | phosphoribosyltransferase | NAD* regulation

AD™ is an essential cofactor in metabolic redox chemistry. It

also functions in DNA repair reactions, poly- and mono-ADP-
ribose polymerases, formation of cyclic ADP-ribose, and the Sir-
tuins (SIRT) (1-5). These reactions can deplete NAD™ by cleaving
the N-ribosyl bond to generate free nicotinamide (NAM). Nico-
tinamide phosphoribosyltransferase (NAMPT; also known as
pre-B cell colony enhancing factor, PBEF, and visfatin, an adipo-
kine) is designed to efficiently recycle NAM (K, = 5 nM) by
reaction with a-D-5-phosphoribosyl-1-pyrophosphate (PRPP, Fig.
1) to sustain the pool of NAD* (6).

In mammals, NAMPT is the rate-limiting enzyme for NAD*
salvage from NAM and its overexpression increased cell lifespan (7)
via activation of SIRT1 (8). Recently, NAMPT was also identified
as the enzyme regulating mitochondrial NAD™ levels (9) and
extending cell lifespan via the functions of SIR3 and SIR4. Because
of its role in NAD™* maintenance, NAMPT is a target in cancer
research (10). Its inhibition by FK866 causes depletion of NAD™
and a decrease in SIRT1 activity (8) resulting in cell senescence.

Bacterial nicotinic acid phosphoribosyltransferase (NAPT) is
mechanistically and structurally similar to human NAMPT but is
specific for nicotinic acid rather than NAM (11). Both transferases
have an ATPase activity that nonstoichiometrically couples with the
transferase reaction to shift the thermodynamic equilibrium toward
mononucleotide formation (6, 12). For Salmonella typhimurium
NAPT (13, 14) the ATPase reaction involves phosphorylation of
H219. Conservation of this His in Saccharomyces cerevisae NAPT
(1VLP, H232) and human NAMPT [2GVG (11), H247] suggests
autophosphorylation of H247 in human NAMPT. This assignment
is supported by mutagenesis studies [H247E (15) and H247A (11,
15)] where mutants exhibited a lower enzymatic activity. Recent
ADP/ATP isotope exchange and thermodynamic experiments with
human NAMPT established a high-energy, unstable phosphory-
lated enzyme intermediate (AG°nydrolysis = —9.2 kcal mol™!) con-
sistent with a phosphohistidine at H257, but structural evidence has
been lacking (6).
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At physiological MgATP concentrations (6), 80% of human
NAMPT is phosphorylated, but none of the reported NAMPT
crystal structures (11, 15, 16) have described the phosphorylated
enzyme or characterized the ATP/ADP binding site. The NAMPT
inhibitor, FK866 (10) has validated the enzyme as a target for the
development of new anticancer agents. Although it binds with high
picomolar affinity, the K,,/K; is only 33, because the enzyme has an
extraordinary affinity for NAM (K,,N*M of 5 nM) when it is in its
phosphorylated state (6). The unusual catalytic site of human
NAMPT (11) [supporting information (S7) Fig. S1] may explain the
difficulty encountered with FK866 in clinical trials (17). Consider-
ing the elaborate reaction catalyzed by NAMPT (3 substrates and
4 products, including the ATPase system, Fig. 1), the previously
reported binary complexes have characterized only a small part of
this complicated molecular complex (11, 15, 16).

Here we define the molecular mechanism by which the ATPase
activity of NAMPT is coupled to increase affinity for NMA. We
also define the atomic excursions in both ATP and non-ATP-
coupled NMN synthesis catalyzed by NAMPT. Two crystal struc-
tures of human NAMPT in ternary complexes with reactants and
products are used to establish reaction coordinate motion for
ribosyl transfer. An ATP binding site is characterized with bound
a,B-methylene-adenosine-diphosphate (AMPcP). With beryllium
fluoride, we report a unique mimic of the active phosphorylated
NAMPT. The BeF;™ ion appears in a covalent interaction with
(N61)H247. Two data sets with resolution to 1.8 A and 1.9 A define
the molecular interactions for ATP-coupled NMN synthesis. Those
data define the mechanism of activation by ATP and support a
reaction mechanism of ribosyl group migration, similar to that
recognized in other N-ribosyltransferases.

Results

Overall Fold of Human NAMPT. Crystal structures of H247-
unphosphorylated human NAMPT, in complex with AMPcP,
PRPP-BZAMB and NMN-PPi, were determined at resolutions of 2.1,
2.0, and 2.0 A, respectively. Two BeF;~-containing crystal struc-
tures were determined at resolutions ranging from 1.8 to 1.9 A and
provided models of phosphorylated NAMPT bound to reactants or
products in the active site. All models contain residues 9-41 and
54-484 (residues 42-53 are disordered and not represented by
electron density) and display good stereochemistry (Table S1).
NAMPT forms a dimer with an extensive intermolecular inter-
face that buries 4,064 A2 of surface area. Each monomer is
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? (blue) forms. P-H247 NAMPT is 1,125-fold more active
ATP NH; (kcat/Km values) and requires continual hydrolysis of
ATP. P-H247 NAMPT has low K, values for NAM and
//\NH 2, . -
N _ 03PQ PRPP (red) while H247 NAMPT has higher K, values
— N S I (blue). NAMPT slowly hydrolyzes ATP (orange) even in
m u + PPi the absence of NAM and PRPP. In the presence of ATP,
s s, the stoichiometry of NMN:ADP formation is always 1.0
HO OH + Po> or less, indicating P-H247 hydrolysis on each NAM syn-
(NMN) thetic cycle. PRPP has a tighter affinity than NAM for
P-H247, suggesting a preferential ordered binding of
NAMPT complexed with AMPcP PRPP & BzZAM NMN & PPi PRPP & BzAM NMN & PPi substrates to the enzyme, with PRPP binding first. Five
(BeF3- form) (BeFs3- form) . L. - .
crystallographic structures illustrate the main steps of
PDB codes 3DGR 3DKL 3DHF 3DKJ 3DHD this complex mechanism.

composed of 16 c-helices and 18 B-strands (Fig. S2a) and can be
divided into 3 domains (11, 15, 16). The dimer interface includes

the NAM of NMN and is positioned 3.8 A from C-1 of the PRPP
between the F193 and Y18* residues (Fig. S3¢).

numerous salts bridges, hydrogen bonds, and van der Waals inter-

actions. Each active site lies at the entrance of a tunnel at the dimer
interface (Fig. S2b). Residues contributed from 5 internal B-strands
(F193-B6, 383-GGG-385-p12, p11, 311-RPD-313-p8, D279-87)
and 7 external a-helices (a8, a6, al5, al4d, al2, all, H247-
interact with the 5-phosphoryl group and the ribosyl group of the
substrates. Additional interactions are provided by the second
monomer (Y18*-al*, K415%/K423*-loop between 14* and B15%)
and consist primarily of hydrogen bonds with the PPi moiety of the
substrates. This arrangement is proposed to sequester the active site
from solvent as discussed for other phosphoribosyltransferases

(18-21).

Substrate and Product Complexes with Nonphosphorylated NAMPT. In
ternary complexes of NAMPT, the catalytic site is filled to provide
complete characterization of protein and divalent cation contacts to
NMN and Mg,PPi. The base of the NMN mononucleotide is

sandwiched between F193 of the 6 strand and that of Y18*

the al* helix (Fig. S3a), exhibiting classic m-stacking interactions.

AMPcP Binding Mode. The stable ADP analogue, AMPcP, involves
an unexpected -stacking interaction of the adenine ring with F193
(B6) and R311 (B8, Fig. 24). Stabilization of the negatively charged
diphosphate moiety is provided by arginine and lysine residues
(R40*, R392*, K400*, Fig. 24). The 2’ and 3’-OHs of the ribosyl
group make favorable hydrogen bonds with the backbone carbonyl
oxygens (G353 at 2.7 A and F193 at 2.6 A, respectively). The
B-phosphate points away from the N&1 phosphorylation site of
H247 with a distance of 5.3 A between H247 atom and the
methylene group of AMPcP (Fig. 24). A rotation of ~130° of the
B-phosphate around the CHy/a-phosphate bond, would be needed
to align a reactive y-phosphate group for favorable phosphorylation
of H247.

Comparison of PRPP and AMPcP positions in the catalytic site
demonstrates considerable steric overlap, precluding simultaneous
ATPase and transferase reactions. Most of the amino acids in the
active site have similar conformations in both AMPcP and
PRPP-BzAM complexes (Fig. 2B). The diphosphate group of

«10)
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The amide function of NMN is located between R311 (B8) and

D219, with the later sharing a hydrogen bond with the NMN amido
group, to provide NAM specificity (11, 15). Near the solvent
interface, the 5-phosphoryl group is surrounded by several water
molecules and is partially neutralized by an oxyanion hole (G355,
383-GGG-385, Fig. S3b). Beneath the NMN, an oxygen of the
1nc1p1ent PPi nucleophile, OPa (05), is 3.5 A from C-1 of the ribose
ring (Fig. S3b) and PPi forms polar interactions with cationic
residues from the loop between B14* and B15%, R40*-B1 and

R392*. The PPi is also partially neutralized by 2 Mg?* ions with .‘ll _ 153A
octahedral coordination. The first Mg?* makes contact with O2 and 8 % ¢ Kaoor
O5 (each at 2.1 A, Fig. S3b) and 4 water molecules while the second 13+

Mg2* has (081)D313 O2R, and O3R at 2.4, 2.2, and 2.

H247 ‘
4 A, NG Hoar p

respectively, in the coordination sphere (Fig. S3a). The second

cation is proposed to play the more important role in catalysis as
D313 is part of a His-Asp-Asp triad conserved in all annotated

NAMPT and NAPT enzymes (H247, D279, and D313).

The ternary complex formed by NAMPT, PRPP, and BzZAM
differs from the NMN-Mg,PPi-NAMPT complex in that the PRPP-
containing structure does not exhibit bound Mg?*, despite its

presence in the crystallization mixture (Fig. S3 ¢ and d). In this

pyrophosphate charge stabilization is achieved by replacing the

Mg?* with arginine and lysine groups (Fig. S3d). The BzZAM

a chemically unreactive mimic of NAM, is tilted 8° with respect to

Burgos et al.

Fig. 2. The AMPcP-binding site of human NAMPT. (A) Ribbon diagram
showing the AMPcP binding mode with H247-unmodified human NAMPT.
The 2 monomers are colored in yellow and cyan, respectively. AMPcP is shown
inblack and water molecules are depicted as red spheres with hydrogen bonds
represented as olive dashed lines. The 5.3 A green dashed line represents the
distance from (N81)H247 to the methylene «,B-bridge of AMPcP. (B) The
structural overlap for PRPP-BzZAM (substrates shown as green sticks with an
overall representation of the structure in light green) and AMPcP complexes
in nonphosphorylated human NAMPT (black stick representation of AMPcP
with the corresponding structure in gray) is demonstrated. Produced with
PyMol v 1.1.
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AMPcP and pyrophosphate group of PRPP superimpose, as do the
amino acids in this region. When PRPP binds to His-BeF5™ -
NAMPT, the side chain of F193, which is involved in m-stacking
with BZAM and adenine rings, undergoes a 30° tilt of its side chain
toward the active site and a 110° rotation of the phenyl group
around the CBCry axis (Fig. 2B).

Structures of Substrates and Products Bound to the Phosphorylated
Mimic of NAMPT. NAMPT in a complex with NMN, Mg,PPi, and
BeF;™ revealed a well-defined and continuous electron density
around (N&1)H247 that was modeled as a BeFs~ (Fig. 34). A
similar geometry was found for the H247-beryllium complex with
Mg,PRPP-BzAM (Fig. 44). The (N81)H247 and 3 fluoride atoms
adopt a tetrahedral geometry around the beryllium atom, with a 1.7
to 1.8 A beryllium-nitrogen bond. This geometry closely resembles
the N-PO; geometry of N-phosphohistidine. The pyridyl and
benzamide rings are sandwiched between F193 (86) and Y18*
(al™), similar to that observed in the BeF;~-free structures (Figs.
3B and 4B). Both pyrophosphate and 5’-phosphoryl groups con-
tribute to catalytic site organization in the complex with BeF5™.
Pyrophosphate interacts with 2 magnesium ions and with arginine
and lysine residues from the loop separating the B14* and p15*
strands (Figs. 3C and 4C). The 5’-phosphate in these complexes is
bound to an oxyanion hole (383-GGG-385, 353-GDGV-356, Figs.
3C and 4C).

Although the overall binding contacts of NMN-Mg,PPi to
NAMPT with and without BeF5™ are similar, there are significant
differences. First, the distances in the reaction coordinate [N(C)/
C-1; Fig. S3¢ and S4b and OPa(O5)/C-1 Fig. S3b; Fig. 3C] shorten
by 0.3 A (d; and d, of Table 1). Second, coordination for one of the
magnesium ions differs. The water molecule in the first coordina-
tion sphere [(061)D313, O2R, O3R, OPa(0O5), OPB(OZ) and W;
Fig. S3a], which makes a contact with Mg?* at 2.0 A, is replaced by
a 1.8 A, fluoride contact, F1 (Fig. 3B). Finally, the
Mg,PRPP-BZAM complex binds to the BeFs~ form of NAMPT
with 2 Mg?* ions (Fig. 4 B and C) where, in comparison, no Mg?*
is found in the enzyme without BeF3~ (Fig. S3 ¢ and d). Two of the
fluorine atoms are positioned to form hydrogen bonds to
(N81)H247 (F2,2.9 A) and to (NQ)K400* and (N)K415* (F3, 2.6
and 2.8 A, respectively, Fig. 5). As a consequence, the loop
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Fig. 3. H247-BeF;~ human NAMPT in complex with

NMN and Mg;PPi. (A) 1.8 A 2F,-F. electron density map

contoured at 10 level around H247-BeF3~ (blue); Mg2*

atoms are depicted as gray spheres. (B) Interactions for

the NAM, ribose and BeF3~ moieties, with 2 monomers

/ presented in yellow and cyan. NMN is colored in black, Be

H24 is in lemon, and F in light blue. Blue dashed lines repre-

sent Mg2* coordination. Red spheres represent water

molecules and the olive dashed lines represent the cor-

responding hydrogen bonds involved. (C) The main in-

teractions for the diphosphate moiety. The green dashed

K423 line represents distance d, as summarized in Table 1.
Alla Produced with PyMol v 1.1.

separating the B14* and B15* strands is in a position to provide
increased stability of PRPP in the active site. The interactions
between NAMPT and PRPP are stronger when the enzyme is
activated by BeF5;~ and thermodynamic and kinetic experiments
confirm those structural observations (Fig. 1; Figs. S6 and S7).

Substrate Affinity. Direct binding studies of PRPP with the phos-
phorylated enzyme gave a K4 of 2.0 = 0.2 uM, (Fig. 1), similar to
its kinetic constant for interaction with the enzyme:-NAM complex
(K RPP = 0.63 = 0.03 uM, Fig. 1). The direct binding of NAM to
NAMPT or phospho-NAMPT is near mM in affinity. However, the
K, for NAM decreases dramatically to the nanomolar range for
phosphorylated NAMPT saturated with PRPP (6) (Fig. 1). Thus,
PRPP binding precedes binding of NAM to create a high-affinity
interaction (Fig. 1). The crystal structures reveal that phosphory-
lation of NAMPT on His-247 enhances affinity between the
enzyme and PRPP and as a result, lowers the K,,NM for the
E-P-PRPP-NAM Michaelis complex (Figs. 2, 4, and 5).

Kinetic Properties of the NAMPT-BeF;~ Complex. Formation of
(N61)H247-BeF3~ under crystallographic conditions raised the
question of whether BeF;~ might be a significant inhibitor by
preventing phosphorylation of H247 by ATP. ADP/ATP isotope
exchange experiments (6) in the presence of BeF;~ would be
inhibited if the complex of enzyme and BeF;™ is kinetically stable.
Under conditions that varied BeF;~ from 0 to 500 uM, no
significant inhibition of the isotope exchange was observed. Under
conditions for crystallography the beryllium complex mimics the
unstable, transient nature of the phosphohistidine intermediate on
the normal reaction path, but does not form an inhibitory complex
under exchange conditions.

Ribosyl Migration. Ternary reactant and product complexes with
NAMPT reveal atomic positions as the reaction progresses. This
approach has been informative in defining reaction coordinate
motion in several N-ribosyltransferases [purine nucleosidase
phoshorylase, hypoxanthine-guanine phosphoribosyltransferase,
and adenine phosphoribosyltransferase (20, 22, 23)].

Molecular overlays of the NMN-Mg,PPi and PRPP-BzAM com-
plexes from unmodified H247 human NAMPT establish that the

Fig. 4. H247-BeF;~ human NAMPT in complex with
Mg,PRPP and BzAM. (A) Final 2F,—F. electron density
map for H247-BeFs ™~ at 1.9 A. The contour level (blue) is at
10; gray spheres correspond to Mg?* atoms. (B) Interac-
tions for the BzAM, ribose and BeF;~ moieties. The 2
monomers are depicted in yellow and cyan, while
PRPP-BzAM is colored in black, Be is in lemon, and F
represented in light blue. Blue dashed lines represent the
Mg?* coordination while the green dashed line repre-
sents distance dq as summarized in Table 1. Water mole-
cules and the corresponding hydrogen bonds are de-
picted as red spheres and olive dashed lines, respectively.
() Interactions for the diphosphate moiety. Produced
with PyMol v 1.1.
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Table 1. Atomic excursions observed in the four NAMPT complexes

Human NAMPT

N(C) dqi* C-1 dy* OP«a(0O5) 5PO ds* dg*
NMN-PPi 1.5 3.5 3.5 3.0
Reaction (1) 0.4%; —8% 2.2 0.7; —25 0.3
PRPP-BzZAM 3.8 1.5 2.4 2.7
PRPP-BzAM (Be) 3.6 1.5 2.3 2.7
Reaction (I1) 0.7; 12 1.8 0.3; 11 0.2
NMN-PPi (Be) 1.5 3.2 3.7 2.9

*Distances d1, dy, d3, and dg are linear atomic distances in angstroms as depicted in Fig. 5.
Distances are linear interatomic distances changes in angstroms.
*Angles are tilts in degrees of the corresponding atom; a positive value reflects a tilt inside the active site.

major atomic motion of catalytic site reactants involves translation
of the C-1 portion of the ribosyl ring. In contrast, the base (NAM,
BzAM), the 5S-monophosphate and the PPi moiety remain relatively
fixed in position (Fig. 64, Table 1).

A comparison of reaction coordinate motion can also be made
between unmodified and the (N61)H247-BeF;~ forms of NAMPT.
With H247 unmodified NAMPT, the atomic positions reveal that
the ribosyl C-1 excursion from substrates to the products is 2.2 A.
In the BeF;™ form of the enzyme the C-1 anomeric carbon migrates
1.8 A upon conversion of reactants to products (Fig. 6B, Table 1).
‘While PRPP is bound in the same conformation in both structures,
the sugar pucker of bound NMN differs, revealing a 24° tilt of the
ribosyl ring oxygen C-1/O4R/C-4 toward the ribosyl 2'- and 3’-Hs
in BeF3 -modified NAMPT. The ribosyl ring oxygen of NMN
(O4R) in unmodified NAMPT is sandwiched between the oxygens
of the incipient PPi nucleophile [OP«(O5)] and of the 5'-phosphate
(O5R) with distances of 3.5 and 3.0 A, respectively, for these
electron-rich centers (d; and d4, Table 1). In the BeFs~ form of
NAMPT the distance from C-1 to the PPi moiety is marginally
longer (d3 = 3.7 A) but the interaction between the ring O4R
oxygen and the lone pairs of OSR are not significantly changed from
the unmodified enzyme (3.0 and 2.9 A, respectively).

Discussion

Significance of NAMPT. The NAMPT protein has been reported to
have several distinct biological roles. As visfatin, it is proposed to
interact with insulin receptors as an adipokine. As PBEF (pre-B cell
enhancing factor), it acts as a novel cytokine to stimulate early
B-lineage precursor cells (24). As a nicotinamide phosphoribosyl-
transferase, it recycles nicotinamide to NAD™* for its essential roles
in metabolism and cell regulatory pathways. NAMPT inhibition is

o Kalp

Fig.5. Interaction between (N§1)H247-BeF;~ and the neighboring residues
(cross-eye stereo representation). The structure of one monomer is in yellow,
the other isin cyan, PRPP-BzAM is in black, Be isin lemon, and Fis in light blue.
Blue dashed lines represent Mg?* interactions with PRPP and BeFs3~, olive
dashed lines represent interatomic distances L;, Ly, and L3 and green dashed
lines represent distances dy, dy, d3, and d4 as summarized in Table 1. Produced
with PyMol v 1.1.
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reported to have antiproliferative activity and FK866 is a nanomo-
lar inhibitor in clinical trials as an anticancer agent. Despite its
biological significance, the mechanistic link to structure was not
previously defined. The structure of the covalent high-energy
phosphohistidine species, disposition of the ATP and 5-phospho-
ribosyl 1-pyrophosphate binding sites, and mechanism of activation
by formation of the phosphohistidine were unknown at the outset
of this study.

Prokaryotes and lower eukaryotes (3, 25, 26), deamidate NAM
to NA for recycling, but in mammals, NAMPT is the only path for
NAM salvage. Reactions including ADP-ribosylations and NAD™*-
linked deacetylations can deplete the NAD™ pool by cleaving the
N-ribosyl bound to NAM (1-4). NAMPT, when phosphorylated at
H247, is a highly efficient scavenger of free NAM by virtue of its
5nM K, and its catalytic efficiency of 1.8 X 10° M~ s~! (6). These
kinetic properties ensure that nanomolar concentrations of this
vitamin will be recycled to constantly restore the NAD™ pool.
Inhibition of NAMPT activity (10, 17) causes low levels of cellular
NAD", a decrease of SIRT1 activity and induction of cell senes-
cence (8). The link of NAMPT to the NAD* pool, cell lifespan, and
cellular senescence make this enzyme an important target for cell
lifespan and cancer research.

ATPase and Phosphotransferase Functions Share a Common Site. The
activation of NAMPT by ATP hydrolysis has suggested that phos-
phorylation on a conserved histidine is a common catalytic feature
for the pyridine phosphoribosyltransferases (6, 11, 15). In the

\ }

I‘ /H247

Ao B

Fig. 6. Ribosyl migration during NMN synthesis catalyzed by human NAMPT.
(A) Superimposition of PRPP-BzAM (yellow, with structure in black) and
NMN-Mg,PPi (cyan, with structure in gray) complexes in the active site of the
H247-unmodified human NAMPT. Mg?* atoms are depicted as gray spheres. The
red dashed line represents the interatomic distance between C-1 in reactants and
C-1 in products. (B) Superimposition of the Mg,PRPP-BzAM (yellow, with struc-
ture in black) and NMN-Mg;PPi (cyan, with structure in gray) complexes in the
active site of the H247-BeF;~ complex of human NAMPT. Mg2* atoms are de-
picted as black and gray spheres (with respect to the corresponding structure) and
the red dashed line represents the interatomic distance between C-1in reactants
and C-1 in products. Produced with PyMol v 1.1.
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presence of Mg?>™ and ATP, NAMPT undergoes a fast, near
quantitative phosphorylation (6). Phospho-NAMPT is approxi-
mately 3 orders of magnitude more active than unphosphorylated
enzyme. Structures of the NAMPT-AMPcP complex show the
binding of adenine nucleotides in proximity to H247. Occupation of
the same ribosyl binding site by both AMPcP and PRPP requires
sequential H247 phosphorylation and phosphoribosyltransferase
activities (Figs. 1 and 2B). Kinetically, ADP/ATP isotope exchange
occurs without the other reactants (6). This structural arrangement
explains the inhibition of ADP/ATP exchange reactions in the presence
of PRPP and/or PPi (6). Likewise, the ribosyl site overlap explains the
inhibition of NMN synthesis observed at high ATP concentrations,
even though ATP is required to activate the enzyme.

The conformation of AMPcP bound to NAMPT would place the
v-phosphate of ATP in a position to phosphorylate H247 with a
130° rotation of the B-phosphate group around the CHy/a-
phosphate bond. Subsequent release of ADP is then required to
permit binding of PRPP. The reaction scheme for NAMPT is
sequential with (/) ATP binding, (ii) H247 phosphorylation, (iif)
ADP release, (iv) PRPP binding, (v) NAM binding, and (vi) the
chemical step. The stoichiometry of ATP hydrolyzed to NMN
formed is always >1.0 in vitro, a consequence of some phosphor-
ylated enzyme being hydrolyzed before NMN is formed (Fig. 1).

BeF;~ as a Mimic Phospho-H247. Crystallization of NAMPT with
substrates or products in the presence of beryllium fluoride pro-
vided a structural mimic of the active enzyme with phospho-H247.
Phospho-H247 is a high-energy complex (—9.2 kcal mol™! for
hydrolysis) with a short lifetime (6). Two X-ray data sets with BeF5~
exhibit continuous electron density that is readily modeled as a
tetrahedral species formed between the (N61)H247 and BeF;™
(Figs. 34 and 4A4). New protein interactions are observed in the
vicinity of the H247-BeF; ™ moiety (Fig. 5). Although this complex
of BeF;~ with H247 is not a chemically stable inhibitory species, it
provides a structural model for the phosphorylated NAMPT (Fig.
5).

Structural Mechanism of Phospho-H247 Activation. By coupling ATP
hydrolysis to NMN synthesis, the catalytic efficiency of the system
is increased by ~10° and the chemical equilibrium shifted toward
NMN as long as ATP is being hydrolyzed (6). Although the kinetic
and thermodynamic consequences of the ATPase activity are
known, the structural mechanisms underlying the coupling of
phosphohistidine formation to the phosphoribosyltransferase rate
and the chemical equilibrium were unknown. Interactions provided
by (N61)H247-BeF;~ together with the pyrophosphate group
stabilize the K375, R385 loop that links 814* and 815* in human
NAMPT. This loop is disorganized in the apo enzyme and when
organized, is integrated into the active site. Phosphorylated histi-
dine provides a new structural element that contributes to higher
affinity between PRPP and the phosphorylated enzyme (Fig. 5).
The presence of (N61)H247-BeF;~ (and by extrapolation, the
histidyl phosphate), is not essential for loop closure as the loop is
also closed for NMN synthesis when H247 is not modified (Fig. S3).
However, the phosphorylated enzyme strengthens the interactions
between the two monomers forming the catalytic site (hydrogen
bonds between fluoride atoms, from H247-BeF;~, and K400* and
K415*, Fig. 5) and provides stronger affinity for PRPP. While
NAM alone binds weakly to the enzyme, a K4/Kn, change of 160,000
results from the structural modifications between the complexes
E-PRPP and E-P-PRPP where E-P-PRPP allows efficient synthesis
of NMN (Fig. 1). Formation of a ribocationic transition state to
permit ribosyl migration during the reaction coordinate would also
be favored by the additional negative charge arising from the vicinal
phosphohistidine (15). However, the F to C-1 distances of 4.0 and
4.7 A would provide only weak electrostatic stabilization of an
oxacarbenium by the histidyl phosphate, until these distances were
reduced by reaction coordinate motion.
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Disposition of the Ribosyl Group. The ribose moicties of bound NMN
and PRPP show considerable differences in sugar pucker near C-1.
The BeF;7-NAMPT structures suggest that PRPP binds in a
half-chair conformation and is converted to an envelope confor-
mation in the NMN product (Fig. 6B). The reaction coordinate
motion for BeF3-NAMPT involves a 1.8 A excursion of the ribosyl
anomeric carbon and is consistent with the enzymatic mechanism
of nucleophilic substitution by electrophile migration (23). The
transferase reaction catalyzed by human NAMPT, like other phos-
phoribosyltransferase reactions, involves a nucleophilic substitution
in which NAM and PPi are held tightly to the active site, and the
C-1 carbon translocates between those 2 relatively immobile nu-
cleophiles during catalysis. This mechanism requires the formation
of a ribocationic transition state at some point in the reaction
coordinate, supporting an Sy1 mechanism. The mechanism for
physiological activation as a consequence of forming phospho-His-
247 permits the enzyme system to be saturated at low concentra-
tions of NAM. Small changes in distances in the reaction coordinate
also have large effects in catalysis, and may account for the
activation of NAMPT when phosphorylated at H247. Thus, in
His-unmodified NAMPT the C-1 excursion from PRPP to NAM
is 2.2 A while this reaction coordinate distance is reduced to 1.8 A
in the activated enzyme.

Binding of the Pyrophosphate. Like other phosphoribosyltransferases
(20, 27), arginine and lysine residues form ion pairs to pyrophos-
phate at the catalytic site. One of the Mg?* ions reduces the
negative charge and links pyrophosphate to the active site and to the
ribosyl group by interactions with (081)D313, (F)BeF;~, O2R,
O3R, OPa(O5), and OPB(02). The octahedral coordination in-
cludes participation of the 2'-OH in the coordination. An important
role for this interaction is suggested by the weak inhibition of
NAMPT by a 2'-deoxyribocationic analogue of NMN [5P-
DADMe-NMN (6)].

Summary of Catalytic Site Features. Both ATPase and the NAM-
PRPP transferase substrates for NAMPT sequentially share the
same active site. The chemical instability of phospho-H247 leads to
some premature hydrolysis of the complex and explains the inher-
ent excess stoichiometry of ATP hydrolysis to NMN synthesis. This
structural overlap also explains inhibition of ATPase by excess
NMN and inhibition of NMN formation by excess ATP. Despite the
“musical chairs” nature of the catalytic site, the energetic coupling
between ATPase and transferase reactions permits NAMPT to
catalyze a thermodynamically favorable capture of NAM and
efficient NMN synthesis. The enzyme couples only a small portion
of the energy provided by chemical hydrolysis of ATP toward the
chemical equilibrium. Thus, H247 phosphorylation contributes
more than the primary chemical energy. Phosphorylated H247
serves as a hydrogen-bonding link where the modified residue alters
the monomers to create the catalytic site into a preferential
arrangement to provide higher affinity between the modified
enzyme and PRPP. The resulting E-P-PRPP complex provides a
more efficient synthesis of NMN from NAM. Crystallization of the
enzyme with beryllium fluoride provided unprecedented informa-
tion on the tetrahedral complex of BeF;™-H247 as a mimic of
histidyl phosphate. Finally, the structures permit description of
nucleophilic displacement by electrophile migration to define the
reaction coordinate motion.

Materials and Methods

Protein Expression and Purification. The protocol was previously described (6)
(S/ Text).

Protein Crystallization. Crystals of human NAMPT were grown by sitting drop
vapor diffusion at 18 °C. The initial crystallization condition (25% PEG 3350, 100
mM Tris pH 8.5 and 200 mM sodium chloride) was identified using Hampton
Research Index HT screening. The final optimized condition used a 2:1 ratio of
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protein (5 mg mL~") to the crystallization buffer (15% PEG 3350, 100 mM Tris pH
8.5, 200 mM sodium chloride, and 20% glycerol). Condensed clusters of thin
plate-shaped crystals were obtained from the optimized crystallization condi-
tion. Single crystals were obtained using microseeding and were frozen in liquid
nitrogen.

Crystals of human NAMPT in complex with AMPcP were obtained by co-
crystallizing the enzyme in the presence of 30 mM AMPcP and using the same
conditions described above.

H247 unmodified and BeF3~-H247 human NAMPT in complex with PRPP and
BzAM were obtained at 18 °C by soaking methods. Crystals for PRPP and BzAM
bound to human NAMPT were soaked in the crystallization buffer supplied with
PRPP, BzAM, and MgCl, (5 mM each) before flash-freezing. In a similar way,
crystals of the BeF3~ complex were obtained by soaking for at least 5 hours, native
human NAMPT crystals in the crystallization buffer containing: 5 mM BeCl,, 30
mM NaF, 5 mM MgCl,, 5 mM PRPP, and 5 mM BzAM.

H247 unmodified and H247-BeF3~ human NAMPT in complex with NMN and
PPi were obtained at 18 °C by soaking methods. The crystals used to characterize
NMN and Mg,PPi bound to human NAMPT were soaked in crystallization buffer
containing NMN, PPi, and MgCl, (5 mM each) before flash-freezing. Likewise,
crystals of H247-BeF3;~ enzyme were obtained by soaking, for at least 5 hours,
native human NAMPT crystals in the crystallization buffer supplied with 5 mM
BeCl,, 30 mM NaF, 5 mM MgCly, 5 mM NMN, and 5 mM PPi.

Data Collection and Processing. X-Ray diffraction data were collected at the X29A
beamline of Brookhaven National Laboratory on an ADSC Q315 detector at 100
K and processed with the HKL2000 program suite (28). The data processing
statistics are summarized in Table S1.

Structure Determination and Refinement. The structures of all liganded human
NAMPT were determined by molecular replacement in Molrep (29) using the
published structure of human NAMPT [2GVL (11)] as the search model. The
models without any ligand were first rebuilt in COOT (30) and refined in
Refmac5 (31). The ligands were built in COOT using the F,—F. map and refined
in Refmac5. Mg?* positions were confirmed by the anomalous difference
Fourier map calculated from Mn2* substituted crystal (Fig. S5). Apo crystals of
NAMPT were soaked with 5 mM BeCl,, 30 mM NaF, 5 mM PPi, 5mM NMM, and
5mM MnCl; for 5 h. Diffraction data for a crystal of the resulting complex were
collected at an X-ray wavelength of 1.743 A to a resolution of 2.2 A. Sigma
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weighted 2mF,—DF. phases were generated by minimization of the NAMPT
coordinates (PDB code 3DHF) against this data set. Anomalous difference
Fourier synthesis at 3 A revealed 2 peaks of each NAMPT subunit (14.4¢ and
150 of subunit A and 15.5¢ and 16.5¢ of subunit B, Fig. S5) in the immediate
vicinity of the Mg sites modeled in the original structure, consistent with
replacement of Mg by Mn. All of the final models were validated by Procheck
(32). The refinement statistics are summarized in Table S1.

ADP/ATP Isotope Exchange Assay. The protocol is similar to the one previously
described (6) (S/ Text).

Substrates Affinities with NAMPT and Phosphorylated NAMPT. Dissociation con-
stants (Kq) for NAM were determined by ultrafiltration. Nicotinamide (120 to
3800 M) was incubated in buffer (50 mM Hepes, 100 mM KCl, 5mM MgCl,, 1 mM
THP, pH 7.5, supplied with 200,000 cpm [CONH,-"*CINAM, with or without 3.6
mM MgATP, at 25 °C) inside ultrafiltration units (Millipore, Biomax UltraFree 0.5
mL centrifugal filter, 10 KD NMWL). NAMPT was added to a 300-uM final
concentration. After mixing, 25 uL of solution (upper sample) was collected and
added to a scintillation vial containing 1 mL of water. The remaining 75 pL of
solution from each ultrafiltration unit were spun down (4 min, 10,000 rpm). After
mixing, 25 uL of filtrate (lower sample) was collected and added to a scintillation
vial containing 1 mL of water. Scintillation liquid was added to each vial (10 mL)
and radioactivity was assayed for 10 min. Data analysis from the upper and lower
parts allows determination of the Ky (Fig. S6). The affinity for PRPP and the
phosphorylated NAMPT was assayed by fluorescence (\EX = 288 nm, AE™ = 330 nm
with Slitex = 2.5, SIitEm = 2.5). The enzyme (2 uM) was dissolved in buffer (50 mM
Hepes, 100 mM KCl, 5 mM MgCl,, 2.5 mM MgATP, 1 mM THP, pH 7.5, 25 °C).
Successive additions of PRPP (final concentration 130 uM) allow titration of
NAMPT followed by increase of fluorescence emission. Data analysis provides the
corresponding Ky value (Fig. S7).
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