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All cells require sustained intracellular energy flux, which
is driven by redox chemistry at the subcellular level. NAD�,
its phosphorylated variant NAD(P)�, and its reduced forms
NAD(P)/NAD(P)H are all redox cofactors with key ro-
les in energy metabolism and are substrates for several
NAD-consuming enzymes (e.g. poly(ADP-ribose) polymerases,
sirtuins, and others). The nicotinamide salvage pathway,
constituted by nicotinamide mononucleotide adenylyltrans-
ferase (NMNAT) and nicotinamide phosphoribosyltransferase
(NAMPT), mainly replenishes NAD� in eukaryotes. However,
unlike NMNAT1, NAMPT is not known to be a nuclear protein,
prompting the question of how the nuclear NAD� pool is main-
tained and how it is replenished upon NAD� consumption. In
the present work, using human and murine cells; immunopre-
cipitation, pulldown, and surface plasmon resonance assays;
and immunofluorescence, small-angle X-ray scattering, and
MS-based analyses, we report that GAPDH andNAMPT form a
stable complex that is essential for nuclear translocation of
NAMPT. This translocation furnishesNMN to replenishNAD�

to compensate for the activation of NAD-consuming enzymes
by stressful stimuli induced by exposure to H2O2 or S-nitroso-

glutathione andDNAdamage inducers. These results indicate
that by forming a complex with GAPDH, NAMPT can trans-
locate to the nucleus and thereby sustain the stress-induced
NMN/NAD� salvage pathway.

All cells require sustained and incessant fluxes of energy,
which are accomplished through complex redox chemistry per-
formed at the subcellular level. In this, pyridine dinucleotides
(NAD�/NADH and NADP�/NADPH) are key players, em-
ployed in at least 488 human metabolic reactions (1). The
diversemetabolic functions of pyridine nucleotides are possible
due to the specificity and compartmentalization of cellular
enzymes that utilize them (2). Pyridine nucleotides regulate
basalmetabolism through their co-enzymatic function in redox
reactions underlying essential bioenergetic pathways (3). How-
ever, they are also intimately involved in signaling pathways
(2–5). NAD� is a rate-limiting substrate for mono- and poly-
ADP-ribose transferases (includingpoly(ADP-ribose) polymer-
ases; PARPs)4 (6), cyclic ADP-ribose synthases (CD38 and
CD157) (7), SARM1 (8), and sirtuins (9). The above sustain the
need of a continuous regeneration of NAD� cofactor to rapidly
restore the functionality of NAD-consuming enzymes (10). In
this context, the nicotinamide-salvaging biosynthetic route
appears to be themain contributor tomaintaining NADhome-
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ostasis (11, 12). Nicotinamide phosphoribosyltransferase
(NAMPT, PBEF, visfatin, EC 2.7.7.1) is the rate-limiting
enzyme of this pathway and catalyzes the production of NMN
from nicotinamide and phosphoribosyl pyrophosphate in the
cytosol (13, 14). Then NMN is converted into NAD� by nico-
tinamide mononucleotide adenylyltransferase (NMNAT),
which exists in three different isoforms: nuclear (NMNAT1),
cytosolic (NMNAT2), and mitochondrial (NMNAT3) (15).
Given its rate-limiting role, both cellular NAD� levels and the
activity of NAD-consuming enzymes are indirectly controlled
byNAMPT that exists as an intracellular and extracellular form
(16, 17). The intracellular localization of NAMPT is cytosolic,
although there are reports that it may also be localized in the
nucleus (18, 19) and in the mitochondria (20). Interestingly,
Svoboda et al. (19) have recently demonstrated that the pres-
ence of NAMPT in the nucleus is strictly dependent on the cell
cycle, suggesting that there is a need for nuclear NAD�
surges for cell proliferation. Moreover, the presence of
PARPs and sirtuins implies that nuclear NAD� replenish-
ment is required, bypassing the topological paradox by
which NMNAT1 and NAMPT are segregated by the nuclear
envelope. Whereas it is likely that NMN may diffuse to the
nucleus, it would appear counterintuitive that the enzymes of
the salvage pathway are separated by the nuclear envelope.
In the present work, we show that glyceraldehyde-3-phos-

phate dehydrogenase (GAPDH; EC 1.2.1.12) shuttles NAMPT
to the nucleus in stress conditions, providing themechanismby
which cells are able to produce NMN in different compart-
ments tomaintain NAD homeostasis but also contributing fur-
ther evidence that GAPDH is significantly more than just a
housekeeping glycolytic enzyme (21).

Results

NAMPT and GAPDH interact in cells, forming a stable complex

To selectively capture NAMPT tight interactors from cells,
we generated amicrobead system built up on a potent NAMPT
inhibitor, UG1006, with an IC50 of �200 nM on the recombi-

nant protein, conjugated to Sepharose beads (supporting infor-
mation). We observed that, in B16 murine melanoma cell
lysate, the eluate of UG1006-coupled beads contained both
NAMPT and GAPDH. This occurred in stringent salt condi-
tions (250 mM to 1 M NaCl) and did not occur when uncoupled
control beads were used (Fig. 1a). To investigate this, we per-
formed immunoprecipitations (IP) with �NAMPT, �GAPDH,
or �FLAG in B16 cell lysates overexpressing FLAG-NAMPT.
As shown in Fig. 1b, �GAPDH pulled down NAMPT and
�NAMPT, and �FLAG pulled down GAPDH. Superimposable
results were obtained using three different commercial
�NAMPTand twodifferent�GAPDH (data not shown).More-
over, shotgun proteomics LC-MS/MS analysis of the proteins
immunoprecipitated by an�GFP in lysates fromB16 cells over-
expressing GFP-NAMPT confirmed the presence of GAPDH
with 25 MS/MS spectral counts. Control antibodies, such as
Bcl10 andHSP90, did not pull down eitherGAPDHorNAMPT
in B16 lysates. Given that B16 cells are melanoma cells, we also
analyzed whether the interaction occurred in primary cells of
the same origin. Inmelanocytes, we did not appreciate the same
intensity of complex formation (Fig. 1c). We also tested
whether the complex occurred in other tumoral cells. The com-
plex is evident in astroglioma (1321-N1) and glioblastoma
(U87) cell lines (Fig. 1d), and again it is significantly less evident
in primary human astrocytes (hASTRO). Last, we tested three
epithelial cancer cell lines (HCT116, HeLa, and U2OS cells),
and the complex was again significantly more intense com-
pared with epithelial HEK293T cells (Fig. 1e). The complex
formation is therefore generalizable in eukaryotic cells.
Whereas our data might also suggest that NAMPT/GAPDH
overexpression and/or some specific tumoral conditions
might influence the complex formation, this cannot be
ascertained at present.
To determinewhether therewas a direct interaction between

GAPDH and NAMPT, we produced a recombinant NAMPT
bearing a His6 tag and a GAPDH protein bearing an easily
removable GST tag. Pulldown experiments using these recom-

Figure 1. NAMPT interacts with GAPDH in cells. a, affinity chromatography with UG1006-conjugated beads pulled down NAMPT and GAPDH in B16
melanoma cells in stringent salt concentrations. b, IP with mouse �NAMPT or �GAPDH immunoprecipitated GAPDH or NAMPT, respectively, revealed with
�Rabbit, in B16 cells. The last lane represents an IP with �FLAG-conjugated beads in B16 overexpressing FLAG-NAMPT. c, IP with �NAMPT in human adult
melanocytes versus B16 melanoma cells. d, IP with �NAMPT in human fetal astrocytes (hASTRO) versus human astrocytoma cells (1321-N1) and human
glioblastoma cells (U87). e, IP with �NAMPT in the indicated cell lines. IB, immunoblotting.
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binant enzymes confirmed the interaction, both by Western
blotting and by silver staining (Fig. S1a). A single-cycle surface
plasmon resonance (SPR) kinetics experiment was then carried
out, in which the His-tagged NAMPT protein was captured as
ligand via an anti-His antibody, and GAPDH was injected as
analyte at five different concentrations (i.e. 0.12–10 �M). The
resulting sensorgram after double-referencing, subtraction of
signal fromFc1, reference surface, and “zero sample concentra-
tion” control cycle, was fitted according to a 1:1 binding mode
and, despite the low signal in terms of resonance units, gave a
KD value of 9.7 nM (Fig. 2a). The reliability of the kinetic con-
stants calculated by assuming a 1:1 binding model is supported
by the quality assessment indicator values, �2 of 0.358 and
U-value of 12. To confirm this, we performed a multiple-cycle
kinetic SPR experiment using GAPDH as bait, directly immo-
bilized onto a sensor chip via amine coupling, and NAMPT as
analyte in a concentration range closer to the KD value calcu-
lated in the previous experimental session (1–100 nM). The cal-
culated KD of 7.8 nM was superimposable to the previous SPR
analysis (Fig. 2b).
These data confirm that NAMPT and GAPDH interact in

cells, that this interaction is direct, and that the two proteins
show high affinity for the complex.

The complex assembly corresponds to a heterotrimeric
NAMPT2-GAPDH oligomer

In the cytosol, NAMPT is a functional dimer (22), and
GAPDH is usually a homotetramer (23). However, GAPDHhas
been shown to have different oligomeric states according to the
functions it exerts. For example, it regulates the cytoskeletal
dynamics in the cytosol by interacting with actin and tubulin as
a monomer (24), it associates with voltage-dependent anion
channel 1 (VDAC1) in themitochondria in the dimeric or tetra-
meric conformation (21), and it is found in the nucleus as a
monomer (25). To understand the oligomeric assembly of the
complex, we used pure and homogeneous preparations of both
enzymes in size-exclusion chromatography (SEC) co-fraction-
ation experiments. SDS-PAGE analysis of the SEC fractions
showed that the two proteins co-elute from the column in a
single broad peak, at an elution volume that corresponds to a
140-kDa molecular mass and a Stokes radius (RS) of 41.8 Å
(Fig. 2c). This molecular weight, which is not compatible
with NAMPT2-GAPDH4, indicates a different oligomeric
rearrangement.
We next performed small-angle X-ray scattering (SAXS)

experiments on the NAMPT-GAPDH complex in solution. To
this end, we measured the scattering from the complex by

Figure 2. Biochemical and structural analysis of the NAMPT-GAPDH complex. a, SPR-based single-cycle kinetics analysis of NAMPT-GAPDH interaction.
0.12, 0.37, 1.11, 3.33, and 10 �M GAPDH solutions were injected onto a CM5 chip coated with NAMPT protein immobilized through an anti-His antibody. b,
steady-state affinity analysis of SPR-basedmultiple-cycle kinetics ofGAPDH-NAMPT interaction. 1.2, 3.7, 11, 33, and100nMNAMPTsolutionswere injectedonto
a CM5 chip coated with GAPDH protein immobilized through amine coupling. c, SEC chromatogram and relative SDS-PAGE analysis of the eluted fractions
corresponding to the peak of the absorbance at 280 nm. d, left, surface representationof themodel of NAMPT2-GAPDH complex.Center, superimposition of the
NAMPT2-GAPDH cartoon onto the SAXS-derived surface model (calculated from the ab initio DAMFILT model and shown in gray). Right, scattering curves
calculatedon themodel (green) comparedwith the experimental curve (red, shown in the inset) and the table indicating the forward scattering intensities, radii
of gyration, and maximal particle dimensions determined from Guinier analysis and the pair distribution function.
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recording 10 exposures of 1 s each on the sample concentrated
at 1.15 mg/ml. The comparison of the 10 scattering curves of
each sample did not reveal radiation-induced damage, and all of
the traces juxtaposedwith no outliers. TheGuinier plot and the
correspondent residual analysis in the Guinier region 1 (Fig.
S1b) revealed that the preparations were not affected by aggre-
gation phenomena and/or interparticle interference. The anal-
ysis of the pair distribution curve highlighted that the ratio
between the Rg, calculated by SAXS (33.6 Å) and the RS, calcu-
lated by SEC (41.8 Å), corresponded to 0.80, indicating that the
complex adopts a globular shape in solution (Rg/RS � 1). The
shape did not superimpose to the shape of the two single pro-
teins alone (data not shown), whereas it resembled a dimer of
NAMPT and a monomeric unit of GAPDH (NAMPT2-
GAPDH), in full accord with the weight estimated in SEC.
Having ascertained the stoichiometric ratio, we then investi-

gated whether the activity of the two enzymes recruited in the
complex varied. As described in Table 1, we did not detect any
significant difference in the kinetic parameters of NAMPT in
the presence or absence of GAPDH, in accord with the fact that
NAMPT remains a dimer.WhenGAPDHactivitywas assessed,
instead, we observed a reduction in the catalytic efficiency,
which might be attributable to the change in oligomerization
(Table 1 and Fig. S9).

Identification of the binding interface between NAMPT2-
GAPDH complex

Wenextmodeled the organization of the complex to identify
the interface by using the homodimeric structure of NAMPT
(ProteinData Bank (PDB) code 5U2M) (22) and themonomeric
structure of GAPDH (PDB code 5C7I) (23). The docking sim-
ulation was performed using the Haddock web server (26).
Because we had no information about the regions or amino
acids of either NAMPT or GAPDH directly involved in the
formation of the complex, we used the C-Port predictor (27) to
obtain a well-defined group of residues to drive the Haddock
runs. The different NAMPT2-GAPDH complexes obtained
through the docking approach were ranked based on the Had-
dock score, which represents a binding free energy–like value
(see supporting information). The three-dimensional structure
of the complex with the best haddock score was selected for
further analyses (Fig. 2d). The ATSAS software demonstrated
good agreement, with a � of 5.93, between the modeled com-
plex and the experimental data comprising the scattering curve
and the Rg value determined by SAXS (Fig. 2d and Fig. S1b). In

the modeled complex, GAPDH lies at the level of the interface
between the two monomers of NAMPT, establishing a signifi-
cant number of contacts mainly involving a poorly structured
region composed of flexible loops exposed on the surface of the
protein. More specifically, as shown in Fig. 3a, the monomer A
of NAMPT participates in the complex with three different
regions: Glu38–Gly61 (red), Lys389–Lys400 (cyan) and Phe414–
Arg429 (magenta). The loop between residues Ser382 and Leu395
(yellow) of monomer B stabilizes the crave forming the binding
region. Interestingly, the Glu38–Gly61 region includes a struc-
turally unresolved loop of NAMPT, whose function has
recently been investigated (28) and in which the stretch from
amino acid 42 to 51 contributes to the nicotinamide binding.
We therefore decided to evaluate the effect of nicotinamide,
alongside glyceraldehyde 3-phosphate (G3P), NMN, and
NADH, on the stability of the complex. Whereas NMN or
NADH had a weak effect on the complex, both nicotinamide
andG3P seemed to positively contribute to the complex forma-
tion (Fig. S1c). This might be the consequence of the fact that
dynamic and unstructured loops are characterized by high flex-
ibility in the ligand-free conformation, whereas the ligand-
bound form undergoes less prominent structural changes (29).
We then tested the model by designing interfering peptides

based on the GAPDH residues that are putatively located at the
binding interface. Peptide G1 was designed based on a broad
loop between Ala178 and Ile204. More specifically, it is con-
structed joining noncontiguous sequences predicted to be at
the interface (TVDGDWRGGRG; zoom-in in Fig. 3a, green
loop). SPR analysis showed that G1 bound His-NAMPT with a
KD value of 21.6 �M, showing a biphasic binding behavior dur-
ing the association step (Fig. 3b). Despite the low affinity, G1
allowed us to sustain the reliability of our complex model. In
order to validate the G1 peptide, we analyzed the complex pre-
incubated with G1 in SEC. The elution profile showed the pres-
ence of two distinct peaks, indicating that G1 was able to per-
turb the complex (Fig. 3c). We also attempted to use a peptide
that encompassed positions His201–Ala211 (G2 � HQNI-
IPSSTGA) or extending the regions of interface of G1 (G3 �
TVDGPSKKDWRGGRGAHQNI; G4 � TVDGDWRGGR-
GAHQNIIPSSTGA), but these latter peptides showed lower
affinities (KD� 500 �M).
In parallel, we cross-linked recombinant His-NAMPT and

GAPDH with disuccinimidyl suberate, alone or in complex at
different ratios, andwe ran the samples on SDS-polyacrylamide
gels. We observed the formation of different oligomeric states
of the proteins, and we selected the bands corresponding to
120–160 kDa on the basis of previous size-exclusion chroma-
tography (Fig. S1d). We digested them with trypsin prior to
cross-linked (XL) LC-MS/MS analysis to identify the putative
cross-linked interfaces. We were able to identify nine cross-
linked NAMPT and GAPDH peptides that validated the dock-
ing model (Fig. 3d and Fig. S1e). Interestingly, one cross-linked
interface between NAMPT and GAPDH, highlighted in red in
Fig. 3d, is located in the same amino acid zone used to synthe-
tize the G1 peptide.
To validate the disposition of NAMPT in our model, we

decided to investigate two mutants of NAMPT: 2xMut
NAMPT, in which Lys42 and Lys48 were substituted with an

Table 1
Kineticsparameters for the reactionofNAMPT,NAMPT5X, andGAPDH
in their free form and in NAMPT2::GAPDH complex, at the indicated
concentration, respectively
All experiments were performed in triplicate. All data are expressed as the mean�
S.D.

Km Vmax Kcat

�M nmol/min min�1

NAMPTwt 4.47� 0.80 0.164� 0.01 117.14
NAMPT5xMut 4.77� 0.81 0.198� 0.006 141.42
NAMPTwt::GAPDH 6.87� 0.58 0.163� 0.009 116.42
NAMPT5xMut::GAPDH 5.26� 0.77 0.169� 0.008 120.71
GAPDH 118� 30 0.031� 3.4e� 3 126.80
GAPDH::NAMPTwt 78� 11 0.018� 9.9e� 4 72.40
GAPDH::NAMPT5xMut 67� 18 0.029� 2.7e� 3 116.00
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alanine, and 5xMut NAMPT characterized by the following
site-directed mutagenesis: K42A, K43A, K48A, K51A, and
R50A. Indeed, XL LC-MS/MS analysis and our model showed
that Lys48 ofNAMPT is a crucial residue forNAMPT2-GAPDH
binding. As shown in Fig. 3a, it is located on the surface loop,
represented in red, and interacts with the residues present on
the GAPDH surface loop (green). In addition, Lys48 is located
far from the catalytic site and might not be involved in the
enzymatic activity. The other residues were chosen as they are
located in the same loop in proximity to Lys48. SEC analysis
showed that both 2xMut NAMPT and 5xMut NAMPT eluted
at an exclusion volume comparable with that calculated for the
WT protein, showing that the point mutations did not affect

the dimeric quaternary structure (Fig. S2a). In addition, these
two NAMPT mutants retained the same enzymatic activity of
the WT form (Fig. S2b and Table 1). When recombinant GST-
GAPDH was immobilized on GST-resin and incubated with
His-NAMPT (WT or mutated), both 2xMut NAMPT and
5xMut NAMPT showed a lower ability to bind to GAPDH. In
particular, the 5xMut NAMPT showed the lower response in
terms of binding to GAPDH in the pulldown experiments (Fig.
S2c). In good agreement, SEC-based analysis revealed that
5xMut NAMPT shows lower capability to form a stable com-
plex with GAPDH (Fig. S2d). Last, 5xMut NAMPTwas charac-
terized by a 3-fold lower affinity toward GAPDH with a KD of
interaction of 21.2 nM, as determined by SPR (Fig. 3e). In the

Figure 3. Identification of binding interface between NAMPT and GAPDH. a, highlighted loops of the binding interface in the docking model of the
complex. Monomer A of NAMPT participates in NAMPT2-GAPDH with three different regions: Glu38–Gly61 (red), Lys389–Lys400 (cyan), and Phe414–Arg429

(magenta). Monomer B of NAMPT participates with the loop between residues Ser382 and Leu395 (yellow). b, SPR-based single-cycle kinetics analysis of the
interaction between NAMPT, immobilized onto a CM5 chip through an anti-His antibody, and the peptide G1. The G1 peptide was tested at five different
concentrations from 300�M to 3.7�M. c, SEC analysis of the complex alone (black) or the complex preincubated for 30min at 4 °C with 1mMG1. d, XL peptide
list obtained by XL LC-MS/MS analysis of cross-linked recombinant NAMPT and GAPDH. The red peptide corresponds to the G1 zone. e, steady-state affinity
analysis of SPR-basedmultiple-cycle kinetics of GAPDH-NAMPT interaction. 1.2, 3.7, 11, 33, and 100 nM 5xMut NAMPT solutions were injected onto a CM5 chip
coated with GAPDH protein immobilized through amine coupling.
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presence of GAPDH, the kinetic parameters of NAMPT 5xMut
were unchanged, as for WT. As expected, all of the kinetic
parameters of GAPDH, in the presence of NAMPT 5xMut,
were similar to those obtained with free GAPDH, unlike what
was observed in the presence of WT NAMPT (Table 1). This
identified area therefore represents the binding zone for inter-
action between GAPDH and NAMPT to form a NAMPT2-
GAPDH complex.

NAMPT and GAPDH are also localized in the nucleus, and their
nuclear levels aremodulated in stress conditions

Although both GAPDH and NAMPT are primarily localized
in the cytosol, we have previously found that inmelanoma spec-
imens, we could detect a strong nuclear staining for NAMPT
(30). We therefore decided to investigate whether this nuclear
localization was maintained in B16 cells and whether GAPDH
showed a similar pattern. In both immunocytochemistry and
fractionation analysis (Fig. S3), NAMPT andGAPDHdisplayed
a predominant cytosolic localization, but therewas a significant
presence of both proteins in the nucleus of B16 cells. We per-
formed the same fractionation analysis on a number of other
cancer cell lines (i.e. 4T1, MSTO, U2OS, HCT116, U87,
SH-SY5Y, and HeLa cells), and in most of these, we found that
GAPDH andNAMPTwere also located in the nucleus, albeit in
different levels and proportions (Fig. S3a). We also evaluated
NIH3T3 cells, in which basal NAMPT and GAPDH expression
levels were similar to those of B16 cells (Fig. S3b). In these cells,
the complex was barely detectable (Fig. S3b), as was the nuclear
localization of both proteins (Fig. S3, c andd). This suggests that
the subcellular localization of the proteins might influence the
complex formation.
We next decided to modulate the protein levels in the

nucleus by inducing cellular stress, as reported in the literature
for GAPDH (34). We treated B16 cells with H2O2 (750 �M) or
with S-nitrosoglutathione (GSNO; 750�M) and evaluated cyto-
sol and nucleus fractions after 4 or 24 h. After 4 h, a reduction of
both GAPDH and NAMPT was observed in the nucleus. How-
ever, after 24 h of treatment, both NAMPT andGAPDH signif-
icantly increased in the nucleus compared with control
untreated cells (Fig. 4, a and b). Neither 24 nor 4 h of stress
caused an appreciable change in protein amounts of NAMPT
orGAPDH in the cytosol of B16 cells (Fig. S4). On the contrary,
we failed to observe NAMPT andGAPDHmovements at 4 h in
NIH3T3 cells (Fig. 4, a and b), whereas 24-h exposure to any of
the two stressors led to cell death (data not shown).
We next evaluated whether direct DNA damage induced by

UV or by alkylating agents was also able to attract GAPDH and
NAMPT to the nucleus. As shown in Fig. 4 (c and d), UV radi-
ation, etoposide, or cisplatin induced a significant increase in
nuclear NAMPT and nuclear GAPDH after 3 h of recovery
from DNA damage. This evidence was confirmed by fluores-
cence microscopy in GFP-NAMPT and RFP-GAPDH co-ex-
pressing cells, which showed augmented movements to the
nucleus following etoposide treatment (Fig. 4e). Overall, these
data show that alongside GAPDH, which had been previously
reported (21), also NAMPT may modify localization in
response to stressors and that the twoproteins appear to shuttle
together.

The NAMPT2-GAPDH complex is required for nuclear shuttling

GAPDHhas been reported to act as a relaymolecule between
cellular compartments during cellular stress (31–33), and we
therefore investigated whether the complex was involved in the
cytosol-to-nucleus translocation. First, we generated B16 stable
cell lines silencing 82� 1% ofNAMPT (shNAMPT) or 61� 4%
of GAPDH (shGAPDH). Silencing of GAPDH did not affect
expression of total or cytosolic NAMPT and vice versa (Fig. 5 (a
and b) and Fig. S5)). Importantly, in shGAPDH cells, the levels
of nuclear NAMPT were significantly reduced compared with
WT cells, whereas there was a trend in reduction in nuclear
GAPDH in shNAMPT cells, although this was not statistically
significant (Fig. 5, a and b). In this context, it has been previ-
ously shown that GAPDH translocates to the nucleus via Siah1
in response to stress (34). We therefore decided to investigate
whether omigapil, a specific inhibitor of the Siah1-GAPDH
interaction (35), could impede nuclear translocation of both
NAMPT and GAPDH under DNA damage. Omigapil pretreat-
ment did not affect total cellular levels of NAMPT or GAPDH
(Fig. S5b), whereas it significantly reduced the translocation of
both proteins to the nucleus triggered by UV radiation (Fig. 5, c
and d). The same results were observed in B16 shNAMPT cells
(Fig. 5, c and d). In shGAPDH cells, the nuclear increase was
instead compromised for both proteins (Fig. 5, c and d). Taken
together, our data suggest that the reduction of GAPDH
expression or the inhibition of GAPDH translocation affects
nuclear NAMPT transport after DNA damage.
To specifically interfere with NAMPT2-GAPDH complex,

we investigated whether G1 could be used by joining it to a
cell-permeant Tat sequence, but unfortunately this peptide lost
40-fold affinity as determined by SPR (KD�800 �M). To over-
come this limitation, we generated stably expressing B16 WT
GFP-NAMPT (WT) or 5xMut GFP-NAMPT (5xMut) cells,
which expressed similar levels of total NAMPT (Fig. S6). The
immunoprecipitation conducted with GFP-trap confirmed the
data obtained with the recombinant proteins (Fig. 3e and Fig.
S2), in which the mutant was less able to bind to GAPDH com-
pared with WT (Fig. 5e). Importantly, 5xMut GFP-NAMPT
was significantly reduced in the nucleus comparedwith theWT
GFP-NAMPT (Fig. 5, f and g). In addition, immunoprecipita-
tion with GFP-beads demonstrated that both forms of GFP-
NAMPT (WT and 5xMut-NAMPT) were able to bind the
endogenousNAMPT to form the functional dimer (Fig. 5e). For
this reason, we observed also a significant reduction of endog-
enous NAMPT into the nucleus in B16 5xMut GFP-NAMPT
cells. More importantly, the levels of nuclear GAPDHwere sig-
nificantly reduced in B16 5xMut GFP-NAMPT cells (Fig. 5, f
and g), both when determined by Western blotting and
immunofluorescence.
To confirm the presence of the NAMPT2-GAPDH complex

also in the nucleus, we capitalized on a previous report that
GAPDH resides on chromatin (36). After acidic extraction of
histones in B16 cells, we found that both NAMPT and GAPDH
were present on chromatin. We then used the chromatin
extract to immunoprecipitate NAMPT with a �NAMPT, and
we observed that GAPDH was present as an interactor, as
shown in Fig. 5h. Moreover, UV radiation, etoposide, cisplatin,
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and dacarbazine all increased NAMPT and GAPDH on chro-
matin (Fig. 5i). This also occurred in U2OS cells, a classical cell
line used for DNA damage investigations, but not in NIH3T3
(Fig. S7).

NAMPT2-GAPDH contributes to fill the nuclear NAD pool

NMNAT1 is localized and active inside the nucleus, but how
its substrate, NMN, is available at this level is not completely
clear (37).We therefore reasoned that it would be plausible that
GAPDH brings NAMPT to the nucleus to increase NMN/
NAD� levels. To demonstrate this, wemeasured the nucleotide
amount extracted from both cytosol and nuclei through a
highly sensitive HPLC method based on derivatization with
acetophenone and spectrofluorometric quantification. After
etoposide exposure, we observed an increase in NMN levels in
the nucleus concomitantly to NAMPT translocation. Impor-
tantly, pretreatment with omigapil reduced NMN levels (Fig.
6a). Furthermore, modulation of NMN levels was correlated
with NAMPTmovements after oxidative stress induction (Fig.
4a), showing lower levels compared with control at 4 h, which
increased after 24 h (Fig. 6a). This increase in nuclearNMNwas
directly correlated with nuclear NAD� (Fig. 6b). Importantly,
in the cytosol, we did not observe any significant change in both
NMN and NAD� levels (Fig. S8a).
To further demonstrate that the amount of NMN in the

nucleus was strictly linked with GAPDH-mediated shuttling of
NAMPT, we measured the nucleotide levels in GAPDH-si-
lenced cells. As expected, we observed that in B16 shGAPDH
melanoma cells, the nuclear pool of NMN, unlike the cytosolic
one (Fig. S8b), was significantly reduced (Fig. 6c).
To determine the absolute NAD� levels in the nucleus, we

made use of a recently described circularly permutated Venus
(cpVenus)-based NAD� biosensor adapted to be localized in
the nucleus (38), andwe expressed it inA375 humanmelanoma
cells (Fig. 6h). After calibration (39), we found that basal nuclear
NAD� was �260 �M. This level rose by about 40% after UV
damage or after 24-h treatment with reactive oxygen species
(ROS; Fig. 6i). In analogy to the localization of NAMPT and
GAPDH, which were reduced after 4 h of treatment, NAD�
levels dropped at this time (Fig. 6i).
Last, to conclusively demonstrate that NMN and NAD� lev-

els in the nucleus were dependent on NAMPTmovements, we
engineered aNAMPTwith the nuclear localization sequence of
SV40 at the N terminus linked to a FLAG tag to specifically
recognize it (NLS-NAMPT) and expressed it inHEK293T cells,
which have low basal NAMPT-GAPDH interaction (Fig. 1) and
a faint NAMPT nuclear localization (Fig. S8c). This resulted in
a stable line of cells that expressed NLS-NAMPT exclusively in
the nucleus (Fig. S8d). An increase in bothNMN levels (Fig. 6d)

and NAD� levels (Fig. 6e) in the nucleus of these cells was
observable. Finally, we confirmed that the 5xMut GFP-
NAMPT cells also expressed less NMN and NAD� in the
nucleus (Fig. 6, f and g). Last, we performed preliminary exper-
iments to evaluate the biological consequences of the lack of
NAMPT2-GAPDH complex formation and whether B16
5xMut GFP-NAMPT cells duplicate differently from B16 WT
GFP-NAMPT cells. We did not observe a difference in the
growth rate of the two cell lines in basal conditions (Fig. 5j),
whereas we observed that 5xMut NAMPT conferred a small,
albeit significant, increased sensitivity to etoposide (Fig. 5k).

Discussion

NMNAT isoforms are distributed in the cytosol, nucleus,
and mitochondria, whereas NAMPT is localized in the cytosol
(15, 40). Although it is plausible that NMN can diffuse across
the nuclear envelope, it would appear counterintuitive to seg-
regate the two enzymes. Indeed, in a recent work, Kraus and
collaborators (37) postulate thatNMNcould be a common sub-
strate for both cytosolic and nuclear transferases, possibly sug-
gesting that NMN is freely diffusible. However, given the pres-
ence of nuclear NAD-consuming enzymes (e.g. PARPs and
sirtuins), it would appear more efficacious to have the entire
salvage pathway located in the nucleus. Indeed, the maintained
nuclear localization of NMNAT1 during evolution suggests
that in loco synthesis is important.
In the presentwork,we provide evidence thatNAMPT trans-

locates to the nucleus when NAD� replenishment is required.
In particular, we demonstrate that NAMPT interacts with
GAPDH to form a complex in the cytosol and that the
NAMPT2-GAPDH complex translocates to the nucleus. We
also establish that NAMPT, in the nucleus, contributes to
replenishment of the NMN/NAD pool.
To demonstrate that NAMPT and GAPDH stably interact,

we have shown that these two proteins immunoprecipitate
together in cells and that a specific NAMPT inhibitor
(UG1006), immobilized on specific resin, is able to pull down
both NAMPT and GAPDH. In addition, we have shown that
recombinant proteins form a direct complex via pulldown
experiments; the affinity of the proteins for the complex is in
the nanomolar range, and we demonstrate that the complex is
present also in the nuclear compartment, bound to chromatin.
Finally, we validated the NAMPT-GAPDH complex arrange-
ment (dimer of NAMPT andmonomer of GAPDH) with SAXS
experiments, SEC analysis, and XL-LC-MS analysis. This
arrangement was further strengthened by kinetic analysis, in
which NAMPT did not change its kinetic parameters when in
the NAMPT2-GAPDH complex (as it remained a dimer),
whereasGAPDH in the presence ofWTNAMPT lost efficiency

Figure 4. Nuclear levels of NAMPT andGAPDHaremodulated by stress conditions in B16melanoma cells. a, representativeWestern blotting of nuclear
fractions of NIH3T3 and B16 cells treated with 750 �M H2O2 and 750 �M GSNO for 4 or 24 h. b, densitometry of Western blot analysis of nuclear fractions of
NIH3T3 treatedwithH2O2andGSNO for 4h (n�3 independent experiments) andB16 treated for 4 and24h (n�3 independent experiments). c, representative
Western blotting of nuclear (top) and cytosolic (bottom) fractions of B16 melanoma cells. Cells were treated once with UV radiation (20 s) or 10 �M etoposide
(1 h) or 20�M cisplatin (1 h). Fractionationwas conducted after 3 h of recovery since inducedDNAdamage. d, densitometry ofWestern blot analysis of nuclear
fractions of B16 cells treated with UV (n� 5 independent experiments) or with etoposide or cisplatin (n� 3 independent experiments) and densitometry of
Western blot analysis of cytosolic fractions (n � 3 independent experiments). e, B16 melanoma cells were stably infected with lentiviral vectors expressing
GFP-NAMPT and RFP-GAPDH and treated with 5 �M etoposide for 1 h. Nuclei were stained with DRQ5. Cells were analyzed by a confocal microscope, and
nucleus-positive cells were counted (n� 510 cells, mean of 80 cells/field). Statistical analysis was by a two-tailed, unpaired Student’s t test. Data are presented
as the means� S.E. (error bars). *, p� 0.05; **, p� 0.01; ***, p� 0.001.

NAMPT2-GAPDH complex sustains nuclear NAD� synthesis

3642 J. Biol. Chem. (2020) 295(11) 3635–3651

https://doi.org/10.1074/jbc.RA119.010571
https://doi.org/10.1074/jbc.RA119.010571
https://doi.org/10.1074/jbc.RA119.010571
https://doi.org/10.1074/jbc.RA119.010571
https://doi.org/10.1074/jbc.RA119.010571


NAMPT2-GAPDH complex sustains nuclear NAD� synthesis

J. Biol. Chem. (2020) 295(11) 3635–3651 3643



as a monomer. SAXS experiments, SEC analysis, and
XL-LC-MS analysis have also allowed us to determine the area
of interaction of the two proteins, which does not impinge on
the enzymatic activity of the single proteins. A low-affinity
interfering peptide designed on the area of interaction (G1)
allowed us to disrupt the complex, providing conclusive
evidence.
To demonstrate that the NAMPT2-GAPDH complex is

required to allow entry to the nucleus of NAMPT, we have
shown that stressful stimuli that are known to consume nuclear
NAD� (oxidative stress, NO-induced stress, DNA damage)
lead to themovement of both proteins to the nucleus, as seen in
immunocytochemistry, fluorescencemicroscopy, and fraction-
ation experiments.Moreover, we have shown that reducing the
levels of GAPDH via shRNA reduces the amount of NAMPT
that is detected in the nucleus and that omigapil, a drug
designed to inhibit GAPDH transport to the nucleus upon
stressful stimuli, reduces the translocation of NAMPT to the
nucleus. AmutatedNAMPT, which displays a lower affinity for
GAPDH but identical enzymatic activity, does not translocate
as efficiently to the nucleus.
Last, we show that the attraction of NAMPT to the nucleus

serves to replenish the NMN/NAD pool, as (i) NMN and
NAD� levels coincide with the observed translocation of
NAMPT, including the treatment with omigapil; (ii) reducing
the levels of GAPDH via shRNA reduces the amount of NMN
detected in the nucleus but not in the cytosol; (iii) in cells
expressing amutatedNAMPT, which shows a lower affinity for
GAPDH but identical enzymatic activity, nuclear NAD� levels
are lower; (iv) tagging NAMPT with an NLS signal increases
nuclear NMN/NAD� levels; (v) stimuli known to reduce
NAD� levels via activation of NAD-consuming enzymes
increaseNAMPT levels in the nucleus.While not contradicting
the previous reports that NMNmay diffuse to the nucleus (37),
therefore, we provide evidence that the presence of NAMPT in
the nucleus is able to increase NMN/NAD� concentrations
above those that would be possible by simple diffusion of the
NMNAT1 substrate.
The number of cellular functions that can be attributed to

GAPDH is constantly increasing, and indeed it has been
referred to as an archetypical moonlighting protein (41). We
now demonstrate that control of NAD� levels in the nucleus,
albeit indirectly, is yet another function that can be ascribed to
this protein.While thismanuscript was in preparation, another
group showed that NAMPT translocates to the nucleus upon
stressful stimuli (19). The authors highlight NAMPT residues
thatmight have been responsible for its nuclearmovement, and

our data are in accordance with their results. In addition, we
have identified in NAMPT a superimposable specific region
that is fundamental for binding GAPDH to form theNAMPT2-
GAPDH complex and that is responsible for its translocation to
the nucleus. Svoboda et al. (19) predicted that an unidentified
“importin” mediated the translocation. Our data suggest that
GAPDH should be further investigated, as it might be this
importin.
We have detected the NAMPT2-GAPDH complex easily in

cancer cells, whereas when investigating noncancerous cells,
the complex was more difficult to detect. This may be the con-
sequence of overexpression of these proteins in cancer cells, or
it may be the consequence of the need for some post-transla-
tionalmodifications. However, it should be noted that the com-
plex is stable also between recombinant proteins outside the
cellular context, thereby suggesting that if there is a specific
post-translational modification that increases the chances of
stable complex formation in cells, this is not an absolute
requirement. In this context, we have found that a number of
stimuli (DNA damage inducers and stress inducers) are able to
increase nuclear NAMPT and nuclear GAPDH.When evaluat-
ing NMN andNAD� levels after stimulation, we were also able
to find increased nucleotides after 4 h of etoposide treatment, as
expected. On the contrary, we were unable to detect increases
over control after a 24-h exposure to H2O2, although there was
a slight recovery from the levels detected after 4 h. This might
be due to the difference in stimulus or to a different time course
in NAD consumption. Indeed, Svoboba et al. (19) have also
found a decrease in total NAD� after H2O2 treatment.
In preliminary experiments, we have found that cells overex-

pressing 5xMut GFP-NAMPT, which reduces the complex for-
mation, have a small, yet statistically significant, increased sen-
sitivity to etoposide. Whereas this would tend to suggest that
the mechanisms described here are protective for cells, better
tools need to be engineered to unravel the specific role of the
NAMPT2-GAPDHcomplex in cells. Indeed, despite the biolog-
ical importance of NAD�, the physiological role of compart-
mentalized NAD�, especially the nuclear NAD� biosynthesis,
is largely unexplored. In this work, we unravel that NAMPT
translocates to the nucleus in a NAMPT2-GAPDH complex
upon stress to sustain the NMN/NAD� salvage pathway.

Experimental procedures

Cell culture

B16 murine melanoma cells, HeLa human cervical cancer,
A375 human melanoma cells, HEK293T human kidney cells,

Figure 5. Nuclear transport of NAMPT depends on GAPDH binding. a, representative Western blotting of basal protein levels in cytosolic and nuclear
fractions in B16WT, silencing NAMPT (shNAMPT), or silencing GAPDH (shGAPDH) cells. In NAMPT and GAPDH blotting, a splice is present between the cytosol
and nucleus lanes. b, densitometry of cytosolic and nuclear fractions (n � 4 and n � 5 independent experiments, respectively). c, representative Western
blotting of nuclear fractions of B16 WT, shNAMPT, and shGAPDH cells treated for 20 s with UV radiation with or without 30-min pretreatment with 10 �M

omigapil (OMI). d, densitometry of the nuclear fractions. n � 3 independent experiments for each cell line. Statistical analysis was by an ordinary one-way
analysis of variance, Tukey’smultiple-comparison test. e, IP conductedwith GFP-trap in the cytosol of B16WTGFP-NAMPT cells (WT) or B16 5xMut GFP-NAMPT
cells (5xMut). Input and Post are shown to compare the two cell lines. f, representative Western blotting of nuclear fractions of B16 WT GFP-NAMPT cells (WT)
or B16 5xMut GFP-NAMPT cells (5xMut) and immunofluorescence of WT and 5xMut cells stained for GAPDH (red) and nucleus (DRQ5, blue). g, densitometry of
the protein levels in the nuclear fractions ofWT and 5xMut cells. n� 6 independent experiments. Statistical analysis was by aMann–Whitney U nonparametric
test. Data are presented as themeans� S.E. (error bars). *, p� 0.05; **, p� 0.01. h, IP conductedwithmouse�NAMPT on chromatin extract from B16WT cells.
i, chromatin extract of B16WTcells treatedwith 10�Metoposide, 20�Mcisplatin, 25�Mdacarbazine for 1 horwith 20-sUV radiation. Chromatin extractionwas
conducted after 3 h of recovery. Total cell lysates (TCL) showed no differences in protein expression after the treatments. IB, immunoblotting.
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and NIH3T3 murine fibroblasts were cultured in Dulbecco’s
modified Eagle’s medium (Sigma–Aldrich). HCT116 human
colorectal cancer and U2OS human osteosarcoma were cul-

tured in McCoy’s 5a Medium Modified (Sigma–Aldrich). 4T1
murine mammary carcinoma and U87 human glioblastoma
were cultured in minimum essential medium Eagle (Sigma–

Figure 6. NAMPT transported by GAPDH contributes to fill the NMN/NAD nuclear pool. Nuclear NMN (a) and NAD� (b) levels were measured by HPLC after
nucleotideacidicextraction.B16WTcellsweretreatedwith10�Metoposide(ETO)withorwithout30-minpretreatmentwith10�Momigapil (OMI).After1h,cellswere
replacedwithfreshmedium,andafteranadditional3hofrecovery,cellswerefractionated,andnucleotideswereextracted(n�2forthree independentexperiments).
For oxidative stress, cells were incubated for 4 or 24 hwith 750�MH2O2 and then fractionated, and nucleotideswere extracted (n� 3 independent experiments). c,
nucleiwere isolated fromB16WTcellsandB16shGAPDHcells, andnucleotideswereextractedandanalyzedbyHPLC(n�4 independentexperiments).NuclearNMN
(d) and NAD� (e) levels were measured by HPLC in HEK293TWT cells and overexpressing NLS-NAMPT cells (n� 4 independent experiments). Nuclear NMN (f) and
NAD� (g) levels were measured by HPLC in B16 overexpressing WT GFP-NAMPT (WT) or 5xMut GFP-NAMPT (5xMut). h, confocal image of A375 melanoma cells
expressing nuclear cpVenus-based NAD� biosensor (left). Right, scheme of the NAD biosensor; when NAD is bound, the fluorescence signal is reduced. i, NAD�

concentrations calculated on the basis of a calibration curve through cpVenus-based NAD biosensor in A375 melanoma cells. j, cell viability of B16 WT and 5xMut
GFP-NAMPT cells at 24–48 and 72 h of growth in basal conditions. k, cell viability of B16 cells under a dose-response curve of etoposide. Statistical analysis was by a
Mann–WhitneyU nonparametric test for a and b. *, p versus control; $, p versus etoposide. Two-tailed or unpaired Student’s t test was used for the rest of the graphs.
Data are presented as themeans� S.E. (error bars). *, p� 0.05; **, p� 0.01; ***, p� 0.001.
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Aldrich). MSTO human mesothelioma was cultured in RPMI
1640 medium (Sigma–Aldrich). SH-SY5Y human neuroblas-
tomawas cultured inminimum essential medium Eagle� F-12
medium (Sigma–Aldrich).
Media were supplemented with 10% fetal bovine serum

(Gibco), 2 mg/ml glutamine, 10 units/ml penicillin, and 100
g/ml streptomycin (Sigma–Aldrich). Human adult melano-
cytes were provided by ATCC (PCS-200-013), and growth with
dermal basal medium supplemented with a melanocyte growth
kit (PCS-200-042). Human fetal astrocytes were kindly pro-
vided by Eleonora Aronica’s laboratory in Amsterdam and cul-
tured in Dulbecco’s modified Eagle’s medium � F10 medium.
Cells were maintained in a controlled atmosphere of 5% CO2
with humidity at 37 °C. Cells were detached from plates by
trypsinization (Sigma–Aldrich).

UG 1006-coupled bead pulldown

Synthesis of UG1006 NAMPT inhibitor and bead conjuga-
tion are described in the supporting Methods. We incubated
overnight at 4 °CUG1006-beads or control beads with total cell
lysates made in radioimmune precipitation assay buffer. Pro-
teins were then eluted from beads through sample buffer incu-
bation, boiled, and analyzed by Western blotting.

Creation of stable infected cell lines

Stable B16 cell lines expressing different constructs were
obtained through stable lentiviral infection. Engineered
GAPDH or NAMPTs were cloned in the pLV lentiviral vector,
RFP-GAPDH, FLAG-NAMPT, WT GFP-NAMPT, or 5xMut
GFP-NAMPT, mutated with a site-directed mutagenesis kit
from Agilent Technologies according to the manufacturer’s
instructions by using the following primers: CCTACTTTGA-
ATGCCGTGAAGCGGCGACAGAAAACTCCGCAGTAG-
CGGCGGTGAAATACGAGGAAAC (forward) and GTTTC-
CTCGTATTTCACCGCCGCTACTGCGGAGTTTTCTGT-
CGCCGCTTCACGGCATTCAAAGTAGG (reverse). Correct
insertion and sequence of all the plasmids were confirmed by
sequencing.
The lentiviral particles were produced as described else-

where (42) in HEK293T cells transfected with pMDLg/pRRE,
pMD2.VSVG, pRSV-Rev, and pLV expressing the protein of
interest. Briefly, after 48 h, cell mediumwas collected, filtrated,
and centrifuged for 2 h at 70,000	 g. The viral particles, corre-
sponding to the pellet fraction, were resuspended and used to
infect B16 cells, after virus titration. Expression was monitored
by Western blot analysis or FACS analysis. When necessary,
cells were flow-sorted for high positive fluorescence (S3e Cell
Sorter, Bio-Rad).

B16 shNAMPT and shGAPDH cell lines

The lentiviral particles were produced as described above in
HEK293T cells by a second-generation packaging plasmid sys-
tem added with GIPZ mouse NAMPT lentiviral shRNA plas-
mid (ID: V3LMM_518294) (GE-Dharmacon) or GIPZ Mouse
GAPDH lentiviral shRNA plasmid (ID: V2LMM_159063) (GE-
Dharmacon). The viral particles were used to infect B16 cells,
and a stable cell line was created. The infected cells were sorted

for high levels of GFP. Silencingwas confirmed byWestern blot
analysis.

HEK293T NLS-NAMPT cells

NLS-NAMPT was obtained by linking at the N terminus of
murine FLAG-NAMPT the NLS of SV40 (ATGGCAGTTCC-
CAAGAAGAAGAGGAAAGTTGAG). The lentiviral vector is
a pLV bicistronic vector expressing NLS-FLAG-NAMPT
internal ribosome entry site GFP. Cells were stably infected as
described above and flow-sorted for GFP�. Expression and
localization were analyzed by immunofluorescence and
fractionation.

IP

1.0	 107 cells were lysed in 20 mM HEPES, 100 mM NaCl, 5
mMEDTA, 1%Nonidet P-40 addedwith protease and phospha-
tase inhibitor mixture (Millipore). Protein A/G PLUS agarose
(Santa Cruz Biotechnology, Inc., sc-2003) were incubated with
appropriate antibody (see “Reagents”) for 2 h at 4 °C in agita-
tion. Then 500 �g of proteins (apart from the IP in Fig. 1c, in
which 250�gwere used)were incubatedwith beads conjugated
with the antibody overnight at 4 °C in agitation. Immunopre-
cipitated proteinswere eluted frombeadswith 0.1M glycine, pH
2.2, and analyzed by Western blotting. We immunoprecipi-
tated FLAG-NAMPT of GFP-NAMPT using anti-FLAG-M2
affinity gel (A2220, Sigma) or Chromotek GFP-trap agarose
(Gta-20), respectively.

Cytosol/nucleus fractionation

1.0 	 107 cells, treated as described in the Figs. 4, 5 and 6
legends, were lysed in a 4	 pellet volume of Buffer A (300 mM

sucrose, 10 mMHEPES, 10 mMKCl, 2 mMMgCl2, 1 mM EGTA)
added with protease and phosphatase inhibitors (Millipore)
and with 0.1% of Nonidet P-40 (lysis was controlled by trypan
blue). Then cells were centrifuged at 1300 relative centrifugal
force for 5 min at 4 °C. Supernatant (impure cytosol) was cen-
trifuged at 13,000 rpm for 15 min to remove the membranes.
The pellet (nuclei) was washed five times with Buffer B (50 mM

HEPES, 0.4 M NaCl, 1 mM EDTA) and then resuspended in 3	
pellet volume of Buffer B added with protease and phosphatase
inhibitors, sonicated, and incubated on a thermomixer for 45
min at 4 °C with 1300-rpm rotations every 5 min. Then nuclei
were centrifuged for 15 min at 13,000 rpm at 4 °C, and the
nuclear proteins resulted into the supernatant. Both cytosols
and nuclei were quantified by Bradford reagent (Sigma–
Aldrich) and then analyzed by Western blotting.

Western blot analysis

Total cell lysates were obtained by lysing the whole cells in
lysis buffer (20 mM HEPES, 100 mM NaCl, 5 mM EDTA, 1%
Nonidet P-40) added with protease and phosphatase inhibitor
mixture (Millipore). Samples obtained by fractionation were
resolved by Western blotting. Protein quantification was per-
formed with Bradford reagent (Sigma–Aldrich), and proteins
were resolved on home-made gradient 4–20% SDS-polyacryl-
amide gels. Densitometry analysis was performed with the
Image Lab program (Bio-Rad,HemelHempstead,UK). Primary
antibodies used are listed under “Reagents.” Peroxidase-conju-
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gated secondary antibodies were from Bio-Rad. When not
transferred onto nitrocellulose, proteins were resolved by silver
staining (Pierce kit) or Coomassie staining.

Immunofluorescence

5.0 	 104 cells were fixed in 4% paraformaldehyde on glass
coverslips in 24-well plates, permeabilized with 0.1% Triton,
and saturated in 0.2% gelatin/PBS. Subsequently, primary anti-
body (1:100 in 0.2% gelatin) was incubated in a humid chamber
overnight at 4 °C. Secondary antibodies (1:500 in 0.2% gelatin)
added with DRQ5 (Invitrogen) were incubated for 1 h at room
temperature. Fluorescence images were acquired using a
Leica (Leica Microsystems, Wetzlar, Germany) epifluorescent
microscope equipped with an S Fluor	40/1.3 numerical aper-
ture objective using METAMORPH (Molecular Devices,
Sunnyvale, CA) software.

NMN/NAD�measurement by HPLC

10 	 106 cells were fractionated to obtain cytosolic and
nuclear fractions as described above. Before starting the frac-
tionation, the total protein concentration was calculated. After
fractionation, a fixed volumeof cytosolwas addedwith one-half
volume of 1.2 M HClO4 incubated at 4 °C for 15 min and then
centrifuged. Supernatant was collected and added with one-
fifth volume of 1 M K2CO3. Samples were centrifuged, and the
supernatantwas analyzed by derivatizationwith acetophenone,
carried out as described (12). On the other hand, the nuclear
pellet was resuspended with a 3	 volume of 0.4 M HClO4 son-
icated and centrifuged. Supernatant was collected and added
with one-fifth volume of 1 M K2CO3. Samples were centrifuged
to eliminate the salt, and the supernatant was analyzed by
HPLC to measure NMN and NAD� levels as indicated above.
The above spectrofluorometric C18-HPLC data for acetophe-
none-derivatizedNMNandNAD� have been referred tomg of
proteins that were extracted in parallel from each sample ana-
lyzed and then calculated as a percentage of the control.

CpVenus-based NAD� sensor construct and generation of
A375 cells stably expressing nuclear biosensor

The NAD� biosensor is composed by a cpVenus fluorescent
protein linked to a bipartite NAD�-binding domain of a bacte-
rial DNA ligase (LigA1b and LigA1a). Nuclear biosensor
expression vector and relative nuclear cpVenus coding con-
struct were kindly provided by X. A. Cambronne (Department
ofMolecular Biosciences, University of Texas, Austin, TX) (38).
The incorporation of specific targeting sequences allows this
biosensor to be expressed in a nucleus-specific way. DNA was
amplified, incorporated into lentiviral particles, and used for
stable cell transduction. Functionally, the LigA-cpVenus bio-
sensor has two excitation peaks, one at 488 nm that decreases
according to NAD elevation and a second one at 405 nm that is
unaffected by substrate variations, serving as an internal con-
trol (38). A375 BRAFV600E-mutated cell lines were from the
American Type Culture Collection (ATCC). Cells expressing
nuclear biosensorwere obtained by transducingA375/sensitive
(S) cells with a lentiviral vector carrying the specific organelle-
targetable biosensor or with the organelle-targetable cpVenus
alone, using polybrene (8�g/ml; Sigma,Milan, Italy). cpVenus-

positive cells were flow-sorted (FACSAriaIII, BD Biosciences,
Milan, Italy) and used as reported.

Flow cytometry and statistical analysis

For flow cytometry analysis, cells were trypsinized and col-
lected in RPMI 10% FCS. Sensor/cpVenus FITC (excitation 488
nm, emission 530/30 nm) and BV510 (excitation 405 nm, emis-
sion 525/50 nm) were measured by flow cytometry (BD FACS
Celesta), and data were processed with DIVA version 8 (BD
Biosciences) and FlowJo version 10.01 software (TreeStar, Ash-
land, OR). Cells were gated using forward scatter and side scat-
ter for the live cells. Doublets were excluded by further gating
on both side scatter and forward scatter width, and at least 104
cells/sample were analyzed. The statistical analysis required a
double ratio (i.e. -fold change). The first is the ratiometric 488/
405 measurement, detected by the biosensor, and the second is
obtained by the parallel analysis of 488-nm/405-nm fluores-
cence changes of cells expressing the cpVenus-only control
(36). The cpVenus 488/405-nm fluorescence ratio is used to
normalize for NAD changes independent of the biosensor. F0
refers to the double ratio obtained in untreated conditions
(F0 � 1). NAD variations are finally expressed as the inverse
relationship between the -fold changes and the cofactor con-
centrations. A -fold change value�1 indicates reduced NAD�
concentrations, whereas values of�1 indicate increased levels
of NAD�.

Chromatin extraction

1.0 	 107 cells were harvested in ice and washed with PBS.
The pellet was resuspended in ice-cold 5% perchloric acid
added with protease inhibitors and incubated for 10 min and
centrifuged at 13,000 rpm for 10 min. Supernatant was dis-
carded, and the perchloric acid extraction was repeated twice.
Then the pellet was resuspended in a 2	 volume of 0.4 N HCl,
incubated for 15 min in ice, and centrifuged at 13,000 rpm for
10 min. Supernatant containing histones was harvested. The
HCl extraction was repeated three times. All of the superna-
tants obtained by HCl extraction were collected and precipi-
tated by ice-cold TCA to 25% final concentration to superna-
tant, incubated for 30min on ice, and centrifuged at 13,000 rpm
for 20 min. The protein pellet was washed with ice-cold 100%
acetone, 0.006%HCl and centrifuged at 13,000 rpm for 10 min.
The pelletwaswashed againwith 100%acetone and centrifuged
as before. Then the protein pellet was dried in a SpeedVac and
resuspended in 50 mM Tris-HCl, pH 7.5–8, and protein con-
centrationwas quantified byBradford reagent (Sigma–Aldrich)
for Western blot analysis.

Recombinant protein preparation

WT murine full-length NAMPT (ORF GenBankTM
BC018358) was cloned in pET28a (NdeI/EcoRI) (43). Mu-
rine NAMPT-K(42–48)A and NAMPT-K(42–51)A mutants
cloned in pET28a were obtained by using a site-directed
mutagenesis kit (Agilent Technologies, Santa Clara, CA)
according to the manufacturer’s instructions, by using the fol-
lowing primers: CCTACTTTGAATGCCGTGAAGCGGCG-
ACAGAAAACTCCGCAGTAGCGGCGGTGAAATACGA-
GGAAAC (forward) and GTTTCCTCGTATTTCACCGCC-
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GCTACTGCGGAGTTTTCTGTCGCCGCTTCACGGCAT-
TCAAAGTAGG (reverse). cDNA of WT murine full-length
GAPDH (murine variant type 2) was derived from B16 mela-
noma cells and cloned in pET28 (NdeI/XhoI) and in pGEX
vector (EcoRI/XhoI). All recombinant proteins were expressed
inEscherichia coliBL21(DE3) (inductionwith 0.5mM isopropyl
1-thio-�-D-galactopyranoside overnight at 20 °C) and purified
by tag affinity chromatography with nickel-nitrilotriacetic acid
Superflow resin (Qiagen) or with GSH resin (GE Healthcare).
The activity of NAMPT proteins was determined by a spectro-
photometer continuous assay as described previously paper
(44).

Cell viability assay

To analyze cell viability, the colorimetric 3-(4,5-dimethylthi-
azol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay was
used. Briefly, cells were plated in 24-well plates and treated as
indicated for the appropriate time. Etoposide (dissolved in
DMSO) was added at the indicated concentrations. Vehicle
control was added to the cells to give a final concentration no
greater than 0.1%.MTT (250�g/ml in Locke buffer) was added,
and cells were incubated for 1 h at 37 °C. Then formazan crys-
tals were dissolved in isopropyl alcohol plus 0.1 M HCl. The
absorbance was read at 570 nm in a plate reader (Victor3 V,
PerkinElmer Life Sciences).

Pulldown assays

To perform the pulldown assay, GAPDH was expressed as a
GST fusion protein to be immobilized onto GSH-agarose
beads. The chimeric protein contains a cleavage site for the
Prescission Protease (GEHealthcare). The immobilization step
was performed for 1 h at 4 °C. After washing to remove the
unbound protein, theHis-NAMPTprey was added to theGST-
GAPDH–bound resin orGSH resin (control) in the presence of
50mMTris-HCl, 250mMNaCl, 0.5mM �-mercaptoethanol, pH
7.5. The binding reaction was performed at 4 °C for 1 h under
gentle agitation. Prior to the elution step, the resin was washed
five times with 25ml of the same buffer. Proteins were eluted in
0.5 ml of elution buffer (50 mM Tris-HCl, 150 mMNaCl, 10 mM

EDTA, 1mMDTT, pH 8.0) containing the Prescission Protease,
and the eluted samples were then analyzed byWestern blotting
in the presence of �NAMPT �GAPDH and silver staining.

Size-exclusion chromatography

SEC-based NAMPT-GAPDH co-fractionation experiments
were performed using a Superdex 200 10/300 GL column (GE
Healthcare), precalibrated with standard proteins (following
themanufacturer’s instructions), and by fluxing the buffer con-
taining 50mMTris-HCl, 250mMNaCl, 0.5mM �-mercaptoeth-
anol, pH 7.5, as the mobile phase. All of the chromatographic
steps were monitored by 280-nm absorbance reading, and the
protein-containing fractions were further analyzed by standard
SDS-PAGE analysis.

SAXS

Small-angleX-ray scattering datawere collected at the BM29
beamline (European Synchrotron Radiation Facility, Grenoble,
France) equipped with a Pilatus 1M detector (45). Data collec-

tion and data analysis are detailed in the supporting informa-
tion. Figures and selected models to be compared with SAXS
data were generated using PyMOL. The interactive visualiza-
tion and analysis of the density maps based on the ab initio
model (DAMFILT) were performed with the program UCSF
Chimera (46).

Surface plasmon resonance–based experiments

SPR measurements were performed using a Biacore X100
instrument (GE Healthcare) as detailed in the supporting
information.

Enzymatic assay for NAMPT and GAPDH activity

The mixtures of pure NAMPT (8 �g/ml) and NAMPT
5xMut (8 �g/ml) in their free form, in complex with GAPDH
(270 nM) and the substrate nicotinamide, were incubated at
37 °C for 60 min, and the product NMN was measured as
described previously (47) using a Spark 20Mmultimodemicro-
plate reader (Tecan).
The reaction buffer contained 0.4 mM phosphoribosyl pyro-

phosphate, 2 mM ATP, 2 mM DTT, 12 mM MgCl2, and 50 mM

Tris-HCl (pH 7.5) and increasing concentrations of NAM from
50 to 0.625 �M. The amount of NMN produced by the enzyme
in the incubation time was calculated with a calibration curve
for the fluorescence intensity of an aqueous solution ofNMNat
a known concentration.
GAPDH (0.04 �g/ml) activity was tested by a spectrophoto-

metric assay (Tecan Sunrise) monitoring the absorbance at 340
nm of NADH (6220 M�1 cm�1) at 25 °C. The analysis was per-
formed in the absence and in the presence of NAMPT (0.5 �M)
and NAMPT 5xMut (0.5 �M), respectively. The reaction mix-
ture contained 1 mM NAD�, 50 mM phosphate buffer, pH 7.5,
and increasing concentrations of G3P from 300 to 1.2 �M.
Kinetic parameters were calculated as described previously
(48), using a nonlinear least-square fit of the data using the
Sigma Plot Enzyme Kinetics Module 1.3 (Systat Software, San
Jose, CA). NMN and G3P data were fitted with the Michaelis–
Menten equation for hyperbolic substrate kinetics (Table S1).

MS analyses

The peptide mixture was analyzed by LC-MS/MS analysis
using aDionexUltimate 3000 ultra-HPLC system (ThermoSci-
entific) coupled to anOrbitrap-Fusion-Tribridmass spectrom-
eter (ThermoScientific)with a PhoenixNimbus (Phoenix S&T)
ion source. Sample preparations and data from LC-MS/MS
analysis are described in the supporting information. The pro-
teomics data of theMS experiments are available from theMas-
sIVE data repository (https://massive.ucsd.edu)5 with the data
set identifierMSV000084426. All protein identifications and all
cross-linked peptides identified are reported in the supporting
Excel file, tables_LCMS_analysis.xlsx.

NAMPT2-GAPDH complex prediction and peptide design

The homodimeric structure of NAMPT (PDB code 5U2M)
(22) and themonomeric structure of GAPDH (PDB code 5C7I)

5 Please note that the JBC is not responsible for the long-term archiving and
maintenance of this site or any other third party hosted site.
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(23) with the best X-ray resolution were selected from the PDB
and used to predict the three-dimensional organization of the
NAMPT2-GAPDH complex by using a standard protein-pro-
tein docking approach. 200 runs of docking were performed
using the web version of the Haddock software 23. We decided
to use Haddock because this software was already demon-
strated to be particularly suitable for protein-DNAandprotein-
protein docking (49, 50). No a priori information concerning
the regions and the residues of both proteins (i.e. NAMPT and
GAPDH) directly involved in the complex assembly were avail-
able, and for this reason, we used the C-Port software (25). The
best NAMPT2-GAPDH complex was chosen by considering
the Haddock score, which is estimated according to the
weighted sum of several energy terms: van der Waals, electro-
static, dihedral angle restraints, symmetry restraints, diffusion
anisotropy, buried surface area, and binding and desolvation
energies (26). The selected complexwas then use to identify the
type and the number of interactions that mainly stabilized the
NAMPT2-GAPDH complex to select the GAPDH regions
more suitable for the design of different peptides able to inhibit
the complex formation. Specifically, four peptides were
designed (i.e. G1–G4) joining different small unstructured
regions of GAPDH that were observed in the predicted com-
plex to be inserted with high geometric and chemo-physical
complementarity between the NAMPT homodimer interface.
The peptide synthesis is described in detail in the supporting
information.

Reagents

H2O2 was fromMarco Viti Farmaceutici (Como, Italy); S-ni-
trosoglutathione GSNO N4148 was from Sigma; etoposide
E1383 was from Sigma; cisplatin BP809 was from Sigma; and
Omigapil (CGP3466Bmaleate) sc-361137was fromSantaCruz
Biotechnology, Inc. UV radiation was from a UV lamp at 254
nm.

Antibodies

Antibodies used were as follows: mouse (Mo) anti-NAMPT
from AdipoGen (OMNI379); rabbit (Rb) anti-NAMPT
GTX128973 from GeneTex; Mo anti-actin A1978 from Sigma;
Rb anti-GAPDH G9545 from Sigma; Mo anti-GAPDH (1D4)
fromNovus Biologicals (NB300-221);Mo anti-phosphohistone
H2A (Ser139) clone JBW301 from Millipore; Rb anti-H2A
ab18255 from Abcam; and Rb anti-FLAG F7425 from Sigma.
Secondary antibodies for immunofluorescence were as fol-
lows: Alexa Fluor 555 goat anti-rabbit (IS-20232, Immune
Sciences); Alexa Fluor 555 donkey anti-mouse (A-31570,
Invitrogen); and Alexa Fluor 488 chicken anti-rabbit
(A-21441, Invitrogen). The DRQ5 fluorescent probe solu-
tion for nuclear staining was from Invitrogen (catalog no.
62251).

Statistical analysis

Data are presented as mean � S.E. The normality of data
distributions was assessed using the Shapiro–Wilk test. Para-
metric (unpaired t test and one-way analysis of variance) or
nonparametric (Mann–Whitney U test and one-way Kruskal–
Wallis H test) statistical analysis was used for comparisons of

data. All statistical assessments were two-sided, and a value of
p� 0.05was considered statistically significant. Statistical anal-
ysis was performed using GraphPad Prism software (GraphPad
Software, Inc.). n (number of independent experiments,
defined as experiments performed on different days) is
reported in the respective figure legends.
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