THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 286, NO. 24, pp. 21767-21778, June 17, 2011
© 2011 by The American Society for Biochemistry and Molecular Biology, Inc.  Printed in the U.S.A.

Pathways and Subcellular Compartmentation of NAD

Biosynthesis in Human Cells

FROM ENTRY OF EXTRACELLULAR PRECURSORS TO MITOCHONDRIAL NAD

GENERATION™®

Received for publication, December 16,2010, and in revised form, April 4, 2011 Published, JBC Papers in Press, April 19,2011, DOI 10.1074/jbc.M110.213298

Andrey Nikiforov, Christian Délle, Marc Niere, and Mathias Ziegler'
From the Department of Molecular Biology, University of Bergen, PB 7803, 5020 Bergen, Norway

NAD is a vital redox carrier, and its degradation is a key
element of important regulatory pathways. NAD-mediated
functions are compartmentalized and have to be fueled by spe-
cific biosynthetic routes. However, little is known about the
different pathways, their subcellular distribution, and regula-
tion in human cells. In particular, the route(s) to generate mito-
chondrial NAD, the largest subcellular pool, is still unknown. To
visualize organellar NAD changes in cells, we targeted poly-
(ADP-ribose) polymerase activity into the mitochondrial
matrix. This activity synthesized immunodetectable poly(ADP-
ribose) depending on mitochondrial NAD availability. Based on
this novel detector system, detailed subcellular enzyme localiza-
tions, and pharmacological inhibitors, we identified extracellu-
lar NAD precursors, their cytosolic conversions, and the path-
way of mitochondrial NAD generation. Our results demonstrate
that, besides nicotinamide and nicotinic acid, only the corre-
sponding nucleosides readily enter the cells. Nucleotides (e.g.
NAD and NMN) undergo extracellular degradation resulting in
the formation of permeable precursors. These precursors can all
be converted to cytosolic and mitochondrial NAD. For mito-
chondrial NAD synthesis, precursors are converted to NMN in
the cytosol. When taken up into the organelles, NMN (together
with ATP) serves as substrate of NMNAT3 to form NAD.
NMNAT3 was conclusively localized to the mitochondrial
matrix and is the only known enzyme of NAD synthesis residing
within these organelles. We thus present a comprehensive dis-
section of mammalian NAD biosynthesis, the groundwork to
understand regulation of NAD-mediated processes, and the
organismal homeostasis of this fundamental molecule.

NAD is an essential electron carrier and a key molecule of
signaling pathways (1-4). In bioenergetic pathways, NAD is
reversibly converted between its oxidized (NAD™) and reduced
(NADH) states, which would not require continuous regenera-
tion. Indeed, when the principal pathway of NAD™ synthesis
from nicotinic acid (NA)? had been established (5), the “case”
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was nearly closed, because neither additional roles of NAD nor
a regulatory importance of its synthesis were suspected.

Meanwhile, discoveries of signaling processes in which
NAD™ is degraded have dramatically changed this view. Signal-
ing conversions of NAD ™ include the cleavage to nicotinamide
(Nam), which is recycled into NAD™ synthesis, and a concom-
itant reaction of the remaining ADP-ribose moiety. NAD *-de-
pendent deacetylases (members of the sirtuin family) and
mono-ADP-ribosyltransferases control life span, the biological
clock, insulin secretion, and key metabolic enzymes (6-9). In
addition, NAD™ represents the substrate for poly(ADP-ribosyl-
ation) to regulate DNA repair, transcription, telomerase activ-
ity, and chromatin dynamics (10-12). NAD™ is also the precur-
sor of cyclic ADP-ribose and NAADP, potent agents to
mobilize calcium from intracellular stores (13). This multitude
of NAD"-degrading reactions clearly necessitates permanent
regeneration of the nucleotide.

NAD™ biosynthesis itself likely holds a key position in the
control of metabolism as it can provide the nucleotide in a reg-
ulated fashion with regard to both time, localization and nutri-
ent availability. Indeed, NAD ™" biosynthetic activity and NAD ™"
contents in liver vary depending on the circadian rhythm (8, 9).
Moreover, at least in the nucleus and cytosol, NAD " availability
appears to be limited (14) and specific spatial distribution of
enzymes may selectively supply NAD " -dependent processes,
as has been suggested for poly(ADP-ribosylation) in the nucleus
(15) and protection of nerve ends from degeneration (16).

In addition to the conversions of the vitamin precursors Nam
and NA to NAD™ in yeast (2, 5), Brenner and co-workers (17)
recently discovered the nucleoside derivatives of these precur-
sors (the ribosides of Nam and NA, NR, and NAR) as precursors
that are taken up and synthesized in yeast (18 —20). These ribo-
sides enter NAD™ biosynthesis via nicotinamide riboside
kinases (NRKs) (Fig. 1A4), which are also present in humans
(17). Tryptophan can also serve as a NAD™ precursor when
degraded to quinolinic acid in the kynurenine pathway (Fig.
1A). However, tryptophan alone is insufficient to support phys-
iological NAD™ concentrations in mammals (21, 22). Thus,
there are five different entry points into NAD " biosynthesis in
human cells as follows: NA, Nam, NR, NAR, and tryptophan
(Fig. 1A). The biosynthetic pathways from all these precursors

synthetase; NAMN, nicotinic acid mononucleotide; Nam, nicotinamide;
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merge at the step of the dinucleotide formation catalyzed by
NMN adenylyltransferases (NMNATSs). In mammals, there are
three isoforms of this activity (NMNAT1-3) that have been
associated with the nucleus, the Golgi complex, and the mito-
chondria, respectively (23). Still, although the molecular iden-
tities of the human enzymes involved in NAD* synthesis have
been established, information regarding their subcellular distri-
bution and regulation is scarce or inconclusive.

Notably, the pathway of mitochondrial NAD* generation in
mammalian cells has remained an unresolved issue of funda-
mental importance. In mitochondria of tissues with high energy
demand, up to 70% of cellular NAD™ are segregated within
these organelles, presumably to provide maximal capacity for
oxidative phosphorylation (24). Recent observations have
reiterated the significance of mitochondrial NAD™* by demon-
strating its critical role in signaling processes. Mitochondrial
NAD™-dependent protein deacetylation and mono-ADP-ribo-
sylation regulate key metabolic enzymes, including glutamate
dehydrogenase (25, 26), acetyl-CoA synthetase 2 (27), and car-
bamoyl-phosphate synthetase 1 (28). The mitochondrial
NAD™ pool is autonomous (29) and appears to be most critical
for cell survival (30). In yeast and plants, cytosolic NAD™ is
imported across the inner mitochondrial membrane (31, 32),
whereas mammalian mitochondria need to take up a precursor
from the cytosol, which can be converted into NAD * within the
organelles. So far, the precursor has not been identified.

NMNATS3 could be involved in mitochondrial NAD™ gener-
ation, as it has been associated with the organelles (23). It was
also reported that rat Nam phosphoribosyltransferase (Nam-
PRT) partially associated with mitochondria (30). The presence
of both NamPRT and NMNAT activities in mitochondria
would constitute a viable NAD™ synthetic route from Nam as
precursor (cf Fig. 1A). However, the presence of NamPRT in
mitochondria was not confirmed in other studies (28, 29). Con-
sequently, a conclusive assessment of the presence of NamPRT
and NMNAT3 in mitochondria is required to understand
NAD™ generation within these organelles.

Besides mitochondrial NAD™ synthesis, several general
questions regarding this fundamental cellular process still
remain unanswered. (i) Which extracellular NAD* metabolites
enter the cells, besides the vitamin B, precursors Nam and NA?
(if) Which cytosolic conversions are required to supply subcel-
lular NAD™ pools, in particular mitochondria? (iii) What are
the rate-limiting steps in the different pathways? (iv) Is there an
exchange of NAD* metabolites across the borders of cells or do
tissues rely exclusively on nutritional precursors?

A major challenge to address these questions has been the
reliable detection of NAD™, a small molecule that is dynami-
cally converted and distributed among different subcellular
pools. So far, all methods to determine endogenous NAD ™ con-
tents require cell disintegration followed by nucleotide extrac-
tion, and it can only be assumed that organellar concentrations
are not affected by these procedures.

In this study, we employed the catalytic domain of poly(ADP-
ribose) polymerase-1 (PARP1lcd) and targeted it to the mito-
chondrial matrix. The enzymatic activity of PARP1cd converts
NAD™ into immunodetectable, protein-bound poly(ADP-ri-
bose) (PAR) (10-12) and thereby provides a molecular tool for
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NAD™ detection. We show that the amount of polymers corre-
lates with NAD™ availability and reports changes of mitochon-
drial NAD™ content brought about by modulation of NAD™
biosynthesis. Based on this detector system and the determina-
tion of the subcellular distribution of all known enzymes
involved in human NAD* synthesis, we identified the extracel-
lular precursors of mitochondrial NAD™, their uptake into
cells, and intracellular conversions. Collectively, our observa-
tions constitute the first comprehensive dissection of NAD™
metabolism in human cells.

EXPERIMENTAL PROCEDURES

Chemicals, Reagents, and Media—Unless otherwise speci-
fied, all chemicals and reagents were of analytical grade and
were purchased from Sigma and Merck. Cell culture reagents
were from Biochrom, Cambrex Corp., Nunc, or Invitrogen.
FK866 was obtained from the NIMH Chemical Synthesis and
Drug Supply Program. The following antibodies were used:
mouse anti-FLAG and mouse anti-B-tubulin (Sigma), rabbit
anti-PAR (96—10—04; Alexis Biochemicals), and rabbit anti-
apoptosis-inducing factor (Santa Cruz Biotechnology). Mouse
anti-Myc (9E10) and mouse anti-PAR (10H) antibodies were
from hybridoma cell culture supernatants. Fluorescent-conju-
gated secondary antibodies were from Invitrogen. Enhanced
chemiluminescence (ECL) reagents and HRP-conjugated goat
anti-mouse/goat anti-rabbit antibodies were from Pierce or GE
Healthcare. DNA-modifying and restriction enzymes were
purchased from Fermentas, New England Biolabs, or TaKaRa,
and oligonucleotide synthesis was done by Sigma.

Cell Culture—Cells were cultivated in Ham’s F-12 medium
for HeLa S3 and Dulbecco’s modified Eagle’s medium (DMEM)
for 293 and HepG2 cells. Media were supplemented with 10%
(v/v) ECS, 2 mMm L-glutamine, and penicillin/streptomycin. Sta-
bly transfected 293mitoPARP cells were maintained in 293
medium supplemented with 100 wg/ml G418. Transient trans-
fection of eukaryotic cells was performed using Effectene re-
agent (Qiagen).

Cloning and Generation of Eukaryotic Expression Vectors—
For expression of tagged proteins, their corresponding open
reading frames were inserted into pFLAG-CMV-5a (Sigma),
pcDNA3.1(+)-PARPlcd (33), or pCMV/myc/mito (Invitro-
gen). All cloned DNA sequences were verified by DNA
sequence analysis.

Pharmacological Treatments—Inhibitors (2 um FK866, 2 mm
3-AB, 10 um NBTIL 2 um dipyridamole, 2 mm CMP, 25 um
pyridoxyl phosphate-6-azophenyl-2’,4’-disulfonic acid, and 1
mM Ap4A) or metabolites (100 um NAD™, 100 um NAAD, 100
M NMN, 100 um NAMN, 100 uMm NA, and 100 um NR) were
added to the cell culture medium as indicated. NR was gener-
ated as described previously (34). Treatment with inhibitors
and metabolites was carried out for 24— 48 h prior to analyses of
PAR formation and cell viability (72 h for 293mitoPARP cells,
96 h for HeLa S3 cells, and 120 h for HepG2 cells). Cell viability
was determined using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide assay.

Identification of Mitochondrial Matrix Proteins by
PARAPLAY—The poly(ADP-ribose)-assisted protein localiza-
tion assay (PARAPLAY) establishes luminal protein localiza-
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tion (33). Here, PARAPLAY was used to identify mitochondrial
matrix proteins. The analyte proteins (NMNAT3, NamPRT,
and NAPRT) were expressed N-terminally fused to PARP1cd in
HeLa S3 cells. Because of low [NAD "] and/or high PAR degrad-
ing activity in the cytosol and mitochondrial intermembrane
space, no PAR was detected if the fusion protein resides within
these compartments. In contrast, matrix localization was read-
ily established by PAR accumulation. Even if the majority of the
fusion protein resided in the cytosol, a possible luminal fraction
of the protein would generate sufficient immunodetectable
PAR. If no PAR was detected, the localization of the protein
outside the matrix was verified by testing the functionality of
the PARP1cd portion of the fusion protein. This was done by
adding an N-terminal mitochondrial targeting sequence to the
fusion protein, which will direct it into the matrix and result in
PAR accumulation.

Protein Determination, SDS-PAGE, and Western Blotting—
Protein concentration was determined using BCA reagent
(Pierce). Cell lysates were prepared in lysis buffer (50 mm Tris/
HCl, pH 6.8,2% (w/v) SDS, 10% (v/v) glycerol) or directly in SDS
sample buffer (50 mm Tris/HCI, pH 6.8, 2% (w/v) SDS, 10% (v/v)
glycerol, 100 mm B-mercaptoethanol, and 0.01% (w/v) bro-
mphenol blue). Gel electrophoresis and immunoblotting were
carried out according to standard procedures. ECL was used for
immunodetection. Equal protein loading was confirmed by
B-tubulin or AIF immunodetection.

Immunocytochemistry—Cells were fixed with 4% (v/v) form-
aldehyde in PBS and permeabilized using 0.5% (v/v) Triton
X-100 in PBS. Nuclei were stained with DAPI and mitochon-
dria with MitoTracker Red CMXRos (Invitrogen). Images were
taken using a Leica DMI6000B epifluorescence microscope
(Leica Microsystems) equipped with X10, X40, and X100
objectives.

Detection of Changes in NAD" Content by PARP Activity
within Mitochondria—293mitoPARP cells express a fusion
protein (“mitoPARP”) consisting of enhanced GFP and
PARPIlcd targeted to the mitochondrial matrix. Using mito-
chondrial NAD™ as substrate, these cells constitutively gener-
ate protein-bound PAR, which is visualized immunochemi-
cally. Variations in the extent of detected PAR thus reflect
changes of the mitochondrial NAD* content. Likewise, tran-
sient expression of mitoPARP in HepG2 and HeLa S3 cells was
used.

Enzyme Activity Measurements—The activity of FLAG-
tagged NADS was measured following expression in 293 cells
and immunoprecipitation from whole cell extracts using
anti-FLAG M2 affinity gel matrix (Sigma). Amidation of
NAAD to NAD™ by the enzyme was carried out overnight in
50 mm Tris/HCI, pH 8.0, 60 mm KCI, 2 mm ATP, 8 mm
MgCl,, 20 mM L-glutamine, and 2 mM NAAD. Generated
NAD™ was then converted to NADH by incubation with 1%
EtOH and 2 units of alcohol dehydrogenase for 30 min. Pro-
teins were removed by ultrafiltration (3 kDa), and samples
were analyzed by HPLC.

To test formation of NMN by NADS, the amidation reaction
was carried out in the presence of NAMN instead of NAAD.
NADS was then removed by ultrafiltration (3 kDa). Because
NMN and NAMN did not separate sufficiently well in the

JUNE 17,2011 +VOLUME 286-NUMBER 24

Compartmentation of Human NAD Synthesis

subsequent analysis, the mononucleotide was adenylated
(to yield NAD™ or NAAD) by adding 1.5 ug of purified
NMNAT1 and incubated for 1 h. Nucleotides were then ana-
lyzed by HPLC.

Automodification of PARP proteins was measured in
extracts from 293mitoPARP cells or using bacterially expressed
and purified Hiss-tagged PARPlcd (amino acids 652-1014,
kindly provided by Dr. F. Koch-Nolte, Hamburg, Germany).
Cell extracts (1 ug/ul of total protein) or purified PARP1cd (40
ng/ul) was incubated for 1 h at 30 °C in PBS supplemented with
10 mm MgCl, and NAD ™" or NAAD as substrate. Samples were
then analyzed by Western blotting.

HPLC Analysis of Nucleotides—The HPLC system consisted
of an LC-20AB solvent delivery module, an SPD-M20A photo-
diode array detector, and a SIL-20AC autosampler (Shimadzu).
Nucleotides were separated on a Nucleodur C18 gravity col-
umn (Macherey & Nagel) as described (35).

RESULTS

In Situ Detection of Relative Mitochondrial NAD™ Levels by
Poly(ADP-ribose) Generation in the Matrix—Targeted expres-
sion of PARP1cd in the mitochondrial matrix, here fused to
enhanced GFP and termed mitoPARP, leads to the constitutive
presence of PAR within these organelles (36). We reasoned that
mitoPARP could be used to monitor alterations of the mito-
chondrial NAD™ content (Fig. 1B), i.e. a fraction of the mito-
chondrial NAD* pool would be converted into protein-bound,
immunodetectable PAR. Thus, changes of matrix NAD " levels
would be revealed using differences in PAR accumulation as
readout (an [NAD "]-dependent steady state is established in
concert with a slow endogenous polymer degrading activity
(36)). Automodification of recombinant PARPlcd is indeed
sensitive to the concentration of available NAD " and precluded
by the PARP inhibitor 3-AB (Fig. 1C). The smear of the PAR
signal reflects the heterogeneity of the polymers, which may
consist of up to 200 ADP-ribose units per acceptor site (11).
Prolonged incubation of 293 cells stably expressing mitoPARP
(293mitoPARP cells) with 3-AB reduced the amounts of PAR to
nondetectable levels. After washout of 3-AB, polymers reap-
peared within 1 h, and their level increased steadily (Fig. 1D),
verifying the constitutive activity of mitoPARP. Inhibition of
NAD™ synthesis by the NamPRT inhibitor FK866 depleted
mitochondrial NAD™ within 24 h (as indicated by the absence
of detectable PAR, Fig. 1E). Cell viability was only slightly
affected (Fig. 1F, left panel), but prolonged exposure to FK866 is
lethal (see below). Thus, the PAR signal depends on both the
catalytic activity of mitoPARP and the presence of NAD™.
Consequently, mitoPARP expression enables detection of
changes in the mitochondrial NAD " content. mitoPARP activ-
ity contributes to mitochondrial NAD™ turnover (36). More-
over, under conditions of NamPRT inhibition, the viability of
293mitoPARP cells was lower than that of control 293 cells (Fig.
1F). Inhibition of PARP activity by 3-AB during FK866 treat-
ment increased cell viability to control levels. 3-AB alone had
no effect on cell viability. These observations underscore the
importance of the mitochondrial NAD™ pool for cell survival.

Besides stably transfected 293mitoPARP cells, we also tran-
siently expressed mitoPARP in HeLa S3 and HepG2 cells (Fig.
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FIGURE 1. Targeted expression of the catalytic domain of PARP1 as sensor for mitochondrial NAD™ levels. A, overview of NAD™ biosynthesis in humans.
NAD™" can be synthesized from pyridine bases or nucleosides, which are initially converted to mononucleotides. The tryptophan (Trp) degradation product
quinolinic acid (QA) is transformed to nicotinic acid mononucleotide (NAMN) by quinolinic acid phosphoribosyltransferase (QAPRT). Nicotinamide (Nam) and
nicotinic acid (NA) are converted to the corresponding mononucleotides (NMN and NAMN) by nicotinamide phosphoribosyltransferase (NamPRT) and nicotinic
acid phosphoribosyltransferase (NAPRT), respectively. FK866 inhibits NamPRT. NMN and NAMN are also generated through phosphorylation of nicotinamide
riboside (NR) and nicotinic acid riboside (NAR), respectively, by nicotinamide riboside kinase (NRK) activity. NAMN and NMN are converted to the corresponding
dinucleotide (NAAD or NAD") by NMN adenylyltransferase (NMNAT). NAD synthetase (NADS) amidates NAAD to NAD". The two right panels indicate the
structures of NAD™* and its metabolites. B, experimental system to monitor mitochondrial NAD ™ levels. mitoPARP automodifiesitself, and its activity is inhibited
by 3-AB. Generation and functional verification of the mitoPARP construct have been described (36). MTS, mitochondrial targeting sequence. C, PAR accumu-
lation depends on the NAD* concentration. The Western blot shows automodification of purified, recombinant PARP1cd (overexpressed in E. coli) after
incubation with the indicated concentrations of NAD ™. The smear reflects the heterogeneity of polymer lengths. D, 293mitoPARP cells constitutively contain
PAR in mitochondria (left lane). Incubation with 3-AB for 24 h diminishes the PAR signal (2nd lane). Following washout of 3-AB, polymers accumulate over time.
E, decrease of mitochondrial NAD™* by NamPRT inhibition. Relative NAD™ content in mitochondria was detected in lysates of 293mitoPARP cells treated or not
(Ctrl) with FK866 for 24 h. F, mitoPARP activity increases the sensitivity toward NamPRT inhibition. Parental 293 and 293mitoPARP cells were treated with FK866
or 3-AB as indicated. G, mitoPARP (detected by its enhanced GFP(EGFP) portion) leads to mitochondrial PAR accumulation when stably (293mitoPARP) or
transiently (HeLa S3 and HepG2) expressed. Bar, 10 um.

1G). Upon mitoPARP expression, PAR was similarly detectable Identification of Extracellular NAD" Metabolites That Sup-
in the mitochondria. PAR was undetectable in nuclei, the loca-  port Mitochondrial NAD"' Generation—We then explored
tion of endogenous, unmodified PARP-1, in any of the experi- which extracellular NAD™ precursors support mitochondrial
ments reported here. NAD™ generation. Clearly, Nam serves this function, as it is
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usually the only NAD™ precursor in cell culture media.
Although tryptophan, also present in the medium, can be con-
verted to NAD™, it is insufficient to maintain cellular NAD*
levels (cf. supplemental Fig. S14). Increasing the concentration
of tryptophan in the medium up to 500 um did also not improve
cell viability in the presence of FK866 (supplemental Fig. S1A).

Thus, when NamPRT is inhibited, an alternative precursor
needs to be present for NAD™ generation. Addition of NA,
NAMN, or NMN to the medium restored mitochondrial
NAD™ content and cell survival (Fig. 2, A and B). Cell viability
correlated with mitochondrial NAD™ levels, as measured by
PAR formation. Untransfected HeLa S3 cells displayed a similar
sensitivity to FK866 and restoration of survival by NA, NAMN,
and NMN (Fig. 2C). In contrast, in HepG2 cells, NA did not
support the generation of NAD™ and cell survival (Fig. 2, D
and E) confirming the lack of NA phosphoribosyltransferase
(NAPRT) activity in this cell line (37). Following NAD™ deple-
tion by FK866 treatment of 293mitoPARP cells, the mitochon-
drial NAD™ pool could be replenished by NA in a time-depen-
dent manner (supplemental Fig. S1B).

We also tested NAD™ and NAAD as potential precursors of
intracellular NAD ™. Both dinucleotides were sufficient to pre-
serve mitochondrial NAD™ and cell viability (Fig. 2, F and G).
Thus, in addition to Nam and NA, their corresponding pyridine
mono- and dinucleotides supported mitochondrial PAR forma-
tion when added to the cells. Although for some cells uptake of
pyridine nucleotides has been proposed (38), the plasma mem-
brane is generally considered impermeable to phosphorylated
molecules. Therefore, we tested if maintenance of intracellular
NAD™ by exogenous nucleotides required their extracellular
degradation to intermediates that can then enter the cells.

Extracellular Nucleotides Are Degraded to Their Correspond-
ing Nucleosides, which Then Enter Cells as NAD™ Precursors—
The presence of nucleotide pyrophosphatase, also referred to as
phosphodiesterase, on the external surface of the plasma mem-
brane has been shown (39). This activity cleaves NAD" to
NMN and AMP (40). The nucleotide pyrophosphatase inhibi-
tor pyridoxyl phosphate-6-azophenyl-2',4’-disulfonic acid (41)
prevented restoration of the mitochondrial NAD ™ pool and cell
survival when NAD™ was used as extracellular precursor (Fig.
3A). Likewise, addition of Ap4A as competitive nucleotide
pyrophosphatase substrate (42) exerted a similar effect on cell
viability both in 293mitoPARP and HeLa S3 cells (supplemental
Fig. S2A4). Consequently, to serve as precursor, extracellular
NAD™ needs to be degraded to NMN.

We then studied the fate of NMN as extracellular NAD™
precursor. Addition of CMP, which competes with NMN as
substrate for dephosphorylation by the external 5’'-nucleotid-
ase (39), notably reduced cell viability of 293mitoPARP cells
(Fig. 3B) and HeLa S3 cells (supplemental Fig. S2B). As shown
in Fig. 3B, this correlated with a reduced mitochondrial NAD™*
content and was dose-dependent (supplemental Fig. S2D).
NMN lost its capacity as extracellular NAD ™ precursor also in
the presence of dipyridamole and NBT], inhibitors of plasma
membrane nucleoside transporters (43). The decrease in
immunodetectable PAR was again paralleled by reduced cell
viability in 293mitoPARP cells (Fig. 3B) and HeLa S3 cells (sup-
plemental Fig. S2B). Neither CMP nor the nucleoside transport
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inhibitors alone had any effect on the amount of detectable PAR
or cell viability (supplemental Fig. S2C), when Nam could be
used as NAD™ precursor.

Mitochondrial NAD™ generation from added NAMN was
also sensitive to these inhibitors (Fig. 3, C and D), albeit less
strongly than with NMN as precursor. Inhibition could be over-
come by increasing the concentration of NAMN. A likely expla-
nation for the lower inhibitor sensitivity using NAMN (and
NAAD, see below) is the potential degradation into NA, an
NAD™ precursor that bypasses inhibition of both NamPRT
(FK866) and nucleoside transporters (DIP). Likewise, Nam is a
degradation product of NMN and NAD™, but its utilization is
prevented by the presence of FK866. Accordingly, NR sup-
ported mitochondrial PAR formation and cell viability in the
presence of CMP, whereas both dipyridamole and NBTT inhib-
ited NR utilization (Fig. 3E). Therefore, inhibition of nucleoside
uptake or NMN dephosphorylation should also affect the use of
NAD™ as an extracellular precursor. Indeed, as shown in Fig.
3F, NAD™ was considerably less efficient in maintaining mito-
chondrial PAR formation and cell viability in the presence of
NBTI, dipyridamole, or CMP. Similar treatments of HeLaS3
cells had the same effect on cell viability (supplemental Fig.
S2E). When using NAAD as extracellular NAD™ precursor, a
similar tendency was found (supplemental Fig. S2F). However,
the presence of NA (see above) may have provided an additional
source of NAD synthesis and thus led to a less pronounced
effect. Together, these results established that, besides NA and
Nam, only the riboside precursors NR and NAR serve as extra-
cellular precursors of intracellular NAD™, whereas mono-
(NMN and NAMN) and dinucleotides (NAD" and NAAD)
need to be processed to the corresponding nucleosides (Fig.
3G). This interpretation assumes that entry of extracellular
NAD™ precursors into cells could actually be monitored using
mitoPARP, a probe that resides within mitochondria. As will be
shown below, all known intermediates of NAD™ metabolism,
including NAD* itself, can be converted to a precursor of mito-
chondrial NAD™ in the cytosol. Consequently, all extracellular
NAD™ precursors indeed contribute to mitochondrial NAD™
synthesis.

All NAD™ Biosynthetic Enzymes Localize to the Cytoplasm or
the Nucleus, Except a Mitochondrial NMNAT Isoform—To
understand the intracellular pathways of NAD™ biosynthesis,
we next conducted comprehensive analyses of the subcellular
distribution of the human enzymes. When expressed with a
C-terminal FLAG epitope in HeLa S3 cells (Fig. 44), all
enzymes, except NMNAT3, localized to the cytoplasm or
nucleus. NMNAT3 colocalized with Mitotracker, as expected
(23). The two other NMNAT isoforms, not shown here, are
known to be nuclear (23) or at the cytosolic face of the Golgi
apparatus (23, 44).

Both NamPRT and NAPRT generate substrates for
NMNATSs (Fig. 14). If they were present in the matrix, they
could contribute to mitochondrial NAD™ synthesis provided
NMNATS3 is a matrix protein. To address this issue, we applied
PARAPLAY, a novel assay specifically suited to resolve subor-
ganellar protein localization (33). This method includes over-
expression of the analyte protein fused to PARP1cd. For mito-
chondrial proteins, PAR accumulation is only observed if the
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FIGURE 2. Extracellular NAD* derivatives supporting mitochondrial NAD* generation and cell survival. Nam utilization was inhibited by FK866
addition, as indicated. Tryptophan is insufficient as NAD™* precursor to maintain cell viability (supplemental Fig. S1A). NA supports mitochondrial NAD™
synthesis in 293mitoPARP cells (supplemental Fig. S1B). “NAD precursor” designates the metabolite added to the medium. A, both NAMN and NMN
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fusion protein resides within the matrix. We expressed that of the corresponding FLAG-tagged proteins (Fig. 4A).

NMNAT3, NamPRT, and NAPRT in fusion with PARPlcd. NMNAT3-PARPIlcd protein supported PAR accumulation in
The localization of these constructs (Fig. 4B) was similar to mitochondria, demonstrating that NMNAT3 is indeed a matrix
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sentation of the results. The effect of Ap4A is demonstrated in supplemental Fig. S2A.

protein (45). Neither the NamPRT- nor the NAPRT-PARP1cd
fusion proteins led to any detectable polymer formation verify-
ing that these are not mitochondrial matrix proteins in human
cells (Fig. 4B). To exclude that the catalytic activity of PARP1cd
was impaired upon fusion to NamPRT or NAPRT, we added an
established mitochondrial targeting sequence to the N termini
of the fusion constructs to force them into the matrix. The
resulting proteins now localized to the mitochondria and gen-
erated PAR (Fig. 4C). We also excluded the possibility that a
truncated NAPRT, which could potentially originate from an
alternative translational start, would lead to a mitochondrial
isoform (supplemental Fig. S3A).

We thus established that NMNATS3 is the only enzyme of
NAD™ synthesis that is present in mitochondria of human cells.
All other enzymatic activities of human NAD™ biosynthesis
reside in the nucleus and/or cytoplasm. Consequently, nuclear/
cytosolic NAD ™ can be synthesized from all identified extracel-
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lular precursors, Nam and NA as well as their corresponding
ribosides.

NMN Is the Cytosolic Precursor of Mitochondrial NAD™
Synthesis—The presence of only NMNAT3 in the matrix
strongly indicated NMN as the cytosolic precursor of mito-
chondrial NAD™. The absence of NADS from mitochondria
ruled out the possibility of amidating NA precursors within the
organelles (Fig. 4A4). Moreover, localization of both NRK iso-
forms outside mitochondria (Fig. 44) suggested that phosphor-
ylation of NR does not occur within the organelles. Still, a pos-
sible side activity of thymidine kinase 2 (TK2), a mitochondrial
matrix isoform, could potentially mediate phosphorylation of
NR (Fig. 5D), because NRKs are homologous to pyrimidine
nucleoside kinases (17). However, as shown in Fig. 54, overex-
pression of TK2 had no detectable effect on mitochondrial PAR
levels when NMN was the only extracellular NAD™ precursor
(which is imported into cells after conversion to NR, see Fig. 3).
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The mitochondrial localization of the overexpressed TK2 pro-
tein was verified (supplemental Fig. S3B). Consequently, fol-
lowing entry into the cell, NR would have to be converted to
NMN in the cytosol. Indeed, overexpression of NRK1 (which is
cytoplasmic, see Fig. 44) dramatically increased the amount of
mitochondrial PAR (Fig. 5A4), but only if an extracellular pre-
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cursor (such as NMN) was available to provide NR (Fig. 5B).
Thus, NR is a potent precursor of mitochondrial NAD™, if
phosphorylated to NMN in the cytosol (Fig. 5D). Therefore,
NMN has been functionally confirmed as the cytosolic precur-
sor of mitochondrial NAD *. Overexpression of NRK1 consid-
erably improved the use of extracellular NAD* or NMN or NR
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FIGURE 5. NMN is the cytosolic precursor of mitochondrial NAD* synthesis in 293mitoPARP cells. A, overexpression of cytoplasmic NRK1, but not
mitochondrial matrix TK2, increases mitochondrial NAD* content. 293mitoPARP cells were transiently transfected with vectors encoding FLAG-tagged human
NRK1 or TK2. The mitochondrial localization of TK2 was verified (supplemental Fig. S3B). Band C, increase of mitochondrial NAD * levels by overexpressed NRK1
depends on a source of extracellular NR (NAD and NMN are extracellularly degraded to NR, Fig. 3). D, cytosolic NMN serves as precursor for mitochondrial NAD ™.
Increased NRK activity in the cytosol enhances mitochondrial NAD™" content when NR, NMN, or NAD™" are provided as extracellular NAD™ precursors. The
conversion of NR to NMN by mitochondrial thymidine kinase 2 (TK2) activity was ruled out (dashed line).

itself for mitochondrial PAR formation (Fig. 5C). These obser-
vations strongly reinforce the notion that extracellular NMN
and NAD™ are not taken up into the cells but rather have to be
degraded to NR first.

Generation of Mitochondrial NAD™ from Nicotinic Acid Pre-
cursors Requires Synthesis and Subsequent Cleavage of Cytosolic
NAD™ —Given that NMN is the cytosolic precursor of mito-
chondrial NAD™, the question arises how extracellular NA pre-
cursors can serve to generate NAD " within mitochondria. The
scheme in Fig. 6F illustrates the possibilities to be considered
when using NA as precursor (NAR would similarly lead to
NAMN using NRK activity instead of NAPRT). First of all, we
verified that the detector system was specific for NAD ™. Puri-
fied PARP1cd did not use NAAD as substrate for PAR synthesis
(Fig. 6A, left panel). Moreover, whole cell extracts from
293mitoPARP cells catalyzed the generation of PAR, in excess
to the endogenously present polymers, only following addition
of NAD™ but not NAAD (Fig. 64, right panel). Generation of
PAR in 293mitoPARP cells is thus not a result of NAAD turn-
over. Even if NAMN entered the mitochondria (where it could
be converted to NAAD by NMNATS3), it would not support
NAD™ generation and, therefore, not change the signal of PAR
detection.

A rather straightforward cytosolic conversion of NAMN to
NMN would be direct amidation (Fig. 6E, dashed arrow). A
bacterial NADS with this activity was recently identified (46).
We therefore tested human NADS in this regard. The purified
enzyme (supplemental Fig. S4A4) exhibited its expected activity
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to convert NAAD to NAD ™ (supplemental Fig. S4B). However,
it did not amidate NAMN (Fig. 6B). Thus, cytosolic NAMN has
to be converted to NAAD by NMNAT1 or -2 before amidation
can take place. Consequently, to become a precursor for mito-
chondrial NAD™, NA derivatives have to be converted to cyto-
solic NAD™, which is then cleaved to NMN (Fig. 6E). Surpris-
ingly, the use of NA as an extracellular precursor of
mitochondrial NAD™ is efficient, even though four enzymatic
activities (NAPRT, NMNAT, NADS, and NAD ™ cleavage, Fig.
6E) are required, compared with a single one (e.g. NRK) when
using amidated precursors (Fig. 5D). However, only overex-
pression of NAPRT, but not NMNAT1 or NADS, substantially
increased mitochondrial PAR when NA was added as NAD™
precursor (Fig. 6, C and D) indicating that only NAPRT activity
is rate-limiting.

DISCUSSION

This study provides the first comprehensive dissection of
NAD™ biosynthesis in human cells. Based on mitoPARP
expression, we developed a novel detector system, which per-
mitted us to monitor changes in the mitochondrial NAD " pool
without cell disruption. We identified the extracellular NAD™
precursors that can enter cells to generate NAD™ for the
nucleo-cytoplasm and NMN as precursor for mitochondrial
NAD™. Moreover, our results establish the subcellular localiza-
tion of all known enzymes involved in human NAD™ biosyn-
thesis. Quite surprisingly, except for mitochondrial NAD ™ gen-
eration by NMNATS3, the cellular pathways of NAD ™ synthesis

JOURNAL OF BIOLOGICAL CHEMISTRY 21775


http://www.jbc.org/cgi/content/full/M110.213298/DC1
http://www.jbc.org/cgi/content/full/M110.213298/DC1
http://www.jbc.org/cgi/content/full/M110.213298/DC1

Compartmentation of Human NAD Synthesis

WCE B NAMN +ATP control NADS
PARP1cd 293mitoPARP
Kpa 2(NADS 250 250 RAAD
NAAD
I — 200 2001
el PAR g
& € NMN+AMP _ 1501 AP 5 1507 ATP
Q < <
50
© E 100 NAD* €100 NAD*
37- NMNAT1
Substrate — -3 9 1 504
<> ) 50
e‘?? I V Pyrophosphate NAMN NAMN
01 01 : ' ) :
0 4 8 12 16 0 4 8 12 16
Time (min) Time (min)
NA
FK866
NMNAT1,2
|
NAAP /NAMN i 2'Naps NADS
narrr [ NMNAT3 Vo7
B-tubulin
i +
p- Overexpressed — —
protein \@ %

FIGURE 6. Cytosolic nicotinic acid derivatives have to be converted to NAD* before they can serve as mitochondrial NAD* precursor. A, PARP1cd and
mitoPARP do not synthesize PAR from NAAD. Recombinant PARP1cd or whole cell extracts (WCE) from 293mitoPARP cells were incubated with 1 mm NAD " or
NAAD. Endogenous PARin whole cell extracts (WCE) of 293mitoPARP cells derives from PAR generated by the mitoPARP protein. As opposed to NAD ", addition
of NAAD did not lead to further PAR generation. B, human NADS does not amidate NAMN. Overexpressed FLAG-tagged NADS was immunoprecipitated
(supplemental Fig. S4A), and its activity to amidate NAAD to NAD" was verified (supplemental Fig. S4B). After incubation with NAMN, ATP, and glutamine,
NADS was removed by ultrafiltration, and purified NMNAT1 was added to convert NMN or NAMN to the respective dinucleotide. If NAMN had been amidated
to NMN, NAD" would be detected. The control sample did not contain NADS. C, NAPRT overexpression increases mitochondrial NAD ™" formation from
extracellular NA. FLAG-tagged NAPRT was transiently expressed in 293mitoPARP cells, as indicated. D, NAPRT is rate-limiting for mitochondrial NAD™ gener-
ation from extracellular NA. 293mitoPARP cells transiently expressed FLAG-tagged NAPRT, NMNAT1, or NADS, as indicated. £, NA-dependent mitochondrial
NAD™" synthesis requires generation of cytosolic NAD ™. Direct conversion of NAMN to NMN by NAD synthetase was excluded (dashed line). Import of NAMN
into mitochondria and conversion by NMNAT3 to NAAD would not be detected (A). Therefore, NA undergoes several cytosolic conversions including NAAD
amidation to NAD* and degradation to NMN, which then enters the mitochondria. Note that use of extracellular NAR to generate mitochondrial NAD™* is
similar, because this nucleoside is also first converted to NAMN by NRK (not shown).

appear to be confined to the nucleo-cytoplasm, even though
other subcellular NAD™ pools are likely to exist.

Generation of the Mitochondrial NAD™ Pool—A key result of
this study is the identification of the pathway of mitochondrial
NAD™ generation in mammalian cells. The utility of mitoPARP
enabled monitoring of changes in mitochondrial NAD™ con-
tent in intact living cells and functionally established NMN as a
cytosolic precursor. Moreover, using PARAPLAY (33), we
demonstrated that NMNAT3, but not NamPRT, is located
within the matrix of these organelles (Fig. 4B). Because ATP is
readily available in mitochondria, the presence of NMNATS3 in
the matrix and import of NMN are sufficient to maintain the
organellar NAD™ pool. Several lines of evidence support the
conclusion that NMN has to enter the matrix as substrate for
mitochondrial NAD™ generation (Fig. 7). First, the absence of
NAPRT and NamPRT from the mitochondrial matrix (Fig. 4, B
and C) excludes NMN or NAMN generation within the organ-
elles from the pyridine base precursors. Second, both NRK1
and -2 localize to the cytosol or nucleus (Fig. 44), and the mito-
chondrial relative, TK2, does not support mitochondrial NAD ™
generation from an extracellular source of NR (Fig. 5A4). There-
fore, mitochondrial generation of NMN (or NAMN) from the
nucleoside precursors is also not possible. Third, the absence of
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NADS from mitochondria (Fig. 44) rules out amidation within
the organelles. Fourth, enhanced NMN generation in the cyto-
sol by overexpression of NRK1 strongly increases mitochon-
drial NAD™ content (Fig. 5). Moreover, enhanced production
of NMN by NamPRT (which is cytosolic, see Fig. 4) increases
mitochondrial NAD™ content using Nam (28, 30). Mitochon-
drial NMN content rises, in fact, when the concentration of
extracellular NAD™ precursors is elevated (47). Finally, only
NMNAT3 resides within the mitochondrial matrix. From these
observations, we conclude that NMN has to be imported into
mitochondria to generate NAD™ in the matrix. So far, no
NMN-specific mitochondrial transport system has been iden-
tified. In principle, the results presented here do not formally
rule out the possibility of direct uptake of NAD form the cyto-
sol. However, for mammalian mitochondria, this is considered
rather unlikely under physiological conditions for a variety of
reasons (48). Moreover, unlike their counterparts in yeast and
plants (31, 32), mammalian mitochondria do not seem to have a
mitochondrial NAD carrier (30).

Subcellular Distribution of NAD" Biosynthesis and NAD™
Pools—The requirement for mitochondrial uptake of NMN,
rather than exchange with cytosolic NAD ", as known for plants
(31) and yeast (32), has important implications. It provides a
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(and mitochondrial ATP) to form NAD™.

rationale for the situation that, at least in some mammalian
tissues, mitochondrial NAD™ is highly concentrated compared
with the nuclear/cytosolic pool (24).

The conversion of NA precursors (NA, NAR, and NAMN) to
NAD™ does not include NMN formation as an intermediate
step (Fig. 1A, left panel). Nevertheless, they are efficiently used
to generate mitochondrial NAD*. Consequently, there has to
be an activity that mediates the cleavage of cytosolic NAD™ to
NMN. Two principal possibilities can be considered (Fig. 7).
First, the reverse reaction of NMNATs (NAD* + PP, and ATP +
NMN) leads to NMN generation. This possibility could involve
either NMNATT1 or -2, both of which have access to cytosolic
NAD™. However, it would require a source of pyrophosphate.
Second, Nudix hydrolases would cleave NAD* to NMN and
AMP. In humans, there are several members in this family (49),
and at least for NudT12, the activity toward NAD has been
demonstrated (50).

The potential to generate NMN from all cytosolic interme-
diates provides human cells with a high flexibility to maintain
the mitochondrial NAD™ pool. NamPRT has been suggested to
be present within the organelles in rat liver and 293 cells (30). It
was argued that NamPRT is essential for mitochondrial NAD™
generation in mammals and therefore plays a key role for mito-
chondrial function. However, our results rule out the absolute
requirement for NamPRT to generate mitochondrial NAD™.
Because all common cell culture media contain Nam as sole
precursor of NAD™, it is obvious that under these conditions
the activity of NamPRT is of critical importance. However, as
we show, when other extracellular precursors are present,
NamPRT inhibition is harmless, and the mitochondrial NAD*
pool is maintained. Moreover, the lack of NAPRT activity in
HepG2 cells might indicate previously unrecognized tissue- or
cell-specific differences in the utilization of NAD™ precursors.

Interestingly, NamPRT is the rate-limiting step in NAD™
generation from Nam (51). Our results suggest that this is true
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for the initial conversion of all extracellular precursors (Nam,
NA, NR, and NAR). Overexpression of NAPRT or NRK activity
led to considerable increase of mitochondrial NAD™, whereas
overexpression of any subsequent activity in the pathway
(NMNAT or NADS) had no effect, i.e. formation of the mono-
nucleotide (NAMN or NMN), which is specific for the entry of
the individual precursors into NAD™" synthesis (Figs. 14 and.
7), regulates the flux and thereby controls NAD™ levels. This
notion explains why it is possible, for example, to increase cel-
lular NAD™ content when NA is added to the medium in addi-
tion to Nam (37). The control of NAD™ synthesis by the initial
steps thus suggests that combination of various NAD™* precur-
sors could be beneficial to enhance cellular NAD ™ levels.

Cellular Uptake of NAD™ Precursors—The demonstration of
NR and NAR as intermediates in the NAD " metabolome (17—
20) has added an important aspect to cellular NAD* homeo-
stasis and extended the scope of potential extracellular NAD™
precursors. NAD™ itself has been proposed to be taken up by
human cell lines, including those used in this study (38). Our
results do not support this notion. Nevertheless, NAD " uptake
can be mediated, for example, by connexin 43 hemichannels,
which are cell type-specific however (52). We demonstrated
that inhibition of nucleotide degradation or nucleoside trans-
porters markedly reduced the utilization of extracellular nucle-
otides as precursors (Fig. 3). Moreover, overexpression of cyto-
solic NRK1 increased NAD™ synthesis when extracellular
NAD™ or NMN or NR was added as precursor (Fig. 5). These
observations strongly support the conclusion that both NAD™
and NMN need to be degraded to NR outside the cell to serve as
precursors of intracellular NAD*. Therefore, our data indicate
that bases (NA and Nam) and nucleosides (NR and NAR) are
taken up by human cells, but not nucleotides (NAD*, NMN,
NAAD or NAMN), unless cell type-specific transport systems
are present.
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In conclusion, our study has provided fundamentally new
insights into the metabolism of NAD ™ in human cells. It has
solved the long standing problem of mitochondrial NAD ™ gen-
eration and identified pyridine ribosides as extracellular pre-
cursors of cellular NAD * metabolism. Even though tryptophan
is widely referred to as precursor of de novo NAD " synthesis, its
role to maintain cellular NAD™ levels in human cells seems
negligible. The results have important implications for the
understanding of compartment-specific bioenergetics and
NAD™-dependent signaling processes as well as for organismal
NAD™ homeostasis.
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