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NAD� (nicotinamide adenine dinucleotide) is an essential
cofactor involved in various biological processes including cal-
orie restriction-mediated life span extension. Administration of
nicotinamide riboside (NmR) has been shown to ameliorate
deficiencies related to aberrantNAD� metabolism in both yeast
and mammalian cells. However, the biological role of endoge-
nousNmRremains unclear.Herewedemonstrate that salvaging
endogenous NmR is an integral part of NAD� metabolism. A
balanced NmR salvage cycle is essential for calorie restriction-
induced life span extension and stress resistance in yeast. Our
results also suggest that partitioning of the pyridine nucleotide
flux between the classical salvage cycle and the NmR salvage
branch might be modulated by the NAD�-dependent Sir2
deacetylase. Furthermore, two novel deamidation steps leading
to nicotinic acid mononucleotide and nicotinic acid riboside
production are also uncovered that further underscore the com-
plexity and flexibility of NAD� metabolism. In addition, utiliza-
tion of extracellular nicotinamide mononucleotide requires
prior conversion to NmR mediated by a periplasmic phospha-
tase Pho5. Conversion toNmRmay thus represent a strategy for
the transport and assimilation of large nonpermeable NAD�

precursors. Together, our studies provide a molecular basis for
how NAD� homeostasis factors confer metabolic flexibility.

The pyridine nucleotide NAD� and its reduced formNADH
are primary redox carriers involved in metabolism. In addition
to serving as a coenzyme in redox reactions, NAD� also acts as
a cosubstrate in protein modification reactions including
deacetylation and ADP-ribosylation (1, 2). NAD� also plays an
important role in calorie restriction (CR)2-mediated life span
extension via regulatingNAD�-dependent longevity factors (3,
4). CR is themost effective regimen known to extend life span in
various species (5, 6). CR also ameliorates many age-related
diseases such as cancer and diabetes (5). The Sir2 family pro-
teins are NAD�-dependent protein deacetylases, which have

been shown to play important roles in several CR models in
yeast (3, 7) and higher eukaryotes (8, 9). By coupling the cleav-
age of NAD� and deacetylation of target proteins, the Sir2 fam-
ily proteins serve as amolecular link relaying the cellular energy
state to the machinery of life span regulation. Mammalian Sir2
family proteins (SIRT1–7) have also been implicated in stress
response, cell survival, and insulin and fat metabolism (8–10),
supporting a role for SIRT proteins in age-related metabolic
diseases and perhaps human aging.
In eukaryotes, NAD� is generated by de novo synthesis and

by salvaging various intermediary precursors (see Fig. 1A). In
yeast, the de novo pathway is mediated by Bna1–5 and Qpt1
(Bna6), which produces nicotinic acid mononucleotide
(NaMN) from tryptophan (11). Because the de novo pathway
requires molecular oxygen as a substrate, cells grown under
anaerobic growth conditions would rely on exogenous NAD�

precursors for the nicotinamide (Nam) moiety (11). Yeast cells
also salvageNam fromNAD� consuming reactions or nicotinic
acid (NA) from environment via Tna1, Pnc1, and Npt1, leading
to NaMN production. NaMN is then converted to NAD� via
Nma1/2 and Qns1 (see Fig. 1A). Nma1/2 are adenylyltrans-
ferases with dual specificity toward NMN and NaMN (12, 13),
and Qns1 is a glutamine-dependent NAD� synthetase. Recent
studies also showed that supplementing nicotinamide riboside
(NmR) and nicotinic acid riboside (NaR) to growth medium
rescued the lethality of NAD� auxotrophic mutants (14–16).
Assimilations of exogenousNmRandNaR aremainlymediated
by a conserved NmR kinase (Nrk1) and three nucleosidases
(Urh1, Pnp1, and Meu1). Nrk1 phosphorylates NmR and NaR
to produce nicotinamide mononucleotide (NMN) and NaMN,
respectively (14, 16). Urh1, Pnp1, and Meu1 catabolize NmR
and NaR to generate Nam and NA (15, 16).
NmR supplementation has recently been shown to be a

promising strategy for prevention and treatment of certain dis-
eases (17). For example, NmR protected neurons from axonal
degeneration via functioning as a NAD� precursor (18, 19).
Given that several NmR assimilating enzymes and NmR trans-
porters have been characterized and many are conserved from
fungi tomammals (14, 15, 20–22), NmRhas been speculated to
be an endogenous NAD� precursor (17, 23). Here, we provided
direct evidence for endogenous NmR as an integral part of
NAD� metabolism in yeast. We also determined the biological
significance of salvaging endogenous NmR and studied its role
in CR-induced life span extension.Moreover, we demonstrated
that the NmR salvage machinery was also required for utilizing
exogenous NMN, which has recently been shown to increase
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NAD� levels in mammalian cells (24). Finally, we discussed the
role of Sir2 in modulating the flux of pyridine nucleotides
between alternate routes.

EXPERIMENTAL PROCEDURES

Strains and Media—Yeast strain BY4742 MAT� his3�1
leu2�0 lys2�0 ura3�0 was acquired from Open Biosystems
(25). Rich media YPD and synthetic media SD were made as
described (26). The growth medium used for replicative life
span analysis was YPD (2% bacto peptone, 1% yeast extract,
1.5% agar) supplemented with filter-sterilized glucose at a final
concentration of 2 or 0.5%. Growth medium used for chrono-
logical life span analysis was either YPD or SD (supplemented
with 4� auxotrophic amino acids leucine, histidine, lysine, and
uracil). All gene deletions were made by replacing wild type
genes with a reusable loxP-Kanr-loxP marker as described (27)
and verified by PCR using oligonucleotides flanking genes of
interest.Multiple deletions were carried out by popping out the
Kanrmarker using a galactose inducible Cre-recombinase. The
Nrk1 overexpression construct was made as follows: a pair of
oligonucleotides adding aNotI site to the 5� end and aNheI site
to the 3� end of the NRK1 gene was designed to amplify the
coding region ofNRK1 via PCR. After PCR amplification, DNA
was digested with NotI and NheI and then cloned into ppp81
(7), resulting in pADH1-NRK1, which was verified by DNA
sequencing. Anaerobic growth conditions were achieved by
using the BBL GasPak anaerobic chamber system.
NAD�, NmR, and NaRMeasurements—Total intracellular

levels of NAD� were determined using enzymatic cycling
reaction as described (7). NmR and NaR were determined by
LC-MS as described (28) at the metabolomics core labora-
tory at University of California, Davis. The cell extracts were
prepared from 1010 cells grown to late log phase by beads
beating in ice-cold 50 mM ammonium acetate solution (29).
Culture supernatants (50 ml) were collected and lyophilized
along with cell extracts at �80 °C. Lyophilized products
were resuspended in 100 �l (cell lysate) or 2 ml (culture
supernatant) of 13 mM ammonium acetate/acetonitrile (1:1,
v/v). 10 �l was used for LC-MS analysis. Chemically synthe-
sized NmR and NaR, which were kindly provided by Dr. A.
Sauve (30), were used to establish standard curves. Detection
and quantification of NmR and NaR were performed using
the MS-multiple reaction mode methods (NmR, retention
time 6 min; NaR, retention time 8 min).
Chronological Life Span—Four single colonies from each

strain were analyzed in each experiment as described (31) with
a few modifications. The cells were grown in YPD or SD sup-
plemented with 2 or 0.5% glucose at starting A600 of 0.1. The
cells were grown in 50-ml tubes on a roller drum set at maxi-
mum speed to ensure proper aeration. After 2 days, the cells
were collected by centrifugation and washed three times with
sterile water. The cells were then resuspended in 10ml of sterile
water to A600 of 1 and then were incubated at 30 °C. Cell viabil-
itywasmonitored every 1–2 days by plating a fraction of culture
onto fresh growth medium to determine the colony-forming
units. The cell survival rate was calculated by normalizing the
colony-forming units to the cell number obtained at day 2
(maximum A600).

Heat Shock Resistance—The cells were grown in SD at a start-
ing A600 of 0.1. After 2 days, the cells were spotted onto YPD
plates in 5-fold serial dilutions (started at A600 of 1) and then
were incubated at 55 or 25 °C for 45 or 60min. After heat shock,
the plates were transferred to 30 °C for another 2–3 days.
Replicative Life Span—All RLS analyses were carried out on

YPD plates supplemented with glucose at a final concentration
of 2 or 0.5% with 50 cells/strain/experiment (7) using a micro-
manipulator. Statistical analysis was carried out using the JMP
statistics software (SAS), and the Wilcoxon rank sum test p
values were calculated for each pair of life spans.
Deamidase Activity Assay—300 A600 unit cells grown over-

night in YPD were harvested, and cell lysate was obtained by
beads beating in breaking buffer (10 mM Tris-HCl, pH 7.5, 150
mM NaCl, Roche protease inhibitors). Cell lysate containing 80
�g of total cellular proteins was added to 300 �l of deamidase
reaction mix (10 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM
MgCl2) (32, 33) using 8 mM of NAD�, NMN, NmR, or Nam as
substrates followed by incubation at 30 °C for 45 min. 100 �l of
the deamidase reactionmixwas then added to 1ml of ammonia
assay mix (3.4 mM �-ketoglutarate, 0.23 mM NADPH, 50 mM
phosphate buffer, pH 7.4, 10 units of glutamate dehydrogenase)
followed by a reaction at room temperature for 15 min (32, 33).
The amount of ammonia was calculated by the decrease in
absorbance at 340 nm using standard curve derived from the
ammonia standard solutions (Sigma).

RESULTS

NmR Is a Major NAD� Precursor Released by NAD� Pro-
totrophic Cells—Yeast cells lacking both the NPT1 and QPT1
genes or the QNS1 gene are inviable in regular growth media
because a functional salvage or de novo NAD� biosynthesis
pathway is essential for growth (Fig. 1A) (3, 14). Our previous
studies (3) led to a fortuitous discovery that the lethality of the
npt1�qpt1� and qns1� mutants could be rescued by growing
these cells adjacent to wild type (WT) cells (Fig. 1B, left panel).
These data suggested thatNAD�prototrophic yeast cells (feed-
ers) constantly released certain NAD� precursors, which ren-
dered the growth of NAD� auxotrophic cells (recipients) via
cross-feeding (Fig. 1B, right panel). Because NmR supplemen-
tation could rescue the lethality of the qns1�mutant (14), it was
possible thatWT cells cross-fed the npt1�qpt1� and the qns1�
mutants with NmR. We first examined whether cross-feeding
would be prevented by deleting NRK1 (NmR kinase) in recipi-
ent cells. Anaerobic growth conditions (�O2) were utilized to
blockde novoNAD�biosynthesis (11) in thenpt1�mutants. As
shown in Fig. 1C, npt1� cells grown anaerobically became aux-
otrophic for NAD�, and as expected, utilization of exogenous
NmR required functional Nrk1 (Fig. 1C, left panel). Nrk1 was
also required for the npt1�mutant to utilize cross-feedingmol-
ecules released by WT cells (Fig. 1D). Furthermore, deleting
NmR assimilation enzymes Nrk1, Urh1, and Pnp1 in WT cells
dramatically enhanced cross-feeding activity (Fig. 1E, left
panel). Conversely, overexpressing NRK1 reduced the cross-
feeding ability of WT cells (Fig. 1E, right panel). Interestingly,
preventing NmR import by deleting NmR transporters NRT1
and FUN26 also conferred strong cross-feeding (Fig. 1E,middle
panel), indicating that yeast cells constantly released NmR.
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Together, these data showed that cross-feeding activity of the
feeder cells appeared to be inversely correlated with NmR sal-
vage and import activities, supporting NmR as the major

released NAD� precursor that rescued the lethality of
recipients.
To understand the significance of the NmR pool, we first

exploited our cross-feeding reporter system to determine the
amount of NmR released by WT and NmR assimilation
mutants. Fractions of cell-free culture supernatants of the feed-
ers were collected to supplement the recipients. Fig. 2A showed
that the magnitude of cross-feeding conferred by the superna-
tants ofWT and nrk1�urh1�pnp1� and nrt1�fun26�mutants
in liquid culture-based assays was correlated with that deter-
mined by agar plate-based assays (Fig. 1E). Using a standard
curve derived from defined concentrations of NmR and their
corresponding abilities to support growth of the recipients
(supplemental Fig. S1), the cumulative concentration of NmR
released by the nrk1�urh1�pnp1� mutant was estimated
to be �6.74 �M. The amount of NmR released by each
nrk1�urh1�pnp1� mutant cell was about 250 � 10�10 nmol
(�0.3 mM). For comparison, the level of total NAD� in a WT
cell was �840 � 10�10 nmol (1.2 mM) (see Fig. 4B). These data
highlighted the significance of the NmR pool in NAD�

metabolism.
We next directly quantitated the levels of intracellular and

released NmR by LC-MS. Cell extracts (intracellular fractions)
and culture supernatants (extracellular fractions) of WT and
the nrk1�urh1�pnp1� mutant were prepared and analyzed as
described (28, 29). As shown in Fig. 2C, NmR was detected in
the intracellular fractions of WT and the nrk1�urh1�pnp1�
mutant, which confirmed thatNmRwas an endogenousmetab-
olite. As expected, the concentrations of both intracellular and
released NmR were higher in the nrk1�urh1�pnp1� mutant
compared with WT (Fig. 2C, left panel). In both strains, extra-
cellular concentrations ofNmRweremaintained atmuch lower
levels compared with the intracellular fractions, indicating that
NmR transporters Nrt1 and Fun26 efficiently retrieved NmR
back to the cell. Fig. 2C (right panel) showed that the amount of
NmR released by each nrk1�urh1�pnp1� cell was �40-fold
higher than that ofWTcell. Overall, results obtained by LC-MS
analysis correlated well with results acquired by cross-feeding
assays (Figs. 1E and 2A).
It has been reported that exogenous NaR could function as a

NAD� precursor, which also relied on Nrk1 and Urh1/Pnp1/
Meu1 for assimilation (16). We therefore examined whether
NaR was also present in the intracellular and the extracellular
fractions. Interestingly, intracellular concentrations of NaR
were higher (�6-fold) than NmR in both WT and the
nrk1�urh1�pnp1� mutant (Fig. 2D, left panel). However,
extracellular NaR concentrations were extremely low in both
strains. Consistent with a recent study (21), we found that NaR
was a much less efficient (�100-fold less) NAD� precursor
supplement compared with NmR (supplemental Fig. S2). This
was likely due to inefficient transport of NaR across the cell
membrane (21). Collectively, our in vivo cross-feeding data and
LC-MS quantitative results provide evidence that both NmR
and NaR are endogenous metabolites. Because most NaR is
retained intracellularly, NmR is likely the key NAD� precursor
that rescues the growth of recipients. The constant release and
re-uptake cycle of NmRmay represent a novel extended pool of
NAD�.

FIGURE 1. Nicotinamide riboside (NmR) is an endogenous metabolite in
yeast. A, the current model of the NAD� biosynthesis pathways. Extracellular
NmR enters the salvage cycle through Nrk1, Urh1, Pnp1, and Meu1. B, NAD�

prototrophic cells release metabolites into growth medium to cross-feed
NAD� auxotrophic cells (the npt1�qpt1� and qns1� mutants). Micro-colo-
nies of the NAD� auxotrophic mutants become visible after 2-day incubation
at 30 °C, which show “gradient” growth patterns descending from the side
adjacent to WT. C, Nrk1 is required for NAD� auxotrophic cells to utilize NmR.
Anaerobic growth conditions (�O2) are utilized to block de novo NAD� bio-
synthesis in the npt1� and npt1�nrk1� mutants. D, Nrk1 is required to utilize
cross-feeding metabolites. E, cross-feeding activity is modulated by factors in
NmR metabolism. Cells defective in NmR utilization (left panel) or transport
(middle panel) show increased cross-feeding in spot assays. Overexpressing
Nrk1 decreases cross-feeding activity (right panel). The results show growth of
the npt1�qpt1� recipient (plated on YPD at a density of �9000 cells/cm2)
supported by feeder cells (�2 � 104 cells spotted directly onto the recipient
lawn). oe, overexpression.
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Perturbations of NmR Salvage Shorten Life Span and Increase
Sensitivity to Heat Stress—We next determined whether defi-
ciencies in salvaging endogenous NmR would cause any
growth defects. Because NmR was mainly produced during
late log phase (Fig. 2B), NmR salvage might be central for cell
survival in the stationary phase. Yeast chronological life span
(CLS) is defined as the length of time cells remain viable in a

nondividing state (stationary
phase or post-diauxic shift) and
is suggested to be a model for
studying life span regulation of
post-mitotic cells in metazoan
(31). As shown in Fig. 3A, the
nrk1�urh1�pnp1� mutant dis-
played short CLS. CR-induced CLS
extension was largely abolished in
thenrk1�urh1�pnp1�mutant. The
nrt1�fun26� mutant showed mod-
erate decrease in CLS. However,
CR-induced CLS extension was not
affected in this mutant (Fig. 3A).
NmR supplement has been shown
to restore the NAD� level and the
life span of cells grown in media
lacking NA (15). However, NA sup-
plement failed to rescue the short
CLS of the nrk1�urh1�pnp1�
mutant (Fig. 3B), indicating that
NmR salvage played a more impor-
tant role than the classical NA/Nam
salvage in CLS. Yeast CLS extension
has been attributed to enhanced
stress resistance (31, 34–36). In line
with these studies, the nrk1�urh1-
�pnp1� and the nrt1�fun26�
mutants were sensitive to heat
shock stress (Fig. 3, C and D). Also
consistent with CLS shown in Fig.
3A, CR-induced heat resistance was
abolished in the nrk1�urh1�pnp1�
mutant (Fig. 3C) but was unaffected
in the nrt1�fun26� mutant (Fig.
3D). We next examined whether
NmR salvage was also required for
the CR-induced RLS (division
potential of individual cells)
extension. As shown in Fig. 3E,
CR-induced RLS extension was
completely abolished in the
nrk1�urh1�pnp1� mutant and was
only partially prevented in the
nrt1�fun26� mutant. Collectively,
our data demonstrated that the
severity of growth defects ob-
served in the nrt1�fun26� and
nrk1�urh1�pnp1� mutants corre-
lated with the amount of NmR
released (Fig. 2A) and that NmR

assimilation was essential for CR-induced benefits.
NmR Production Requires Functional NA/Nam-mediated

NAD� Salvage—We next investigated the endogenous sources
of NmR. Because the nicotinamide moiety of NmR is likely to
originate from de novo synthesis or NA/Nam-mediated salvage
(Fig. 1A), we compared the cross-feeding activities of the qpt1�
and npt1�mutants. As shown in Fig. 4A, the npt1�mutant was

FIGURE 2. Quantification of NmR. A, liquid culture-based cross-feeding assays. The results show the ability of
the culture supernatants of WT and the NmR salvage mutants to support growth of the recipient (the
npt1�qpt1� mutant) over time. 50 �l of cell-free culture supernatant of the feeder is added to the recipient
culture (8 ml). B, the rate of NmR release of the nrk1�urh1�pnp1� mutant at different growth stages. NmR
release peaks at the late log phase. One set of representative experiments conducted in triplicate is shown. The
error bars denote standard deviations. C, quantification of intracellular and released NmR by LC-MS. The results
show steady state concentrations (�M) (left panel) and amount (nmol/cell) (right panel) of intracellular NmR and
released NmR. D, quantification of intracellular and released NaR by LC-MS. The results show steady state
concentrations (�M) (left panel) and amount (nmol/cell) (right panel) of intracellular NaR and released NaR. The
volume of yeast cell is set at 70 femtoliter for calculation.

Endogenous Nicotinamide Riboside in NAD� Metabolism

JUNE 19, 2009 • VOLUME 284 • NUMBER 25 JOURNAL OF BIOLOGICAL CHEMISTRY 17113



unable to cross-feed the recipients,
whereas the qpt1� mutant exhib-
ited similar cross-feeding ability as
the WT cells, suggesting that
NA/Nam-mediated salvage was
required for NmR production.
However, it was also possible that in
the npt1� mutant, NmR assimila-
tion was activated, thereby resulting
in decreased NmR levels. Delet-
ing NmR assimilation enzymes in
the npt1� mutant only slightly
restored NmR release (Fig. 4C).
Therefore, NmR production was
indeed compromised in the npt1�
mutant. Because the level of NAD�

in the npt1� mutant was signifi-
cantly reduced compared with WT
and the qpt1� mutant cells (Fig. 4B)
(37), it appeared that the cross-feed-
ing activities were determined by
intracellular NAD� levels. We
therefore determined the contribu-
tion of each step of theNA/Namsal-
vage pathway to cross-feeding activ-
ities and NAD� levels. Deleting
TNA1 (the major NA transporter)
(Fig. 1A) significantly decreased
total cellular NAD� levels (Fig. 4B);
however, the cross-feeding activity
of the tna1� mutant remained sim-
ilar to that of WT cells (Fig. 4B).
Deleting other components of the
NA/Nam salvage pathway, such as
PNC1, NMA1, and NMA2, only
slightly reduced cross-feeding (Fig.
4B). These results demonstrated
that the amount of NmR released
did not simply reflect the levels of
intracellular NAD�. Interestingly,
unlike other components in the
NA/Nam salvage pathway, deleting
SIR2 increased cross-feeding (Fig. 4,
B and C).
Sir2 Modulates the Flux of the

NmR Salvage Cycle—The NAD�-
dependent Sir2 deacetylase family
has been proposed to support the
NA/Nam salvage pathway via pro-
ducing Nam in deacetylation reac-
tions (38) (Fig. 1A). However, the
precise role of Sir2 inNAD�metab-
olism remained unclear because
deleting SIR2 did not significantly
affect total NAD� levels inWT cells
(Fig. 4B). Increased NmR release
observed in the sir2� mutant sug-
gested a specific role of Sir2 in NmR

FIGURE 3. Balanced NmR salvage is required for CR-induced life span extension and heat resistance. A,
CLS analyses of the NmR salvage mutants grown under normal and CR conditions. CR fails to extend the CLS of
the nrk1�urh1�pnp1� mutant. B, NA does not rescue the short CLS of the nrk1�urh1�pnp1� mutant. One
representative set of three independent experiments, each conducted in quadruplicate, is shown. The error
bars denote standard deviations. C, deleting Nrk1, Urh1 and Pnp1 abolishes CR-induced heat resistance. D,
deleting Nrt1 and Fun26 has no effect on CR-induced heat resistance. E, RLS analyses of NmR salvage mutants
grown under normal and CR conditions. CR requires NmR assimilation to confer RLS extension. Statistical
analysis of RLS was carried out using the JMP statistics software, and the Wilcoxon rank-sum test p values are
calculated for each pair of life spans. The p values for WT versus CR and nrk1�urh1�pnp1� versus
nrk1�urh1�pnp1�, CR are both �0.05. One set of representative data is shown. For A–E, WT, wild type control;
CR, 0.5% glucose.
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salvage (Fig. 4C). This role of Sir2was further uncovered in cells
with low basal NAD� levels (Fig. 4C). It was possible that Sir2
helped to preserve the NAD� pool by decreasing the pyridine
nucleotide flux into the NmR branch. Indeed, deleting SIR2 in
these cells further decreased the size of the NAD� pool (Fig.
5A), which might result in certain growth defects. As shown in
Fig. 5B, deleting SIR2 significantly shortened CLS of the
npt1�nrk1� mutant. In addition, deletion of SIR2 also severely
compromised the growth of the npt1�nrk1� mutant in rich
growth medium (Fig. 5C).
To further confirm that Sir2 functioned in modulating the

pyridine nucleotide flux, we examined the efficiency of NmR
utilization ofNAD� auxotrophicmutants. As shown in Fig. 5D,
SIR2 deletion enhanced growth of the npt1�qpt1� mutant on

NmR supplement, demonstrating the benefit of derepressing
NmR flux when NmR salvage became essential. Interestingly,
deleting SIR2 failed to enhance NmR utilization in the qns1�
mutant (Fig. 5E), indicating the beneficial effects induced by
sir2� required functional Qns1. Current model shows that
NmR is converted to NMNorNam, which are then assimilated
into NAD� (Fig. 1A). Because NMN assimilation does not
require Qns1 and the ability to salvage Nam is blocked in the
npt1�qpt1� mutant, our results here suggest alternate routes
for NmR and/or NMN assimilation. Pnc1 has been shown to
function as a deamidase for Nam, which converts Nam to NA
(32, 33).We therefore examined whether Pnc1 could also func-
tion as a deamidase for NMN and NmR, leading to NaMN and
NaR production respectively (Fig. 5H), which would require
Qns1 to enter the NAD� pool. As shown in Fig. 5 (F and G),
yeast cells indeed exhibited Pnc1-dependent deamidase
activities toward NMN and NmR. In line with these results,
NMN deamidase activity has also been reported in bacteria
(39). In addition, we showed that NaR was an abundant
endogenous NAD� metabolite (Fig. 2D). Although our
results suggested that Pnc1 is a potential NmR and NMN
deamidase, further enzyme kinetic analysis is required to
show the specificity of Pnc1 toward different pyridine nucle-
otides. Together, our studies have uncovered additional fac-
tors/paths of NAD� salvage that further underscored the
complexity of NAD� metabolism.
Utilization of Extracellular NMN Requires Prior Conversion

to NmR—NMN supplement has also been shown to replenish
the intracellular NAD� pool (19, 40, 41). Because the structure
of NMN is unfavorable for direct diffusion across the cell mem-
brane, either specific NMN transporters or extracellular NMN
catabolizing enzymes would be required to utilize NMN. It has
been reported that some bacteria utilize exogenous NMN via
conversion to NmR, which is then imported into cell (40, 41).
To date, it remained unclear howeukaryotic cells utilized extra-
cellular NMN. To address this question, we first demonstrated
that yeast cells were able to utilize exogenous NMN (Fig. 6A).
Interestingly, growth of yeast cells on NMN-supplemented
medium required Nrk1 (Fig. 6B), indicating that conversion of
NMN to NmR was necessary prior to entering cells. How-
ever, NMN supported cell growth less efficiently compared
with NmR (Fig. 6B, right panels). This contrast between NMN
and NmR in supporting cell growth was correlated with their
abilities in replenishing the NAD� pool (Fig. 6C).

We next determined how exogenous NMNwas converted to
NmR. In bacteria, NMN assimilation is facilitated by an acid
phosphatase, which cleaves NMN to NmR within the periplas-
mic space (40). In yeast, there are four identified periplasmic
acid phosphatases localized to the cell wall or the periplasmic
space (42). Among those, Pho5 accounts for more than 90% of
acid phosphatase activity in this compartment (43). In addition,
Npp1 and Npp2 are two ecto-nucleotide pyrophophatases that
exhibit overlapping function with Pho5 in salvaging extracellu-
lar phosphates from nucleotides (44). Here we showed that
deletingPHO5 totally abolished growth of the qns1�mutant on
NMN containing medium, whereas deleting NPP1 and NPP2
had no effect (Fig. 6D). These results indicated Pho5 played a
major role in the utilization of exogenous NMN.

FIGURE 4. Analyses of NmR release and NAD� levels in the NA/Nam sal-
vage mutants. A, the level of NmR released by the npt1� mutant is extremely
low. The qpt1� mutant releases WT-level NmR. B, comparisons of the extent
of NmR release (cross-feeding activities) and NAD� levels in the NA/Nam
salvage mutants. Upward arrows, increased NmR release; downward arrows,
decreased NmR release; N, normal. The width of the arrows indicates the
extent of NmR release compared with WT. One set of representative experi-
ments conducted in triplicate is shown. The error bars denote standard devi-
ations. The p values are calculated using Student’s t test (***: p � 0.005).
C, inactivation of NmR assimilating enzymes partially restores NmR release
in the npt1� mutant (left panel). Deleting Sir2 slightly increases NmR
release in WT (right panel) and further increases NmR release in the
npt1�nrk1�urh1�pnp1� mutant (left panel). The npt1�qpt1� mutant is
used as recipient in all cross-feeding assays.
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These results also raised the possibility that released NAD�

precursors might include NMN. However, deleting PHO5 did
not significantly reduce the ability of recipients to utilize

released metabolites (Fig. 6E), indi-
cating that NMN was not a major
cross-feeding molecule. We con-
cluded that prior conversion of
NMN to NmR by Pho5 and NmR
salvage enzymes were central for
assimilating exogenous NMN.
Other organisms including mam-
mals might utilize extracellular
NMN by a similar mechanism.

DISCUSSION

In this study, we showed that
yeast cells constitutively produce,
release, and import NmR. The
lethality of mutants defective in
both de novo and salvage synthesis
of NAD� could be rescued by
NAD� precursors released by WT
cells grown in proximity (Fig. 1B),
which we defined as “cross-feed-
ing.” We developed NmR-specific
cross-feeding reporter systems to
further study factors that regulate
NmR/NAD� metabolism. Through
LC-MS (Fig. 2, C and D) and cross-
feeding analyses (Fig. 6) of WT and
the NmR utilization mutants, we
demonstrated that NmR was the
major NAD� precursor released by
NAD� prototrophic feeders that
rescued the lethality of the
npt1�qpt1� and qns1� recipients.
We showed that functional NmR
salvage was required for CR-in-
duced life span extension and stress
resistance (Fig. 3).We also provided
evidence that endogenous NmR
generation was largely dependent
on NA/Nam-mediated salvage and
was negatively regulated by Sir2
(Fig. 4). Deleting SIR2 in cells defec-
tive in NAD� salvage further
decreased intracellular NAD� lev-
els, resulting in reduced growth fit-
ness and short life span (Fig. 5,
A–C). We also demonstrated that
utilization of exogenous NMN
required prior conversion to NmR
by a periplasmic acid phosphatase
Pho5 (Fig. 6D). We proposed that
similar mechanisms might take
place in mammalian cells.
Our studies have uncovered

novel paths for NmR-mediated
NAD� salvage (Figs. 5H and 7), in which both NmR and NMN
were deamidated by Pnc1 (and perhaps other deamidaes), giv-
ing rise to NaR and NaMN respectively. Conversion of NmR to

FIGURE 5. Analyses of the role of Sir2 in NmR salvage. A, measurements of intracellular NAD� levels. Deleting
Sir2 decreases NAD� levels in the npt1� and npt1�nrk1� mutants. B, deleting Sir2 in combination with delet-
ing Npt1 and Nrk1 shortens CLS. C, cells lacking Sir2, Npt1 and Nrk1 show severe growth defect in rich medium.
D, NmR supplement supports growth of the npt1�qpt1� mutant, which is further enhanced by deleting Sir2.
E, deleting Sir2 does not further enhance growth of the qns1� mutant supported by NmR. F and G, relative
deamidase activities toward various substrates. Cell extracts of WT show deamidase activities toward Nam,
NmR, and NMN (F) but not NAD� (G). Deleting Pnc1 abolishes most deamidase activities in cell extracts. H, a
model showing additional routes for NmR assimilation. For A–G, one set of representative experiments con-
ducted in triplicate is shown. The error bars denote standard deviations. The p values are calculated using
Student’s t test. **, p � 0.01; ***, p � 0.005. For D and E, NmR is supplemented at a final concentration of 0.1 �M.
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NaRmight represent a mechanism to preserve the NAD� pool
becausemost NaR remained intracellular (Fig. 2D). Supporting
this model, our LC-MS analysis showed that NaR was an abun-

dant endogenous metabolite (Fig.
2D). Multiple NmR/NMN assimila-
tion pathways might help confer
metabolic flexibility in response to
changes in growth conditions. It
would be interesting to investigate
whether this metabolic strategy
could be extrapolated to mammals.
Although there is no direct Pnc1
homolog in mammals, it is possible
that other aminotransferases could
mediate the deamidation of NmR
and NMN.
Although both NA/Nam salvage

and Sir2 have been demonstrated to
play important roles in regulating
RLS (3, 15), their roles in CLS
remained unclear. Because both
the npt1� and nrk1�urh1�pnp1�
mutants had low basal NAD� levels
(15), it was unexpected that the
nrk1�urh1�pnp1� mutant showed
reduced CLS (Fig. 3A), whereas the
npt1� mutant exhibited normal
CLS (Fig. 5B). Moreover, NA sup-
plement failed to rescue the short
CLS of the nrk1�urh1�pnp1�
mutant (Fig. 3B). These data rein-
forced the distinct role of NmR sal-
vage in CLS. Interestingly, it was
reported that sir2� extended the
maximumCLS of certain long-lived
mutants (45). Because deleting SIR2
enhanced the pyridine nucleotide
flow into the NmR branch (Fig. 5D),
it would be interesting to investigate
whether NmR metabolism plays a
role in sir2�-induced CLS exten-
sion. Our studies suggested that
Sir2, as a metabolic sensor, not only
senses the NAD� levels but also
modulates the pyridine nucleotide
flux. This unique role of Sir2 might
provide a feedback control mecha-
nism for cells to respond to meta-
bolic changes. Because deleting
other Sir2 family members, such as
Hst1 and Hst2, did not show similar
effects (supplemental Fig. S3), the
growth benefits conferred by sir2�
was not likely due to decreased
NAD� consumption. It was possi-
ble that Sir2 directly regulated yet to
be identified components in the
NmR pathway. Our data showed

that the increase in NmR release resulted from sir2� was not
affected by deleting any known components of the NmR assim-
ilation pathway (Fig. 4C and data not shown). Future studies to

FIGURE 6. Utilization of exogenous NMN requires prior conversion to NmR. A, yeast cells can utilize exog-
enous NMN as NAD� precursor. NMN rescues the lethality of the npt1�qpt1� mutant. B, utilization of exoge-
nous NMN requires Nrk1. NMN fails to support the growth of the npt1�nrk1� mutant under anaerobic condi-
tions, which are used to shut down de novo NAD� synthesis to mimic a npt1�qpt1�nrk1� mutant.
C, measurements of intracellular NAD� levels of the qpt1� recipient grown in NA-free medium supplemented
with 10 �M NmR or NMN. NMN is a less efficient NAD� precursor compared with NmR. D, utilization of exoge-
nous NMN requires Pho5. The qns1� recipient carrying deletions of Pho5 or Npp1/Npp2 are grown on media
with NMN (left) or NmR (right) added to a final concentration of 10 �M. E, NMN is not a major cross-feeding
metabolite. Utilization of cross-feeding metabolites does not require Pho5. The results show growth of the
qns1� and qns1�pho5� mutants supplemented with 50 �l of 10 �M NmR (left) or culture supernatant of
the nrk1�urh1�pnp1� mutant (middle) or the nrt1�fun26� mutant (right). For C and E, one set of representa-
tive experiments conducted in triplicate is shown. The error bars denote standard deviations. The p values are
calculated using Student’s t test. ***, p � 0.005.
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identify novel components in the NmR pathway will provide
insights into the molecular basis underlying the roles of Sir2
and NAD� metabolism in life span regulation.

It is intriguing that cells allow NmR to traffic between intra-
and extracellular compartments, which poses the potential risk
of losing NAD�. NAD� participates in many biological pro-
cesses (1, 46). It is possible that keeping a flexible NmR/NAD�

pool facilitates prompt adjustments of the activities of NAD�-
dependent enzymes. In bacteria, it has been suggested that con-
version of intracellularNMNtoNmRand subsequent release of
NmR relieve NMN inhibition toward the NAD�-dependent
DNA ligase during active aerobic growth (40). NmR assimila-
tionmight also protect cells against stress because NmR assim-
ilation mutant was sensitive to heat stress (Fig. 3C), and intra-
cellular NmR level in WT yeast was decreased upon heat
treatment (data not shown). Interestingly, recent studies on the
role of NAD� in protecting neuronal degeneration also showed
that expression levels of most NAD� biosynthetic enzymes
weremoderately increased after injury (19). In particular, Nrk2,
the isoform of Nrk1 identified in mammals (14), was dramati-
cally up-regulated in response to neuronal stresses (19). In addi-
tion, it has been suggested that NmR also circulated in the
peripheral bloodstream in mammals (47). It will be of great
interest to further investigate whether intra- and extracellular
cycling of NmR identified in yeast represents a primordial
design for metabolic flexibility that also functions in higher
eukaryotes.
In mammals, extracellular NMN circulating in peripheral

bloodstream has been shown to exert systemic function by reg-
ulating NAD� requiring enzymes in response to altered physi-
ological demand signaled by remote tissues (24, 48). In addi-
tion, NMN administration effectively elevated NAD� level and
SIRT1 function in old BESTO mice in which SIRT1 was over-
expressed specifically in the pancreatic � cells (24, 48). The
additions of NaMN, NMN, NmR, and NAD� were also shown
to delay axonal degeneration in vitro (18, 19). Therefore,
administrating NAD� precursors appeared to be a promising

therapeutic or preventive strategy for certain age-associated
diseases (17, 19, 48–50). Here we showed that yeast cells uti-
lized exogenous NMN through conversion to NmR by the
periplasmic acid phosphatase Pho5 (Fig. 6D). Although there
seemed no direct homologs of Pho5 in mammals, CD73, an
ecto-5�-nucleotidase, has been suggested to break down extra-
cellular pyridine nucleotides to salvagable precursors (49). In
summary, our results have uncovered novel components
involved in NmR and NMN assimilation. These studies may
also provide insights into the molecular basis of diseases asso-
ciated with aberrant NAD� metabolism and aging.
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