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Abstract

Calorie restriction (CR) slows aging in numerous species. In the yeast Saccharomyces cerevisiae,
this effect requires Sir2, a conserved NAD*-dependent deacetylase. We report that CR reduces
nuclear NAD™ levels in vivo. Moreover, the activity of Sir2 and its human homologue SIRT1 are
not affected by physiological alterations in the NAD*:NADH ratio. These data implicate alternate
mechanisms of Sir2 regulation by CR.

Mild environmental stresses extend yeast life-span, including heat, osmotic stress, amino
acid restriction, and glucose restriction (1-4). The latter two conditions are considered
mimics of calorie restriction (CR), a diet that extends life-span in a broad range of species.
The yeast NAD*-dependent histone deacetylase Sir2 (5-7) is required for life-span extension
by glucose restriction (1, 3, 8) and low-intensity stress (8, 9). The function of Sir2 enzymes
in longevity and cell survival appears to be conserved in higher organisms as well (10). Two
models for how CR stimulates Sir2 activity are currently debated: by depleting nicotinamide,
an inhibitory product of Sir2 itself, or by increasing either NAD* or the NAD*:NADH ratio
(1, 10). Although it is possible to affect Sir2 activity by genetically manipulating NAD*
metabolic pathways, it is not known whether NAD™ is a bona fide regulator of Sir2 in
normal cells. A major obstacle has been determining the effective concentrations of these
metabolites in living cells, as various levels of free NAD* and NADH have been reported
(11, 12).
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To compare the levels of freely available NAD* in the nuclei of wild-type and long-lived
cells in which Sir2 is activated, a reporter assay was developed based on the Sa/monella
typhimurium NadR protein, a transcriptional repressor whose affinity for its recognition
sequence, the NAD box, is specifically NAD*-dependent (13). NadR was converted to a
yeast transcriptional activator by fusing its C terminus to a nuclear localization signal and
the activation domain (AD) of the yeast Gal4 transcription factor (fig. S1) (14). Expression
of the fusion protein was driven from a high-level constitutive promoter. A series of NAD
boxes identical to their arrangement in the native S. typhimurium NAD regulon (fig. S2)
were cloned upstream of a yeast H/S3reporter (NADp-H/S3) and integrated as a single copy
into the yeast genome. H/S3 expression is required for growth on media lacking histidine,
and leaky expression of H/S3can be suppressed by the inhibitor 3-aminotriazole (3-AT).

Only the strain carrying both the NadR-AD activator and the NADp-H/S3 reporter grew on
plates lacking histidine with 3-AT (10 mM) (Fig. 1A). No growth was observed for control
strains lacking the NadR-AD activator or with mutant NAD boxes (Fig. 1A), or for strains
carrying other AD fusions (fig. S3). Loss-of-function mutations in the ribonucleotide kinase
or nicotin-amide mononucleotide adenylyltransferase domains of NadR-AD also did not
alter H/S3expression (15). The NAD™ reporter system detected variations in nuclear NAD*
levels in vivo as a bna6A strain with ~30% lower steady-state NAD* levels displayed
retarded growth. In contrast, acetaldehyde, which regenerates NAD™ when reduced to
ethanol, stimulated growth (Fig. 1B). Overexpression of HAP4, which increases respiration,
also increased growth, whereas a mitochondrial mutant incapable of respiring grew very
slowly (fig. S4).

Growth of the NAD* reporter strain on histidine-3-AT assay medium was slower in CR cells
compared with the control strain (0.5% versus 2.0% glucose) (Fig. 1C) but im proved with
exogenous acetaldehyde, confirming that low NAD* was responsible for slow growth.
Moreover, mild osmotic stress (4% glucose medium) (2) and heat stress (37°C) (8, 9) did not
increase reporter expression (Fig. 1D). Thus NAD* levels did not correlate with yeast life-
span, indicating that Sir2 is not regulated by the availability of NAD* under these
conditions.

To quantify the levels of total free NAD* in CR cells, we used in vivo 13C NMR (carbon 13
nuclear magnetic resonance) spectroscopy, a highly accurate, noninvasive methodology.
Only free, non—protein-bound NAD* and/or free NAD*/NADH (16) pools are available for
interactions with Sir2 and could potentially play a regulatory role. Therefore, a major
advantage of the NMR technique over previous studies (17, 18) is that it detects only
unbound metabolites; those bound to macromolecules are unobservable as a result of severe
line broadening (11, 19). Rapid small molecule equilibration across the nuclear envelope
(20) suggests that measurements of free cellular NAD are likely indicative of the nuclear and
cytoplasmic concentrations. Although NMR cannot distinguish NADP* from NAD* in
living cells, the pool of NADP* is negligible and below the threshold of detection (21) (fig.
S5).

In media with 2.0% or 0.5% glucose, intracellular NAD* concentrations were stable and
NADH was below the threshold of detection (<200 uM) (figs. S6 and S7). Consistent with
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the NAD* reporter, NAD™ concentrations were lower in CR cells than in controls (3.97
+ 0.02 versus 4.28 = 0.14 mM, respectively) (Fig. 2). Addition of glucose did not affect
NAD™ levels, indicating that cells were not glucose-starved. This confirms that increased
NAD"* is not the explanation for increased Sir2 activity in CR cells.

We estimate the NAD*:NADH ratio in live aerobic yeast cells to be at least 20, which agrees
with classical estimates of the ratio (22, 23). Using a fluorescence-based deacetylation assay
and two NAD™ concentrations (4.0 mM, as estimated by in vivo NMR, and 0.05 mM, a

value in the range of previous Sir2 studies), we observed no significant effect on deacetylase

activity of Sir2 or its human homologue SIRT1 within the physiological range of
NAD*:NADH (Fig. 3, A to C). Furthermore, depletion of intracellular NADH with high
concentrations of acetaldehyde did not apparently stimulate Sir2 in vivo, as determined by
the extent to which two rDNA reporter genes, ADE2 and MET15, were silenced (Fig. 3D).
These data indicate that physiological variations in NADH are unlikely to affect the activity
of Sir2 or SIRTL.

Our measurements of intracellular NAD* demonstrate that, under aerobic conditions, the
steady-state levels of NAD* do not fluctuate greatly; moreover, its fluctuations during CR
negatively correlate with Sir2 activity. The redox state of NAD is also unlikely to regulate
Sir2. Nicotinamide is a negative regulator of Sir2 activity in vivo, but whether this is the
main mechanism of Sir2 regulation, or whether there are other regulatory mechanisms,
remains to be determined.
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Fig. 1.

A yeast reporter assay that detects freely available nuclear NAD*. (A) The reporter strain
with both the nadR-AD plasmid and NAD-H/S3 construct was spotted in serial 10-fold
serial dilutions onto reporter assay media: 2% glucose (w/v) synthetic complete (SC)
medium with or without histidine + 3-aminotriazole (3-AT). The extent of growth on the test
media is indicative of the availability of NAD™*. Also shown are assays of negative control
strains: empty vector (no NadR-AD), mutant NAD boxes (mut) (TGTgTA and its inverted
repeat). Spots were incubated for ~48 hours at 30°C. (B) The NAD™ reporter system detects
changes in availability of nuclear NAD*. NAD* may be generated from nicotinic acid via
the NAD* pathway or from tryptophan via the de novo pathway, which is catalyzed by
Bnal-6 (17, 18). Deletion of BNAG decreases NAD™* levels, whereas exogenously supplied
acetaldehyde increases NAD* by oxidizing the NADH pool (24). BNA6was deleted in the
NAD™ reporter by replacing the entire coding region with a KanMX cassette and spotted on
reporter assay media. The wild-type reporter strain was pregrown in liquid SC medium with
or without acetaldehyde (10 mM) for 2 hours and then spotted on reporter assay media
containing acetaldehyde (10 mM). (C) Life-span extending manipulations do not correlate
with increased nuclear NAD*. To assay calorie-restricted cells, the NAD* reporter strain was
grown for 2 hours in defined SC medium with either 2.0% glucose (standard concentration)
or 0.5% glucose (CR). Cultures were washed and spotted in serial 10-fold dilutions on assay
media with the same glucose concentrations. The retarded growth of the strain on restricted
medium was rescued by acetaldehyde (10 mM). (D) The NAD™ reporter strain was spotted
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on assay media and grown under two low-intensity stresses known to extend replicative life-
span: high osmolarity (4% glucose) (2) and heat stress (37°C) (8, 9).
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Fig. 2.
In vivo 13C NMR confirms that calorie restricted cells have lower NAD*. Intracellular

concentrations of NAD™ as a function of time for cells grown in 2.0% glucose or 0.5%
glucose as calculated by reference to a labeled lactate capillary standard. Additional glucose
(2%) was added at time shown by arrow.
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Fig. 3.

Effect of NADH on yeast Sir2 and human SIRT1 activity. Error bars represent standard error
of the mean. (A) Sir2 and SIRT1 deacetylation assays with 4 mM NAD™ and increasing
concentrations of NADH. Activity values shown are normalized against the activities of the
recombinant proteins in the absence of NADH. Activities were 23 and 100 pmol hour~! pg=t
for Sir2 at 0.05 mM and 4 mM NAD* respectively and 160 and 500 pmol hour =1 pg™1 for
SIRT1. (B) Sir2 and SIRT1 deacetylation assays with 0.05 mM NAD™* and increasing
concentrations of NADH. For clarity, data is shown on two different scales, the upper panel
for 0 to 1 pM NADH and (C) the lower panel for higher NADH concentrations. (D)
Ribosomal DNA locus (RDNI) silencing assays with or without acetaldehyde (10 mM).
Cells were pretreated for 2 to 3 hours and then spotted to assay plates in 10-fold dilutions or
single spots for the ADEZand MET15 assay, respectively. Silencing of the RDN1:: ADE2
reporter results in growth retardation on plates lacking adenine, whereas silencing of the
RDNI:: MET15 reporter leads to a brown coloration on PbZ*-containing medium.

Science. Author manuscript; available in PMC 2016 August 25.



	Abstract
	References
	Fig. 1
	Fig. 2
	Fig. 3

