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Abstract

NAD™ is a dinucleotide cofactor with the potential to accept electrons in a variety of cellular
reduction-oxidation (redox) reactions. In its reduced form, NADH is a ubiquitous cellular electron
donor. NAD*, NADH, and the NAD*/NADH ratio have long been known to control the activity of
several oxidoreductase enzymes. More recently, enzymes outside those participating directly in
redox control have been identified that sense these dinucleotides, including the sirtuin family of
NAD™*-dependent protein deacylases. In this review, we highlight examples of non-redox enzymes
that are controlled by NAD*, NADH, or NAD*/NADH. In particular, we focus on the sirtuin
family and assess the current evidence that the sirtuin enzymes sense these dinucleotides and
discuss the biological conditions under which this might occur; we conclude that sirtuins sense
NAD™, but neither NADH nor the ratio. Finally, we identify future studies that might be
informative to further interrogate physiological and pathophysiological changes in NAD* and
NADH, as well as enzymes like sirtuins that sense and respond to redox changes in the cell.
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Introduction

Nicotinamide adenine dinucleotide (NAD™) is a biological hydride acceptor that forms the
reduced dinucleotide NADH. The NAD*/NADH dinucleotide pair is crucial for driving a
wide range of reduction—oxidation (redox) reactions in cellular bioenergetics. Additionally,
NAD"* is the precursor for the phosphorylated dinucleotides NADP* and NADPH, which
play a key role in protecting cells from reactive oxygen species (ROS) and in several cellular
biosynthetic pathways.

In mammals, NAD™ is synthesized by two discrete routes: the deamidated and amidated
pathways (Figure 1), which has been reviewed recently [1, 2]. Briefly, the deamidated
pathway generates NAD™ via de novo synthesis from tryptophan generates quinolinic acid
which is converted to nicotinic acid mononucleotide (NAMN). Alternatively, the Preiss-
Handler pathway uses nicotinic acid salvaged from the diet that is then phosphoribosylated
to generate NAMN. In either case, NAMN is condensed with ATP by nicotinamide
mononucleotide adenylyltransferase (NMNAT) enzymes to generate nicotinic acid
dinucleotide (NAAD™). In the final step, conversion of the nicotinic acid moiety to
nicotinamide by glutamine-dependent NAD* synthetase (NADS) generates NAD™. In the
amidated pathway — so called because the pyridine moiety is amidated, as opposed to
carboxylated) — precursors such as vitamin B3 compounds nicotinamide (NAM) or
nicotinamide riboside (NR), generate nicotinamide mononucleotide (NMN) by nicotinamide
phosphoribosyltransferase (NAMPT) or nicotinamide riboside kinase (NRK), respectively.
In the final step, NMN is again condensed with ATP by NMNAT enzymes to synthesize
cellular NAD* (Figure 1).

The crucial role of cellular NAD™ is highlighted by the findings that ablation of the NAD*
biosynthetic enzyme NMNAT1 or NAMPT causes embryonic lethality [3, 4]. Indeed, NAD*
and/or NADP* [NAD(P)*], are key metabolic cofactors. For example, oxidoreductases, such
as lactate dehydrogenase and glutamate dehydrogenase, use NAD* and NADH as substrates
and are inherently sensitive to the redox state of the cell. More recently, the roles of NAD*
beyond redox are being studied. Here, we review the current state of knowledge of
measuring intracellular NAD* and NADH levels. We highlight key proteins and metabolic
processes that are known to sense NAD*, NADH, or their ratio. In particular, we focus on
the NAD*-dependent sirtuin family of protein deacylases, and consider the evidence for
NAD*, NADH, or NAD*/NADH sensing. Finally, we identify outstanding questions and
future directions to study physiological and pathophysiological changes in NAD* and
NADH, and the enzymes that sense them.

Physiological concentrations and states of NAD* in vivo

Before assessing whether a protein senses the intracellular concentration of NAD*, NADH,
or its ratio, knowing the concentrations of these dinucleotides is required. These
dinucleotides can be either free or bound to protein, with three major pools
compartmentalized in the nucleus, cytosol, and mitochondria. The total intracellular
dinucleotide concentrations (free and bound) have been reported to be 1-3 mM [5], with an
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[NAD*)total/[NADHTto14 ratio of 2-10/1 (depending on species, cell type, and metabolic
state) [5-8].

The first estimates of the free NAD*/NADH ratio were determined indirectly in the 1960s by
Krebs and coworkers who measured the concentrations of the oxidized and reduced
substrates of lactate dehydrogenase (LDH) and glutamate dehydrogenase (GDH) [9]. The
substrates of these highly active dehydrogenases were considered in equilibrium with free
NAD* and NADH, so their ratios, together with the equilibrium constants, were used to
calculate the free NAD*/NADH [9]. The NAD*/NADH ratio in liver cytoplasm and
mitochondria from fed rats was found to be 725 and 8, respectively [9]. The ratios changed
to 208 and 10 in liver cytoplasm and mitochondria, respectively, in diabetic rats. These
findings were among the first to describe the existence of subcellular NAD* pools that differ
drastically and which do not change in the same direction in response to alterations in the
metabolic state. These findings were an early indication that subcellular NAD* and NADH
pools are maintained at distinct equilibria.

Since that time, other methods have been used to investigate various parameters of the redox
state. Using the same principle of indirect measurement as Krebs, hyperpolarized 13C-
labelled glucose, which is converted to pyruvate and then lactate, was used in an NMR-
based method to determine cytosolic [NAD*J¢ree/[NADH]free ratios of 700-2500/1 in intact
human cancer cells [10].

By taking advantage of the fluorescent properties of NAD(P)H, combined levels of these
reduced dinucleotides can be directly detected in cellular compartments. Furthermore, the
fraction of dinucleotide unbound to protein can be determined by fluorescence lifetime
measurements or two-photon fluorescence microscopy. For example, fluorescence intensity,
lifetime, and anisotropy determined by two-photon excitation microscopy allowed
measurement of changes in NAD(P)H levels in pancreatic islet beta-cells under varying
glucose concentrations [11], and estimated [NADH]ree in the nucleus to be ~130 nM [12];
interestingly, increased protein binding of NADH was observed upon hypoxia [13].
Recently, fluorescence lifetime imaging was extended to deconvolute NADH and NADPH
fluorescence signals to determine concentrations of each individual reduced dinucleotide
[14].

In the past few years, the use of circular permuted fluorescent proteins has emerged as a
promising strategy for measuring free dinucleotide concentrations and ratios [15], and at
least four such systems have been reported. In two parallel publications, the bacterial Rex
proteins were used as dinucleotide binding domains in the “Peredox” and “Frex” systems,
respectively [16, 17]. Peredox is a fusion between two T-Rex molecules and the green
fluorescent protein T-Sapphire, that allows the measurement of NAD*/NADH ratios and this
system reported a uniform signal for cytosolic and nuclear NAD*/NADH ratios [16]. Frex,
which has no apparent affinity for NAD*, has been used to report relative amounts of NADH
in the cytosolic, nuclear, and mitochondrial pools although mitochondrial and cytosolic
versions of the sensor differ from each other, complicating the comparison of NADH in
these compartments [17]. In a third study, a smaller sized biosensor called RexYFP was
generated by fusing YFP to a single molecule of T-rex. RexYFP reports the NAD*/NADH
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ratio in live cells in the cytosolic and mitochondrial compartments [18]. Using this same
strategy, a genetically encoded fluorescent biosensor was developed for directly monitoring
free NAD* concentrations in subcellular compartments [19]. Using this sensor, systematic
depletion of the NMNAT enzymes that catalyze the final step of NAD* biosynthesis revealed
specific mechanisms for maintaining mitochondrial, but not cytosolic, NAD™ concentrations.
Together, these tools allowed selective monitoring of total cellular and compartment-specific
responses of NAD™ and NADH, and revealed free NAD* concentrations in cytosolic,
nuclear, and mitochondrial compartments of 106 uM, 109 uM, and 230 UM, respectively.

One major challenge of measuring total NAD* and NADH concentrations directly in
subcellular compartments is the technical requirement of purifying subcellular
compartments by fractionating cell or tissue lysates. During the purification procedure,
alterations in NAD* and NADH concentrations are expected. This limitation was recently
overcome, at least in part, by leveraging affinity-tag-based purification of mitochondrial
organelles, prior to metabolite extraction and analysis by liquid chromatography-tandem
mass spectrometry (LC-MS/MS) [20]. In line with earlier findings, this study reported a total
mitochondrial NAD* concentration of 818 uM and an NAD*/NADH ratio of 111.

When integrated (Figure 2), these studies estimate cytosolic, nuclear, and mitochondrial
[NAD™]free to be 106 uM, 109 puM, and 230 uM, respectively [19]; cytosolic and
mitochondrial [NADH]ree to be ~130 nM and ~30 puM, respectively [12, 17]; and a cytosolic
ratio of [NAD*]ree/[NADH]ree 70-2500/1 (depending on cell type and growth media) [10,
16]. One major caveat to these measurements is the ambiguity surrounding free versus
bound dinucleotides. Some studies have estimated 40-90% of the total NADH to be bound
to proteins [11, 12, 21, 22]. However, direct biochemical measurement of total tissue NAD*
and NADH content often does not differentiate between the free and bound forms of the
nucleotides. Since the majority of cellular NAD* and NADH appears to be bound to protein,
and therefore potentially unavailable to influence redox state, methods used to determine
free NAD* and NADH levels and free NAD*/NADH could give varying results.

Despite this challenge, emerging data support the notion that cells partition discrete
dinucleotide pools. Because NAD" and NADH pass unassisted through nuclear pores, the
free concentrations of each, as well as the NAD*/NADH ratio, is predicted to be similar in
the nuclear and cytosolic cellular compartments; the data summarized above support this
prediction. In contrast, the mitochondrial pool is discrete. Although the outer mitochondrial
membrane is porous and freely permeable to small molecules, the inner membrane
permeability is strictly regulated by the mitochondrial permeability transition pore (mtPTP)
and a family of specific membrane transporters called solute carriers (SLC); neither NAD*
nor NADH freely traverses the inner membrane. The mitochondrial NAD* pool also
responds differently from that of the nuclear and cytosolic pools. Mitochondria maintain
NAD™ levels during genotoxic stress and promote cell survival even when NAD™ in the
nucleus and cytosol have fallen well below normal physiological levels [23]. Additionally,
chronic treatment of FK866 — a potent inhibitor of NAMPT — was found to deplete cytosolic
but not mitochondrial NAD* [24]. Thus, partitioning discrete dinucleotide pools allows cells
to maintain NAD™ levels under environmental, pharmacological, or genetic stressors.
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Regulation by NAD*, NADH, or their ratio

Almost 30,000 proteins in the UniProtKB/Swiss-Prot database [25] are annotated as having
NAD(P)* binding sites [26], highlighting an essential and ubiquitous role for this metabolite.
Beyond hydride transfer in redox reactions, proteins involved in transcription or cellular
signaling, for example, have been identified that can sense NAD* or NADH levels. Below,
we highlight a few salient, well-studied examples.

C-terminal Binding Protein (CtBP)

Clock

CtBP is a transcription corepressor that interacts with a several cellular and viral
transcriptional repressors, with the overall effect of silencing the expression of specific
genes involved in development, cell cycle regulation, and cellular transformation. CtBP
contains a domain resembling a Rossman fold [27] that binds NADH and NAD™* with
affinities of 66 nM and ~10 uM, respectively [28], both within the estimated range of nuclear
dinucleotide concentrations. Crystal structures of CtBP in complex with NAD(H), together
with mutagenesis, binding, and modeling data, indicate that NAD(H) binding promotes
stabilization of the dimeric form of CtBP [29]. The dimeric form is thought to be critical for
corepressor activity, as it provides a stable scaffold for bridging repressors and their targets.
In line with this notion, CtBP binding to target transcriptional repressors is enhanced by
NAD* and NADH, with NADH being three orders of magnitude more effective, and
conditions that increase NADH levels potentiate CtBP-mediated repression /n vivo [12]. The
E-cadherin gene, one well-studied target of CtBP repression, suppresses tumorigenesis by
restricting tumor cell motility and invasion. CtBP-mediated repression of E-cadherin is
enhanced by hypoxia [12]. Since tumor cells are often hypoxic, with increased NADH/
NAD™ ratios, the parallel stimulation of CtBP activity by NADH is thought to contribute to
tumor invasion.

CLOCK and its functional analog NVPASZ (Neuronal PAS domain protein 2) both form
heterodimers with BMAL1, are part of the transcriptional feedback system controlling
circadian rhythms, and have been described as NAD(P)*/NAD(P)H redox sensors [30, 31].
Both NPAS2:BMAL1 and BMALL1:BMAL1 dimers can bind DNA. At NAD(P)H
concentrations below 1 mM, the transcription factor complex binding to DNA is primarily
the BMALZ1 homodimer, whereas incubation with NAD(P)H induces NPAS2:BMAL1
heterodimer DNA binding. Furthermore, NAD(P)* prevents NPAS2:BMAL1 binding to
DNA by modulating the Ky and Bnax of DNA binding to NPAS2:BMAL1 in a redox level-
dependent manner [31]. In contrast, later report did not find differential DNA binding of the
bHLH domain of CLOCK in isothermal calorimetry experiments with or without
dinucleotides regardless of oxidation or phosphorylation levels [32]. Importantly, the
concentration of free NAD™ is estimated to be in the micromolar range, which calls into
question the biological conditions under which NAD(P)*/NAD(P)H might be sensed.
Overall, the mode and manner by which the dinucleotides modulate DNA binding remain
elusive [31].
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NmrA like redox sensor 1 (NMRAL1)

A similar redox sensor protein has also been described for the NADP*/NADPH redox pair.
NMRAL1 (also known as HSCARG 1) is a protein resembling short-chain dehydrogenases
but is devoid of enzyme activity. NMRAL1 contains an allosteric binding site for NADPH,
showing an approximately 30-fold higher affinity for NADPH compared to NADP* (Kj
0.486 and 13.5 mM for NADPH and NADP™, respectively) [33, 34]. Under normal NADPH
concentrations, NMRAL1 exists as an asymmetric dimer, with one monomer binding a
single NADPH molecule. Dimerization requires NADPH binding, and thus decreased
NADPH levels (and increased NADP*/NADPH ratio) lead to a restructuring of the
dinucleotide binding Rossmann fold. Under such conditions, the dimer dissociates, exposing
a binding site for argininosuccinate synthetase (ASS1), the rate-limiting enzyme in nitric
oxide synthesis. Association with ASS1 inhibits synthetase activity, leading to decreased
nitric oxide production and thereby protecting cells from undergoing apoptosis [35].

Redox regulator (Rex)

Rex is a dimeric gene regulator of several respiratory pathways identified in Streptomyces
coelicolor, but homologs are also found in other Gram-positive bacteria such as
Staphylococcus aureus, Streptococcus pneumonia, Bacillus subtilis (B-Rex), and Thermus
aquaticus (T-Rex) [36, 37]. As described above, Rex proteins were used to generate
genetically encoded fluorescent NAD(H) biosensors. The protein contains an N-terminal
winged helix DNA-binding domain and a C-terminal Rossmann fold, that can bind both
NAD* and NADH. Thus, Rex proteins serve as direct sensors of NAD*/NADH ratio.
Allosteric binding of two NADH molecules to the T-Rex dimer results in a conformational
change of the DNA binding domain, releasing the dimer from DNA [36]. The dinucleotide
binding sites of a DNA-bound Rex dimer are placed within ~7A of each other, and as a
result of both charge repulsion of the pyridinium rings and rearrangement of nearby
residues, only one NAD* can complex a T-Rex dimer. However, DNA binding capability is
retained, leading to the differential gene expression as a function of NAD*/NADH ratio [37].

Sirtuins and use of NAD* as a co-substrate

Yeast Sir2 silences transcription [38, 39] and was originally shown to possess ADP-
ribosyltransferase activity using NAD™* [40, 41]. Because overexpression of Sir2 also
resulted in histone hypoacetylation [42, 43], NAD" was hypothesized to act as co-factor for
the proposed deacetylation activity of Sir2 [44]. Using purified, recombinant Sir2 enzyme
and histone-based peptide substrates containing various N-acetylated lysine patterns, NAD™-
dependent deacetylase activity was found /n vitro. Furthermore, neither NADH, NADP*, nor
NADPH possessed this property as a “co-factor” or inhibited the deacetylase activity. The
stoichiometry of the deacetylation experiments suggested that Sir2 was acting catalytically
and failure to inhibit this activity using potent HDAC inhibitor trichostatin A (TSA) further
supported that Sir2 had a different mechanism of action than the Zn2*-dependent histone
deacetylases. A mouse S/R2homolog, mSirZ, was also characterized and exhibited potent
deacetylase activity as well as ADP-ribosyltransferase activity, showing that mammalian
Sir2 proteins possess the same enzymatic activities [44].
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In the time since the initial discovery, the human sirtuins (SIRT1-7) have been shown be
NAD*-dependent deacylase enzymes [45]. NAD™ is a co-substrate in all of the different
deacylation reactions catalyzed by sirtuins (Figure 3). The importance of NAD* as a
participating co-substrate may be demonstrated by applying a thin layer
chromatography(TLC)-based assay that monitors the consumption of 32P-radio-labeled
NAD™ and shows the appearance of radioactive spots corresponding to the O-acyl-ADP-
ribose byproducts formed in the respective deacylation reactions [46]. This assay was
applied for the discoveries of desuccinylation and deglutarylation by SIRT5 [47, 48],
hydrolysis of hydrocarbon-based acyl groups of varying length by the action of SIRT1-3 and
6 [49, 50], and most recently for the discovery of SIRT4 deacylase activity [51].

Furthermore, Michaelis-Menten constants (K,) measured /in vitro against peptide substrates
for SIRT1 deacetylation (~750 uM) [50], SIRT2 demyristoylation (~40 uM) [52], as well as,
SIRTS5 desuccinylation (~150 uM) [53] and deglutarylation (~200 uM) [50] are in the range
of measured free NAD™* concentrations, which supports the idea that sirtuin deacylase
activity is regulated by NAD* [19].

Sirtuins and their interactions with NADH

Further investigations into the initial observation that NADH did not significantly inhibit
sirtuin deacetylation activity [44] further supported this notion. Using an enzymatically
acetylated histone 4 peptide as a substrate, NADH (0-300 uM) inhibited deacetylase activity
of yeast Sir2 and human SIRT1 via an apparent NAD*-competitive mechanism [5]. Further
studies investigated a wider range of NAD* analogs and derivatives, including NADH,
nicotinamide, NMN*, and NAAD* and found that yeast Sir2, HST2, and human SIRT2
mediated deacetylation of a H3K14 acetylated peptide were inhibited by NADH at high
concentrations (ICsq values = 15 mM, 28 mM, and 11 mM, respectively). Importantly, these
studies show these sirtuins have an approximate 1000-fold lower affinity for NADH
compared to NAD* [54].

With the newly discovered long chain deacylase activities of human SIRT1-3 and SIRT®6, as
well as the dicarboxyl-derived deacylase activities of SIRT5, we recently elaborated on these
reports [50]. We investigated deacetylation by SIRT1, 2, and 3; demyristoylation by SIRT1,
2, 3, and 6; and desuccinylation and deglutarylation by SIRT5 using H3K9 acylated peptide
substrates. Consistent with deacetylation, were found millimolar concentrations of NADH
are required to inhibit the enzymatic deacylation. Similarly, using short pseudopeptide
substrates, millimolar concentrations were needed to inhibit deoctanoylation by SIRT1, 2, 3,
and 6. We also found that NADH inhibits both SIRT1-mediated deacetylase and SIRT5-
mediated desuccinylase activities via a non-competitive mechanism for both peptide
substrate and NAD* [50]. Based on these findings, we could conclude that millimolar
concentrations of NADH are required to bind to and/or inhibit deacetylase and deacylase
activities of the tested mammalian sirtuins.

Molecular dynamics simulations revealed that binding in the so-called A and C pockets on
the sirtuins, which accommodate the dinucleotides and are required for catalysis, favored
NAD™. In the simulations with NADH, the nicotinamide moiety lacked the hydrogen
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bonding observed for NAD™ to residues in the C pocket and hence did not stay in this pocket
during simulations [50]. Interestingly, the simulations applying SIRT1 agreed particularly
with differences in preferred conformations of the two dinucleotides determined by density
functional theory (DFT) calculations, showing that the pyramidalization of the pyridyl
nitrogen (N1) and C4 of the 1,4-dihydropyridine affects rotation of both the ribose moiety
and the exocyclic primary amide functionality of the nicotinamide [55, 56]. Thus, the C-O
bond of the ribose moiety adopts a perpendicular arrangement with respect to the
dihydropyridine ring in NADH and an in-plane conformation with respect to nicotinamide in
NAD™ (Figure 4). Furthermore, the energetic barrier of rotation of the exocyclic primary
amide is two-fold higher for NADH [55], and it stays in the favored coplanar conformation
in both reported simulations [50], whereas this functionality is rotated slightly in both NAD*
simulations and engages in the hydrogen bonding in the C pocket mentioned above (Figure
4). These differences may also explain the lower binding affinities indicated by the K; values
for NADH compared to Ky, for NAD™ in sirtuins [50], rendering it unlikely for the sirtuins
tested to bind NADH to a significant extent under physiological conditions.

Sirtuins as sensors of NAD*

Because sirtuins use NAD* as a co-substrate, numerous studies have suggested that the
sirtuins ability to sense changes in NAD™ is the primary regulatory link between energy state
and sirtuin function. As described above, the basal free NAD* concentrations in the nuclear—
cytosolic and mitochondrial compartments are 10-100 pM and ~230 UM, respectively. Since
these levels fall within the range of measured sirtuin Ky, values for NAD™, sirtuins could
function as sensors of NAD™. The question remains: do changes in intracellular NAD*
concentration occur that are large enough to be sensed? Numerous studies have reported
intracellular NAD™ concentration changes under various physiological conditions with
magnitudes in the range of 2-5-fold. For example, NAD™ levels fluctuate daily via activation
of the NAD™ salvage pathway as part of a mechanism to synchronize energy metabolism
with circadian rhythms and the light-dark cycle [57]. As another example, NAD*
concentrations change in response to nutritional and environmental conditions. Specifically,
levels increase in response to conditions associated with low nutrient availability such as
calorie restriction, fasting, glucose or serum deprivation, and exercise [23, 58-62]. In
contrast, NAD™ levels decrease from over-nutrition such as occurs from high-fat diet feeding
[63]. NAD* levels also decline during aging and senescence of human cells and in rodents
[64-66].

Studies into how changes in NAD™ concentration occur are ongoing. The control of basal
levels of NAD* and of concentration changes result from a dynamic balance between NAD*
synthesis and NAD* consumption. Enzyme classes including PARPs, ARTs, and SIRTs
consume NAD*, enough in some situations to deplete NAD* pools [1]. The consuming
enzymes generate NAM as a byproduct of their enzymatic activities that feedbacks to
regulate their activity by directly binding the NAD™* binding pocket to inhibit activity and as
a biosynthetic precursor to NAD* production via NAMPT. The repression or induction of
Nampt expression often parallels the observed reduction or increase in NAD* concentration
and is thought to be the mechanism behind altered NAD* levels in many contexts.
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In addition, studies have linked changes in NAD™ to altered activity of sirtuins under various
physiological conditions. NAMPT-driven NAD™* synthesis and SIRT1 were shown to
regulate part of the core circadian machinery, CLOCK/BMAL, in an interlocked
transcriptional-enzymatic feedback loop [67]. In peripheral tissue, NAMPT and NAD*
levels cycle with a 24-hr rhythm controlled by the clock. In this cycle, NAD* functions as a
metabolic oscillator that periodically activates SIRT1 deacetylase activity that in turn
represses CLOCK/BMAL-mediated transcription of CLOCK target genes, including Nampt
itself [67]. Oscillations in the level of SIRT1 deacetylase activity are in phase with the
NAD™ oscillations, consistent with SIRT1 functioning as an NAD™ sensor.

CLOCK-dependent NAD™* cycling also generates rhythms in mitochondrial SIRT3
deacetylase activity [57]. SIRT3-dependent modulation of mitochondrial protein acetylation,
in turn, contributes to the synchronization of oxidative metabolism across the 24-hr fasting
and feeding cycle. Knockout of the circadian clock component Bmalin mice abolishes the
rhythmic oscillation of NAD* levels, reduces the total endogenous NAD* concentration in
liver, and correspondingly diminishes SIRT3 activity [57]. These findings are consistent with
the idea that SIRT3 activity is impaired in Bmal'~ liver due to reduced NAD* and that
SIRT3 thus functions as an NAD™ sensor in response to circadian cycling of NAD* levels.

NAD™ levels have been shown to decrease with aging in rats and mice and in primary and
cultured cells, with effects on SIRT1 activity observed in some cases. For example, a 2-4
fold decrease in NAD* levels in ex vivo samples of hippocampus, cortex, cerebellum, and
brain stem from aging rats was reported along with a proportionate decrease in SIRT1
deacetylase activity [65]. In another study, a 2-3-fold decrease in nuclear NAD+ in aging
mouse skeletal muscle was shown to coincide with decreased SIRT1 activity [64]. These
events were linked to increased HIF-1, blocked TFAM activity, and reduced expression of
OXPHQOS components in the mitochondria, creating reduced OXPHOS and a
pseudohypoxic, Warburg-like state. In a third aging study, a magnetic resonance-based in
vivo NAD" assay was used to noninvasively measure NAD*, NADH, and NAD*/NADH
content in intact human brain of healthy volunteers [68]. An age-dependent increase in
intracellular NADH and age-dependent decreases in total NAD, NAD*, and the NAD*/
NADH ratio were reported. Although the changes, observed across individuals 20-65 years
old, were subtle and gradual the finding follows the trend of ex vivo studies showing much
higher NAD™* changes in rodent brain from different age groups. Effects on sirtuin activity
were not mentioned in the study.

On the contrary, sirtuin activity changes are not always clearly linked to changes in NAD™.
For example, a rapid cAMP/PKA-mediated phosphorylation of SIRT1 on serine434 was
shown to increase SIRT1 deacetylase activity by decreasing affinity of the enzyme for
NAD*[69]. Phospho-SIRT1 modulates gene expression to promote fatty acid oxidation
independently of changes in NAD™ levels. Interestingly, during calorie restriction (CR) or
fasting, SIRT1 mRNA and protein levels are upregulated in various metabolic tissues by
cAMP/PKA/CREB signaling. Conversely, in the absence of metabolic stress, ChREBP
represses SIRT1 expression [70]. CR and fasting are two well-studied metabolic contexts
leading to increased NAD™" levels that parallel increased SIRT1 activity. Thus, increased
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SIRT1 activity during CR and fasting, purportedly due to increased NAD*, could be
influenced by increases in SIRT1 expression.

In another study, SIRT1 was shown to bind to and recruit NMNAT1 to specific gene
promoters in the breast cancer cell line MCF-7 [71]. The SIRT1 at these target promoters
required NMNAT1 for deacetylase activity. Though the precise mechanism of SIRT1
activation by NMNAT1 was not defined, NMNAT1 was hypothesized to promote more
efficient use of NAD* by SIRT1 via substrate channeling or by creating a high local
concentration of NAD™ specifically for SIRT1. In this scenario, SIRT1 responds to NAD*
produced at the site of SIRT1 function, as opposed to sensing an NAD™* concentration
change in the nuclear pool. An alternative mechanism suggested was the allosteric activation
of SIRT1 activity by NMNAT1, as NMNAT1 has been shown to bind to and allosterically
activate PARP1 in other contexts [72]. This later type of mechanism might operate
independently of NAD™ altogether.

Thus, while the physiological contexts in which changing NAD* has been described (e.g.
CR, fasting, HFD-feeding, aging), how these complex metabolic events change free NAD*
is not yet known. Despite the notion that sirtuin regulation can occur independently of
changes in NAD*, we conclude that strong evidence exists for sirtuins to be sensors of
NAD™.

Sirtuins as sensors of NAD*/NADH

In contrast to NAD*, little evidence exists for sirtuins to sense the NAD*/NADH ratio. As
described above, the free NAD* concentration in the nuclear—cytoplasmic pool is several
orders of magnitude higher than that of NADH (Figure 2), so that the free NAD*/NADH
ratio is ~700:1 [9]. Because the concentration of NAD* is so much higher compared to
NADH, the conversion of a small amount of NAD* to NADH would be expected to result in
a relatively large change in the NADH, but a small change in NAD*. It follows that NADH
can provide a more sensitive reflection of a change in redox state compared to NAD* and
thus the best sensors of NAD*/NADH sense NADH at a lower K, than NAD*. The free
NADH concentration in the nuclear-cytoplasmic pool is ~100 nM. Since the sirtuin K, for
NADH is about 1000-fold above this level, the sirtuins are unlikely to serve as very good
sensors of the NAD*/NADH ratio within the nuclear—cytoplasmic compartment. In contrast,
the nuclear NADH sensor is the transcription corepressor CtBP described above binds
NADH with an affinity close to the physiological free NADH concentration, and binding to
NADH increases its ability to interact with E1A [28]. The same logic could be applied to
mitochondria, where the NAD™* concentration is much higher compared to NADH, although
with an NAD*/NADH ratio of 8, the difference is not great compared to that of the nuclear—
cytosolic pool. Thus, the current knowledge about the physiological levels of free NAD* and
NADH in different organelles, combined with the observed ICsq values, strongly suggest
that sirtuins are not sensors of the NAD*/NADH ratio.
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Outstanding questions

While much is known about how the sirtuins bind NAD* and NADH, several questions
remain regarding their role as sensors. For example: does NAD™ fluctuate in compartments
or local sirtuin-resident environments enough to influence sirtuin activity? Several
physiological conditions have been described that influence the intracellular NAD* or
NADH levels. However, in many of these studies, the changes in NAD(H) were determined
by quantification of total NAD™ and NADH levels. If, and to what degree, these changes in
total levels influenced the free NAD™ concentration in specific subcellular compartments
were not determined. A wide range of pathophysiological conditions including oxidative
phosphorylation deficiencies and cardiac and renal diseases have also been associated with
alterations in NAD™* and/or NADH levels [recently reviewed in [1, 2]], but again, effects on
the free NAD* concentration were often not determined. Now that direct quantification of
free NAD* in subcellular compartments of live cells is possible with genetically encoded
biosensors [19], a challenge exists in extending this technology to other relevant
physiological/pathophysiological contexts that might influence fluctuations in NAD(H).
Studies along this line should lead to a clearer picture of sirtuin—NAD*-sensing
opportunities. Finally, boosting NAD™ using precursor supplementation (NMN, NR) or
small molecular inhibitors of NAD*-consuming enzymes increases NAD* levels [1]. The
role of sirtuin activation in these NAD™-centric strategies has not yet been studied and
represents another important area of future investigation.

Conclusions

Sirtuins are often described as “NAD™ sensors” that link the cellular energy state to a
response since they require NAD™ as co-substrate for protein deacylase activity. Free NAD*
concentrations in nuclear-cytosolic and mitochondrial compartments under basal conditions
fall within the range of measured sirtuin K, values for NAD*, indicating the possibility of
sirtuins to function as sensors. Numerous studies report changes in NAD™ concentrations in
response to various physiological conditions with a magnitude of 2-5-fold. In many of these
studies, for example, in response to circadian oscillations of NAD®, as well as in response to
nutritional or environmental challenges, changes in NAD* concentrations have been linked
to corresponding changes in sirtuin activity, consistent with the behavior of an NAD* sensor.
Collectively these findings support the notion that sirtuins sense NAD™*. In contrast, little
evidence supports the sirtuins as sensors of the NAD*/NADH ratio. Since the physiological
free concentration of NAD™ is so much higher compared to NADH, the best sensors of
NAD*/NADH sense NADH. The sirtuin Ky, for NADH is 1000-fold above the physiological
free concentration of NADH and therefore sirtuins are unlikely to serve as good sensors of
NADH or of the NAD*NADH ratio. Interestingly, although sirtuins likely sense NAD+,
mechanisms beyond changes in NAD™ concentrations could regulate sirtuin activity,
including posttranslational modification or changes in expression levels. Future studies
integrating NAD* sensing with other mechanisms of activation to alter sirtuin activity will
undoubtedly lead to exciting new discoveries.
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. NAD* and NADH are ubiquitous cellular redox cofactors
. Enzymes outside those participating directly in redox sense these
dinucleotides
. The sirtuin family of protein deacylases use NAD* to remove protein

modifications

. Sirtuins sense NAD®, but neither NADH nor the ratio
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Figure 1.

Overview of NAD* metabolism. The deamidated (blue) and amidated (green) pathways are
two discrete routes to synthesize intracellular NAD*. QRPT: Quinolinate
Phosphoribosyltransferase; NAPRT: Nicotinate Phosphoribosyltransferase; NAMPT:
Nicotinamide Phosphoribosyltransferase; NRK: Nicotinamide Riboside Kinases; NMNAT:
Nicotinamide (Mono)nucleotide Adenylyltransferase; NADS: glutamine-dependent NAD*
synthetase.
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Figure 2.
Summary sub-cellular dinucleotide pools and ratios. Based on published values,

concentrations of NAD* or NADH were converted to circle diagrams where the area of each
shape accurately reflect the relative size of the nucleotide pool and the relationship between
the sizes.
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Figure 3.
Schematic of sirtuin enzymatic activity. Mammalian sirtuins SIRT1-SIRT7 are NAD*-

dependent protein deacylases on a wide range of cellular substrates. Using NAD™ as a co-
substrate (black) the sirtuins (blue) catalyze a deacylation reaction (green) to form
nicotinamide, C-acyl-ADP-ribose, and a deacylated protein.
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Figure 4.
Conformations of NAD* vs. NADH. Top panel, dihedral angles: Glycosidic bond (green)

and exocyclic amide (blue), pyramidalization of nitrogen (blue triangle); Middle panel,
crystal structure of SIRT2 in complex with NAD™* and SirReal2—a SIRT2 selective inhibitor
(pdb: 4ARMG) showing almost parallel orientation of the planar pyrimidine moiety and the
C-0 bond in the ribose ring; Bottom panel, structure from molecular modeling of SIRT1 in
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complex with NADH and an acetylated substrate showing almost perpendicular orientation
of the dihydropyridine ring, with significant pyramidalization of the nitrogen atom.
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