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Abstract

Isonicotinamide (INAM) is an isomer of the NAD™ precursor nicotinamide (NAM) that
stimulates the enzymatic activity of Sir2, an NAD"-dependent histone deacetylase from the
budding yeast, Saccharomyces cerevisiae. Supplementing INAM into growth media promotes
the replicative lifespan (RLS) of this single cell organism by maintaining intracellular NAD™
homeostasis. INAM also extends yeast chronological lifespan (CLS), but the underlying
mechanisms remain largely uncharacterized. To identify interacting genes, a chemical genomics
screen of the yeast knockout (YKO) collection was performed for mutants sensitized to growth
inhibition by INAM. Significant Gene Ontology (GO) terms included transcription elongation
factors, metabolic pathways converging on one-carbon metabolism, and de novo purine
biosynthesis, collectively suggesting that INAM may perturb nucleotide metabolism. Indeed,
INAM caused dose-dependent depletion of intracellular cytidine, uridine and guanosine,
ribonucleosides derived from the breakdown of nucleotide monophosphates by a set of
nucleotidases (Phm8, Sdtl, Isnl) or the alkaline phosphatase Pho8. Direct inhibition of
recombinant Sdt1 and Phm§8 nucleotidase activity by INAM was confirmed in vitro, as was
inhibition of alkaline phosphatase activity. Each of these enzymes can also convert nicotinamide
mononucleotide (NMN) to nicotinamide riboside (NR), consistent with an accumulation of NMN
and NAD™ upon inhibition by INAM. Taken together, the findings suggest a model whereby
partial impairment of nucleotide salvage pathways can trigger a hormetic stress response that

supports enhanced quiescence during chronological aging.
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Introduction

Aging is a multifaceted process leading to decreased function over time, and ultimately, death of
the cell or organism. Despite extraordinary variance in organism lifespans, many of the proteins
and pathways involved in aging are evolutionarily conserved (1, 2), making research in short-
lived, experimentally feasible model organisms applicable to human aging. For example,
budding yeast (Saccharomyces cerevisiae) has played a major role in the identification and
characterization of several key longevity or health span factors, including the NAD*-dependent
histone deacetylase Sir2 (reviewed in (3)), the founding member of the conserved sirtuin protein
family (4). Sir2 is critical for sustaining the replicative potential of yeast mother cells, also
known as their replicative lifespan (RLS), primarily through stabilizing the repetitive rDNA
locus (5). In contrast, shown in further work in yeast, Sir2 limits the long-term survival of non-
proliferating cells in stationary phase, also known as chronological lifespan (CLS), due to
specific Lys-514 deacetylation (inactivation) of the rate-limiting gluconeogenesis protein Pck1
(6). Gluconeogenesis improves ethanol and acetate utilization and elevates glycogen/trehalose

storage, thus enhancing stress resistance and CLS (7).

Sirtuin-mediated lysine deacetylation produces nicotinamide (NAM) as a byproduct,
which can feed-back and inhibit the reaction if not recycled by the NAD™ salvage pathway (8-
10). NAM supplementation at high concentrations therefore phenocopies the effect of deleting
the SIR2 gene, reducing RLS and extending CLS (9, 11). Biochemically, NAM inhibits
deacetylation activity by regenerating acetyllysine and NAD™ through a base exchange reaction
with the peptidyl-imidate intermediate (12). Isonicotinamide (INAM), a non-reactive isostere of
NAM (Fig. 1A), can relieve the Sir2 NAM inhibition and stimulate deacetylation activity by

blocking the NAM binding pocket (13). Supplementing INAM into media therefore enhances
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heterochromatic gene silencing and RLS in a Sir2-dependent manner (13, 14). However, rather
than shortening CLS, as would be predicted for enhanced Sir2 activity, INAM extends CLS
independently of Sir2 (15), suggesting the involvement of potentially novel CLS regulatory

mechanisms.

While INAM stimulates the HDAC activity of recombinant Sir2 in vitro (13), it also
promotes Sir2-dependent transcriptional silencing and RLS in vivo by maintaining intracellular
NAD" homeostasis when NAD™ precursors (NAM or nicotinic acid) are limiting (14). INAM is
not a direct NAD™ precursor, so its effects on NAD* homeostasis likely involve the modulation
of one or more steps of the de novo synthesis or salvage pathways. Consistent with this idea,
NAM supplementation during chronological aging maintains the expression of several genes in
these pathways when cells enter stationary phase, including the nicotinic acid/nicotinamide
mononucleotide adenylyltransferase NMA1 (14). INAM also upregulates the expression of genes
involved in cell wall biosynthesis and remodelling, likely related to concurrent protection from
acetic acid toxicity (15). However, the biochemical targets underlying these longevity-associated
phenotypes remain unknown. Identifying such targets could provide important CLS mechanistic

insights.

To identify possible INAM-targeted cellular processes, we utilized an unbiased chemical
synthetic lethality screening approach with the yeast knockout (YKO) strain collection. We
hypothesized that concentrations of INAM that extend CLS may moderately inhibit cellular
processes would become growth inhibitory when combined with deletion of a gene from an
interacting pathway or process. Deletion mutants that were growth-inhibited by sub-lethal INAM
concentrations clustered into several functional Gene Ontology (GO) terms, including

transcription elongation factors. This was similar to the synthetic lethal pattern observed with
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mycophenolic acid (MPA), a compound that inhibits IMP dehydrogenase and depletes the
guanine nucleotide pool (16, 17). However, rather than specific reduction of guanine nucleotide
biosynthesis, we found that INAM acutely impaired the salvage of ribonucleoside
monophosphates CMP, GMP, UMP, and the NAD" precursor, nicotinamide mononucleotide
(NMN) to their respective nucleosides. Ultimately, this limited the overall nucleotide
triphosphate pool as cells entered stationary phase. We propose a model whereby moderately
limiting the nucleotide pool through inhibition of nucleotidase activity by INAM induces a

beneficial hormesis response that improves CLS.

Results

INAM-induced CLS extension is titratable and independent of auxotrophies

To begin characterizing the mechanism of INAM-induced CLS extension, we tested for
dosage effects on the YKO parental strain BY4741. Previous in vivo experiments with INAM
were performed at 25 mM, a concentration that promotes Sir2-dependent transcriptional
silencing (13). In Fig. 1B, concentrations ranging from 2.5 to 50 mM were supplemented into
CLS cultures at the time of inoculation. Lifespan plateaued at 10 to 25 mM, while 50 mM still
extended CLS despite causing reduced viability at day 3. To rule out contributions of the
auxotrophic mutations in BY4741 to CLS extension, we showed that 25 mM INAM extended
CLS of the prototrophic progenitor strain FY4 ((18); Fig. 1C). Additionally, 25 mM extended
CLS of BY4741 when added to cultures at day 4, after the cells entered stationary phase (Fig.
1D). The effect was not as strong as supplementing at the time of inoculation but still suggested

the underlying mechanisms impact both proliferating and quiescent cells.
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INAM extends CLS independently of sirtuins
We previously found that INAM supplementation prevented NAD™ depletion that normally
occurs as yeast cells enter stationary phase (14, 19). Despite elevated NAD™ being associated
with increased SIR2 function, the associated CLS extension did not require S/R2 (15). Significant
functional redundancy exists between Sir2 and its paralog Hstl (20-22), so to rule out
contributions from Hstl or the other Sir2 homologs, we tested whether INAM extended CLS of a
mutant lacking all 5 sirtuins, SIR2, HST1, HST2, HST3, and HST4 (4). CLS of the quintuple
mutant was reduced compared to the control, but 10 mM INAM still significantly extended it
(Fig. 2A), suggesting that while improved NAD" homeostasis may play a role in the CLS
benefit, sirtuins are not involved.

The lack of sirtuin involvement suggested that despite being a sirtuin inhibitor, NAM
may also extend CLS due to its structural similarity with INAM. We previously reported that 5
mM NAM did not extend CLS when added to cultures at the time of inoculation (23), but it was
subsequently shown to extend CLS when added during the diauxic shift (11). NAM at 5 mM
inhibits Sir2, Hstl, Hst2, and Hst4, while 25 mM NAM is required to inhibit Hst3 and ensure the
elimination of all sirtuin function (9, 24). In Fig. 2B, we observed that 25 mM NAM
significantly extended CLS of BY4741, but 10 mM NAM had little effect compared to 10 mM
INAM, indicating that INAM is the more potent isomer by this measure. NAM also has
mutagenic potential at these concentrations due to the inhibition of Hst3 and Hst4, which
function as H3K56 deacetylases in the maintenance of genome stability (25, 26). Indeed, NAM
supplementation significantly increased mutation frequency of the endogenous CAN/ reporter

gene (canavanine resistant colonies) as previously reported (26), while INAM at the same
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concentrations had no effect (Fig. 2C). INAM is therefore a non-mutagenic CLS booster in
comparison to NAM. At concentrations above 50 mM, however, INAM inhibited cell growth
while NAM did not (Fig. 2D). This led to the hypothesis that lifespan extension at lower INAM
concentrations could be due to mild perturbation of one or more activities/pathways that function

in cell proliferation.

A chemical genomic screen for INAM-sensitive deletion strains

To identify genes that buffer against INAM-impaired cellular processes, the MA4Ta haploid YKO
strain collection was arrayed onto rectangular OmniTray YPD agar plates, and the colonies were
then pinned onto synthetic complete (SC) agar plates containing 0, 25, 50, 75, or 125 mM INAM
(Fig. STA). After 2 days incubation (3 days for 125 mM), the plates were imaged and growth of
each mutant colony on the INAM-containing plates was quantitated relative to SC control plates
using SGAtools (27). An example of the growth inhibition by INAM is shown for tho2A in Fig.
S1B (center colony, yellow arrow). Growth of all strains was strongly reduced at 125 mM. The
full screen was independently performed twice, showing moderate but significant correlation in
SGAtools-generated fitness scores, as shown for 75 mM INAM in Fig. S1D (R =0.42;
p<0.00001). We conservatively focused on mutants with a fitness score lower than -0.3
(difference visible by eye; (27)) in both replicates (Tables S1 and S2, Fig. S1C inset). Fewer
mutants met this stringent criterion at 50 mM (173), and 25 mM (150), which was expected as
the degree of pathway disruption should be weaker (Fig. SID). Only 39 mutants were identified
from all four concentrations, though there were greater overlaps for any two concentrations (Fig.
S1D). Approximately 50% of the 326 mutants chosen as sensitive to 125 mM INAM at day 3 did

not overlap with mutants from the other concentrations (Fig. S1D), suggesting a high number of
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false positives for this highest concentration. We therefore focused Gene Ontology (GO)
enrichment analysis on a collection of 341 genes identified from at least one of the 25, 50-, or
75-mM conditions (Table S1). Several ‘Biological Process’ GO terms with significant p-values
were related to transcriptional regulation, autophagy and vacuolar transport, inositol phosphate
biosynthesis, and chromatin remodelling (Table S3). ‘Cellular Component” GO terms covered
the INO80 and SWRI1 chromatin remodelling complexes, transcriptional elongation factors,
endosomes and the ESCRT complex (Table S3). INAM sensitivity was confirmed for 57 of 61
re-tested deletion mutants (Fig. S2 and S3), indicating the cut-off score of -0.3 was highly
stringent. Based on predictions from the enriched GO terms and literature searches, 22 additional

mutants related to the GO terms were directly tested and confirmed as INAM-sensitive (Fig. S4).

Disruption of serine, glycine, threonine, or cysteine metabolism confers sensitivity to INAM
Intriguing metabolism-related GO terms enriched in the 25, 50, or 75 mM INAM-sensitive
mutant lists were de novo IMP biosynthesis (ADE1, ADE4, ADE6, ADES,7), threonine metabolic
process (HOM2, HOM3, THR4, and GLY1), and serine family amino acid biosynthetic process
(CYS4, GLY1, HOM2, HOM3, SER1, SER?2) (Table S3). Fig. 3A depicts connections between
these enzymes, with the points of convergence at serine and glycine, amino acids that fuel one-
carbon (1C) metabolism for utilization in purine and thymidylate (dATMP) synthesis,
methionine/SAM regeneration, amino acid synthesis, and redox maintenance (28). Serine
metabolism has been linked to CLS regulation with serine supplementation extending CLS (29,
30), and SER! identified as a major QTL for genetic CLS variation among strain backgrounds
(31). The serine/glycine/threonine pathways were also reported as a metabolic axis for longevity

regulation based on multi-omics analyses in mice (32). While INAM clearly interacts with this
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metabolic axis, deletion mutants for the core one-carbon metabolism genes were not isolated
from the sensitivity screen, with the exception of ade3A, which is also critical for the de novo
purine synthesis pathway.

Numerous metabolic enzymes ‘moonlight” with biochemical functions separate from
their annotated catalytic activity (33). We therefore wanted to confirm that the serine or
threonine metabolism mutants were INAM-sensitive due to a serine or threonine deficit,
respectively. To quantify the effects on growth, ICso values for INAM were calculated from
small liquid cultures in 96-well plates, as shown for ser2A in Fig. 3B. Supplementing 25 mM
serine indeed restored normal growth to the ser2A mutant and, similarly, 25 mM threonine
restored growth to the more severe thr /A and hom3A mutants (Fig. 3C). Even though these
mutants were sensitive to high concentrations of INAM, their CLS was still extended by 25 mM
INAM (Fig. 3D and E; data shown for ser2A and hom2A). Note that the ~iom2A mutant was
short-lived compared to WT, indicating a role for this pathway in supporting CLS. Poor growth
of the thrIA mutant was incompatible with CLS assays. Taken together, these results suggest that
INAM does not function by directly modifying serine, threonine, or glycine metabolic pathways.
Rather, defects in availability of serine, glycine, or threonine via their biosynthesis or import

impair growth when INAM perturbs a functionally linked cellular process.

Mutants in SWR1 complex subunits and other transcriptional elongation factors are sensitive
to INAM

Prominent non-metabolic GO terms included those related to transcriptional regulation and
chromatin remodeling, especially at the level of transcriptional elongation (Table S3). Among

these were multiple subunits of the SWR1 complex, a conserved ATP-dependent chromatin
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remodeler that exchanges H2A core histones in nucleosome octamers for the H2A.Z variant
encoded by HTZ1 (Fig. 4A; (34, 35)). Exchange of H2A with H2A.Z (Htz1) by SWR1 impacts
multiple steps of gene expression, including facilitating progression of polymerase through
nucleosomes during transcription elongation (36). Mutants for 5 SWR1 subunits (bdf14, vps724,
swedA, swrid, yaf9A) were identified from the screen at 25, 50, or 75 mM. Deletions for three
additional annotated SWR1 mutants (arp6A, swc3A, swc7A) were tested separately. The swe7A
mutant was the only SWR1 candidate we tested that was not INAM-sensitive (Fig. 4A), most
likely because the Swc7 subunit is not required for H2A.Z binding or histone replacement
activity (37). The htz14 strain was also isolated from the screen and confirmed as sensitive at 25
mM (Fig. 4B). Several other factors associated with elongation were identified from the INAM
sensitivity screen, including subunits of the THO complex, the elongator complex, and the C-
terminal domain kinase complex (CTDK-I), suggesting that INAM impairs one or more cellular
processes that support transcriptional elongation.

SWR1 subunit mutations were previously shown to extend CLS of a prototrophic strain
in nitrogen-rich media and to prevent the CLS extension induced by nitrogen-poor media, a form
of caloric restriction (38). We therefore tested if deleting SWRI or HTZ1 would prevent CLS
extension induced by INAM. Surprisingly, neither mutant affected CLS with or without 25 mM
INAM supplementation (Fig. 4C and D), suggesting any transcriptional or chromatin defects
associated with SWR1 were not significantly contributing to longevity under the conditions of
this study. Instead, synthetic lethality of INAM with elongation factor mutants, as well as de
novo IMP biosynthesis pathway (ade) mutants, pointed toward possible alterations in nucleotide

metabolism upon INAM supplementation that could impact CLS.
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INAM acts synergistically with mycophenolic acid (MPA)
Yeast mutants defective for transcriptional elongation are sensitive to mycophenolic acid (MPA)
and 6-azauracil (6AU) (39). MPA is a non-competitive inhibitor of inosine 5’-monophosphate
(IMP) dehydrogenase (IMPDH) (16), the enzyme that converts IMP to XMP during de novo
synthesis of guanine nucleotides (Fig. SA). 6AU is converted into 6-azaUMP, which also inhibits
IMPDH (Imd2), as well as orotic acid decarboxylase (Ura3), the last step of UMP biosynthesis
(40). The resulting guanine ribonucleotide pool depletion, and UTP depletion in the case of 6AU,
impairs transcription elongation and inhibits growth when combined with mutations that slow
elongation (41, 42). Comparing the INAM-sensitive mutants with previously identified MPA-
sensitive mutants (39), there was significant overlap between the datasets, with 45.1% (46/102)
of MPA-sensitive mutants also identified as INAM-sensitive (Fig. 5B). Among the overlaps were
htzIA and multiple transcriptional elongation factors, suggesting that INAM is modifying
ribonucleotide pools like MPA. Dose response growth curves of BY4741 with combinations of
INAM and MPA in liquid cultures revealed strong synergistic growth inhibition (peak ZIP score
of 9.86) at relatively low concentrations of each compound that had no effects individually (Fig.
5C), implying the two compounds were likely impacting growth through different mechanisms.
We first considered the possibility that INAM was extending S. cerevisiae CLS by
specifically perturbing guanine nucleotide pools through a mechanism different from MPA. As
shown in Fig. 5D, MPA extended CLS at 1 uM, and even more effectively at 10 uM, consistent
with its known extension of RLS (43) and S. pombe CLS (44). As predicted, CLS extension by
MPA was fully reversed by supplementing with 0.1 mM guanine (Fig. 5D), which bypasses IMP
dehydrogenase inhibition by conversion to GMP via the salvage enzyme hypoxanthine-guanine

phosphoribosyltransferase (Hptl; Fig. SA). In contrast, CLS extension induced by 25 mM INAM
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was not reversed by guanine (Fig. SE), implying that IMP dehydrogenase was not directly
inhibited by INAM. Ura3 also cannot be a relevant INAM target because BY4741 and the YKO

collection strains are all ura3A0.

INAM perturbs nucleotide metabolism

The combination of INAM sensitivity for mutants defective in transcriptional elongation, de
novo purine biosynthesis (ADE genes), or serine/threonine/glycine biosynthesis pathways, as
well as synergistic growth inhibition with MPA suggested a broader effect on nucleotide
metabolism. To test this idea, we utilized mass spectrometry to quantify a panel of nucleotides
and precursors when BY4741 was grown in the presence of 25 mM INAM. Extracts were
isolated from treated and untreated cells grown to log phase (6 hrs), late diauxic shift (24 hr), or
stationary phase (96 hr). Several nucleosides and bases were significantly reduced by INAM in
log phase cells (Fig. 6A). While INAM did not significantly affect nucleotide levels in log phase
cells, there was still a trend toward reduction of NTPs and dNTPs that became more significant
at the 24 hr and 96 hr timepoints (Fig. 6A and B). These changes were accompanied by reduced
aspartate and glutamine, amino acids that contribute atoms to de novo biosynthesis of the purine
and pyrimidine rings. UTP was the lone NTP/dNTP exception that was not significantly reduced
by the 96 hr timepoint in INAM-treated cells (Fig. 6A). Moreover, uracil, uridine, UMP, and
UDP were all strongly upregulated at 96 hr. These changes could be related to the ura3A0
mutation in BY4741 that blocks de novo UMP synthesis, forcing the cells to salvage uracil from
the media. We therefore tested whether supplementing extra uracil into the growth media would

extend CLS and/or modify the lifespan extension induced by INAM. Adding uracil at 4x the
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normal concentration in SC media did significantly extend CLS but had little impact on lifespan
extension induced by 25 mM INAM (Fig. 6C).

Among the nucleotide-related metabolites significantly reduced by INAM during log
phase were cytidine, guanosine, and uridine (Fig. 6A), nucleosides primarily produced by
dephosphorylation of the ribonucleoside monophosphates, CMP, GMP, and UMP during
nucleotide salvage (Fig. 7A). Sdtl and PhmS8 are paralogous 5’-NMP-specific nucleotidases (45,
46), and Isnl is an IMP-specific 5’ nucleotidase (Fig. 7A). Additionally, the vacuolar alkaline
phosphatase Pho8 dephosphorylates 3°-NMPs to generate cytidine, guanosine, and uridine during
degradation of RNA by autophagy in response to nitrogen starvation (47). We hypothesized that
the depletion of nucleosides caused by INAM was due to inhibition of nucleotidase and/or
alkaline phosphatase activity. To test this, BY4741 cultures were grown into log phase, then
INAM was added at concentrations of 25 or 100 mM for only 1 hr to track acute metabolite
changes that were likely due to direct enzymatic inhibition. Cytidine and guanosine were again
significantly reduced by INAM, and in a dose-dependent manner (Fig. 7B). While inosine was
not included in these metabolite panels, its downstream base, hypoxanthine, was significantly
reduced (Fig. 7B). Cytosine and uracil were similarly reduced by extended INAM exposure
during log phase (Fig. 6A), suggesting downstream depletion of the bases, with the surprising
exception of guanine.

The same nucleotidases and phosphatases, Phm8, Sdtl, Isnl, and Pho8, have also been
reported to convert NMN to NR (Fig. 7C; (48, 49)), which is intriguing given the beneficial
effect of INAM on NAD™ homeostasis as cells enter the diauxic shift (14). NMN does not cross
the yeast cell membrane, so it must first be dephosphorylated into NR and then imported by the

NR transporter Nrtl (50, 51). Preventing NMN dephosphorylation to NR by inhibition of Sdtl,
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PhmS8, Isnl, and Pho8 could potentially ‘trap’ NMN in the cell and shift the flux toward NAD*
via nicotinamide adenylyltransferases Nmal/Nmal/Pofl (Fig. 7C) (52, 53). We therefore
measured changes in NMN and NAD" when BY4741 was acutely treated with INAM for 1 hr.
As shown in Fig. 7D, NMN accumulated in a dose-dependent manner that translated to elevated
NAD™" at 100 mM INAM, also consistent with our hypothesis of nucleotidase/phosphatase

inhibition.

INAM inhibits nucleotidase and alkaline phosphatase activities

We next tested whether Sdtl and Phm8 were direct targets of INAM in vitro by
incubating the recombinant His-tagged enzymes with CMP or NMN substrates and quantifying
the release of inorganic phosphate with a colorimetric malachite green phosphate detection assay
(54). Sdtl and Phm8 activity on CMP and NMN was significantly inhibited by INAM
concentrations equivalent to those that impacted CLS and nucleoside levels in cultured cells
(Figs. 7E-F). The effect of INAM on alkaline phosphatase activity was next tested by incubating
p-nitrophenol phosphate (pNPP) with whole cell extracts from exponentially growing WT,
pho8A, phol3A, and pho8A phol3A strains. Pho8 and cytosolic Phol3 are the only alkaline
phosphatases in S. cerevisiae, and both utilize pNPP as a substrate in vitro (49, 55).
Dephosphorylation activity on pNPP was eliminated in the pho8A phol3A double mutant extract
(Fig. 7G), confirming specificity of the assay. INAM weakened alkaline phosphatase activity
from the WT and single mutant extracts, suggesting that Pho8 and Pho13 were both weak
inhibitory targets. Taken together, we conclude that INAM impairs a specific step of the
nucleotide salvage pathway, conversion of NMPs to nucleosides. This likely accounts for the

synthetic growth defects with transcriptional elongation mutants or pathways related to de novo
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nucleotide synthesis, including one-carbon metabolism inputs. These findings also provide a
potential mechanism for the maintenance of NAD* homeostasis by INAM without being directly

metabolized.

Discussion
Isonicotinamide and NAD" homeostasis

INAM originally came to our attention because it prevented feedback inhibition of Sir2
activity by NAM, a product of the lysine deacetylation reaction (13). Unexpectedly, it also
promoted RLS in a Sir2-dependent manner by indirectly maintaining elevated NAD™ levels
under conditions where NAD™ normally becomes depleted, such as media lacking nicotinic acid
(14). INAM also prevented NAD" depletion as cells enter the diauxic shift (14), which led us to
test for effects on CLS. INAM at 25 mM strongly extended CLS independently of Sir2 (15), and
we now show that it also extends lifespan of a quintuple mutant strain lacking all sirtuins (Fig.
2A). While this result precludes Sir2 and other sirtuins mediating the beneficial effect of INAM
on CLS, the improved NAD™ homeostasis could potentially be contributing to the CLS extension
independent of sirtuins. Indeed, the NR salvage pathways (Nrk1 and Urh1/Pnp1/Meul; Fig. 7C)
were previously reported as critical for maintaining CLS (56). Our results suggest that INAM
inhibition of the nucleotidases Sdt1 and PhmS8, or alkaline phosphatases, shifts flux toward
intracellular retention of NMN to promote NAD™ homeostasis, rather than the NMN being

converted to NR.

INAM effects compared to NAM
An earlier screen of the YKO collection for deletion mutants sensitive to nicotinamide

(NAM) identified genes that function in sister chromatid cohesion and maintenance of genome
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stability (57), consistent with the increased mutation frequency caused by high NAM
concentrations (Fig. 2C). From the supplemental tables of this paper (57) we were also able to
extract 107 NAM-sensitive mutants with normalized colony growth ratios of <0.5 in both screen
replicates (57), revealing significantly enriched GO terms of DNA repair (as expected), as well
as de novo IMP biosynthesis (ADE1, ADE2, ADE4, ADE6, ADES). Genome maintenance genes
were not significantly enriched in our screen for INAM-sensitive mutants, consistent with the
absence of any mutagenic effect. Interestingly, 21 of the 59 reported NAM-sensitive mutants did
overlap with our list of INAM-sensitive mutants from Table S4, including A#z/A. Notably, we
identified several ADE gene mutants as INAM-sensitive, suggesting that NAM and INAM share
some level of overlap in their metabolic effects on yeast cells, as might be expected for
compounds with such similar chemical structures (Fig. 1A). While NAM at relatively low (1 or 5
mM) concentrations previously shortened CLS (23), most likely due to combined inhibition of
Sir2 and Hstl, the extension induced by 25 mM appears to override any inhibitory effect on

sirtuins, reminiscent of INAM extending CLS independently of the sirtuins.

INAM effects on nucleotide metabolism

One of the key clues that INAM was potentially modifying nucleotide metabolism was
identification of multiple INAM-sensitive elongation factor mutants that were also sensitive to
MPA or 6-AU (39, 58). MPA and 6-AU reduce the guanine nucleotide pool by inhibiting
IMPDH, and the combination of impaired elongation from the mutations and reduced nucleotide
pools by these compounds caused growth defects in the previous studies. We therefore
hypothesized that INAM was also inhibiting growth of isolated elongation factor mutants due to
impairing nucleotide pools. Additional genetic support was derived from INAM-sensitive

mutants in serine, threonine, aspartate, the transsulfuration pathway, and de novo purine

16


https://doi.org/10.1101/2021.07.11.451986
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.07.11.451986; this version posted June 24, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

biosynthesis (ADE) pathway, each of which can be linked to nucleotide synthesis via the 1C
metabolism pathway. For these reasons we first directly measured nucleotide and precursor
levels when cells were chronically grown in 25 mM INAM across a time course as they entered
stationary phase. Nucleosides and bases in the test panel were significantly reduced in log phase
cells (Fig. 6A), followed by significant reduction of dNTPs at 24 hr and then both NTPs and
dNTPs at 96 hr. Acute INAM treatment of log phase cells for 1 hr confirmed the depletion of
guanosine and cytidine, pointing to the nucleotidases Sdtl and PhmS8, or alkaline phosphate
Pho8, as candidate targets for inhibition by INAM. We hypothesize that the INAM-induced
limitation of several bases and nucleosides during log phase growth has a downstream effect of
preventing efficient salvage synthesis of nucleotides and therefore accelerating the natural
depletion of nucleotide pools as cells enter stationary phase (59). The lack of guanine depletion
at any timepoint is surprising, yet consistent with guanine supplementation not influencing CLS
in INAM treated cells. The amino acid precursors to de novo UMP synthesis, glutamine and
aspartate, as well as the N-carbamoyl-L-aspartate intermediate were all depleted by INAM at 24
and 96 hrs, but since the BY4741 strain is deleted for URA3 (OMP decarboxylase), it is likely
that the elevated levels of uracil, uridine, UMP, and UDP at 96 hr are symptomatic of the
blocked de novo pyrimidine synthesis. Lastly, given the structural similarity with NAM, we
cannot rule out the possibility that INAM alters the activity of additional enzymatic steps of de
novo or salvage pathways for nucleotide metabolism, or any enzyme that interacts with NAD(H)

or NADP(H).

Nucleotide pool effects on lifespan
In multicellular organisms, the rate of transcriptional elongation increases with age and genetic

manipulations that slow elongation tend to extend lifespan (60). It remains unclear if alterations
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in elongation have any impact on yeast CLS. In our study, deletion of SWRI or HTZ1 was not
sufficient to extend CLS and did not block the CLS extension induced by 25 mM INAM, even
though the Atz IA mutant growth was slowed at this concentration. Therefore, any combined
impacts on transcriptional elongation by these mutants and/or INAM were likely not driving the

lifespan extension.

An alternative hypothesis is that the altered nucleotide pools post-log phase could be causing low
level DNA replication stress, which was previously shown for guanine nucleotide depletion in T
and B cells that causes S-phase arrest, replication stress, and apoptosis due to DNA replication
fork stalling (61, 62). Hydroxyurea (HU) also reduces the ANTP pool by inhibiting
ribonucleotide reductase to cause replication stress. Interestingly, HU extends CLS independent
of activating various stress resistance pathways and instead enhances entry into quiescence (63).
It was hypothesized that the replication stress would increase the proportion of cells transiently
arresting the cell cycle during the growth phase, which would increase the likelihood of arresting
cell growth and entering quiescence in subsequent cell cycles (63). Reducing the guanylic
nucleotide pool with MPA was previously shown to cause a mother-daughter cell separation
defect and emergence of bi-budded cells, which were observed in cells entering quiescence (64).
Therefore, a common thread between HU and MPA is they appear to enhance the entry to
quiescence when cultures approach stationary phase. Similarly, INAM induced DNA replication

stress could be enhancing CLS through stimulating entry into quiescence.

cAMP and chronological aging
Additional evidence for improved quiescence entry by INAM supplementation is derived
from the significant reduction of cAMP and cGMP at the 24 and 96 hr time points. cAMP levels

are typically high in proliferating yeast cells and then reduced as cells enter stationary phase,
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controlled by the balance between the activities of adenylyl cyclase and the cAMP
phosphodiesterases, Pdel and Pde2 (65). The reduction in cAMP/PKA signalling allows Rim15
to enter the nucleus and activate genes with Post-Diauxic Shift (PDS) or STress Response
Element (STRE) motifs. This cascade is key to the mechanism of glucose restriction mediated
RLS extension (66). Consistent with this idea, forcing reduction in cAMP by inhibiting adenylate
cyclase (Cyrl) with the drug triclabendazole has been shown to extend yeast CLS (67). The
observed cAMP reduction in INAM-treated cells at 24 and 96 hr is consistent with lifespan
extension and suggests possible stimulation of Pdel/Pde2 activity and/or reduced Cyr1 activity.
Alternatively, and more likely, is that the reduced cAMP levels are linked to reduced ATP, the
substrate for Cyrl. Either way, the reduction in cAMP caused by INAM could be enhancing
stationary phase entry and quiescence maintenance via Rim15 activation, thus contributing to
CLS extension. Little is known about the role of cGMP in yeast cells, but it has been reported to
activate PKA (68), and proposed to help fine tune cAMP levels (69), so it could also potentially

play a role in INAM-mediated CLS extension.

Isonicotinamide implications for human health

Could INAM or its derivatives be used as an aging intervention in humans? INAM is
commonly used as a backbone for the synthesis of various drugs, as well as cocrystallization
with existing compounds to make them more bioavailable (70, 71). Examples include the
MEK1/2 inhibitor pimasertib (72), xanthine oxidase inhibitors where the INAM moiety is the
key functional region (73), and new GSK-3 inhibitors in development as Alzheimer’s treatments
(74). INAM itself is also known to inhibit the activity of PARP-1 in mammalian cells, similar to
the effect of NAM (75). Indeed, the strong elevation of NAD™ observed in lung cancer cells upon

INAM treatment is likely caused by PARP-1 inhibition, though nucleotidases/phosphatase
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inhibition could also be involved. Given its structural similarity to NAM, INAM also has the
potential to target other enzymes that interact with the NAD™ family of metabolites. As INAM-
derived therapeutics are used more in clinical trials, it will therefore be of interest to track the

impacts on NAD" levels and nucleotide pools, as well as healthspan parameters.

MATERIALS and METHODS

Yeast strains and media

The primary ‘wild-type’ laboratory strain in this study was BY4741 (MATa his3A1 leu2A0
metl5A0 ura3A0) (76), and most gene deletion mutants were obtained from the isogenic yeast
knockout (YKO) collection (77). Detailed strain information is provided in Supplemental Table
S4. The ade2-101 mutation in YPH499 and YCB498 was repaired by transformation with an
ADE?2 PCR product spanning the ochre mutation and selecting for Ade” colonies to yield

SY 1043 and SY 1044, respectively. The reversion was confirmed by Sanger DNA sequencing.
Synthetic complete (SC) media with 2% glucose as a carbon source was used for most assays,
with YPD used for cell propagation and selection prior to the experiments. All liquid cultures

and agar plates were grown at 30°C.

CLS assays

10 ml of SC media with 2% glucose and relevant supplements was inoculated with 100 ul of
overnight culture. Liquid cultures were incubated on a rotating drum (TC-7, New Brunswick
Scientific) in glass tubes with metal caps allowing for gas exchange. After 72 hours, the first
measurement of colony forming units on YPD agar plates was made and this was treated as day
3 for the experiment (100% starting viability), to which all the other data was normalized.

Measurements were taken every 3-4 days as previously described (29, 78). At each time point,
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20 pl of the cell suspension was removed from each tube and 10-fold serially diluted three times
with sterile water. Next, 2.5 ul of each dilution (1:10, 1:100, 1:1000) was spotted onto a YPD
plate. After 16 hours, images of the spots were taken under a Nikon Eclipse E400 brightfield
microscope at 30x magnification. Microcolonies within the spots were automatically counted
from the digital images using OrganoSeg (79), with the parameters adjusted for yeast colony
counting (29). After accounting for the dilution factor, colony numbers from each day were

divided by the number of colonies from the first time point (day 3) to give the viability metrics.

SGA screen

The MATa haploid YKO collection, consisting of 4648 strains organized into 18 plates in 384-
well format, was spotted onto Nunc Omnitray single-well plates containing YPD-agar with 200
pg/ml G418 using a floating pin manual replicator (VP 384FS, V&P Scientific). After 3 days
growth, the replicator was used to transfer cells from colonies on the YPD plates to SC-agar
Omnitrays supplemented with 0, 25, 50, 75, or 125 mM INAM. Colony growth for the 0, 25, 50,
and 75 mM INAM plates was imaged with a Fluor Chem Q gel documentation system
(ProteinSimple) after 2 days, while the 125 mM plates were imaged after 3 days incubation. The

screen was performed in duplicate. SGAtools (http://sgatools.ccbr.utoronto.ca/) was then used to

quantify colony growth from jpeg images, comparing the INAM-containing plates to control
plates without INAM (27). The score value of -0.3 was used as a cutoff for INAM sensitivity,
and to limit false positives we required that both replicates reach this threshold for at least the 75
and 125 mM conditions. Most mutants with deletions of dubious open reading frames and genes
without a confirmed function were omitted in further analysis, as their sensitivity would not

provide any valuable information about the mechanism of action of INAM.
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Growth assays

For qualitative spots test growth assays, strains were patched onto YPD agar plates and grown
overnight. The cell patches were resuspended in water at an ODsoo of 1.0, then 10-fold serially
diluted. Next, 2.5ul of each dilution was spotted onto SC agar plates containing 0, 25, 50, 75, or

125 mM INAM, and photos taken after 2 days of growth.

For ICso assays, 10 ml SC cultures were incubated overnight in the roller drum, then
added to wells of a 96-well plate at a starting ODeoo of 0.1 in SC media containing a range of
INAM concentrations (0-240 mM; 2-fold dilutions) and other supplements as indicated. The
initial ODsoo was measured with a Spectra Max M2 plate reader (Molecular Devices). Plates
were then sealed with a sterile, gas-permeable membrane and incubated in a heated microplate
shaker (Southwest Science, SBT1500-H) at 30°C for 8 hr at 900 RPM. Final ODeoo was
measured and the initial ODeoo subtracted. Values were then normalized to fit the range 0-100%,
where the control condition (no INAM) was treated as 100% and the highest INAM
concentration as 0. These normalized growth values were then plotted on a graph using Origin
2018 (OriginLab, Northampton, MA, USA) and the sigmoidal fit was used to model a dose-
response curve fitting the obtained data. ICso was calculated as the concentration at which there
was 50% viability. The 95% confidence intervals were also calculated by the Origin software
from the 95% confidence bands. An additional benefit of this ICso approach is precisely
determining if mutant strains with intrinsically slow growth are sensitive to INAM, due to the
assay being internally normalized to growth of a given strain in the control condition (no INAM),

thus allowing direct comparison of strains with different growth rates.

Synergy assessment was performed similarly to the ICso assays, with a combination of

increasing MPA and INAM concentrations added in a matrix to a 96-well plate. Methanol
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vehicle concentration was adjusted to be the same at all MPA concentrations used.
SynergyFinder (80) was used to analyze the synergy between compounds using baseline

correction and a zero interaction potency (ZIP) model of synergy determination (81).

Measurement of metabolite abundance by mass spectrometry

Cells were grown in 10 ml SC 2% glucose with or without 25 mM INAM on a roller drum.
Cultures were started from overnight liquid cultures at ODsoo adjusted to 0.05. Cell densities of
cultures were measured before collection for normalization of metabolites. Cells were collected
at log phase (~5 hr), 24 hr, and 96 hr. Alternatively, log phase cultures were supplemented with
0, 25, or 100 mM INAM for 1 hr, followed by immediate cell harvest. Intracellular metabolites
were isolated as previously described (82), with the extraction protocol modified for yeast. From
these cultures, 9 ml was added to 20 ml of 100% cold (-80°C) LC/MS-grade methanol kept on
dry ice (final methanol concentration: ~70% v/v) (Canelas et al, 2008). Samples were then kept
on dry ice unless indicated otherwise. The quenched cell suspensions were spun down at 2000 x
g in an Eppendorf 58 10R centrifuge cooled to -9°C for 5 min. The cell pellets were resuspended
in 1 ml 80% methanol (LC/MS grade) and transferred to screw-top microfuge tubes containing
0.5 mm acid-washed glass beads. A Mini-Beadbeater (Biospec products) was used to vigorously
shake the microfuge tubes at 4°C for 3 cycles of 45 sec with 30-second pauses. Each tube was
then punctured at the bottom with a needle, placed into a glass tube and spun down at -9°C for 5
minutes at 2000 RPM in the Eppendorf 5810R centrifuge to collect cell extracts. Beads were
washed twice with 1.5 ml 80% methanol and spun down the same way (4 ml total pooled
volume). The pellet was resuspended by vortexing and kept on ice for 15 minutes, followed by

centrifugation at 3100 x g. Supernatants were transferred to two 2-ml microfuge tubes, and
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evaporated in a Vacufuge™ Concentrator 5301 (Eppendorf, Hamburg, Germany) at 30°C until

20% volume remained. Remaining water was then removed by lyophilization.

Metabolites were analyzed as described previously (83, 84), with a selected reaction
monitoring (SRM) LC-MS/MS method with positive/negative ion polarity switching using a
Xevo TQ-S mass spectrometer. MassLynx 4.1 software was used to calculate the peak areas for
each metabolite. Peak areas were normalized to respective ODsoo of each sample. These
normalized peaks were subsequently scaled relative to the mean peak area in the control

condition at each time point.

Enzymatic assays

Alkaline phosphatase activity was measured from whole cell extracts as previously described
(49). WT (BY4741), phoSA (SY1124), phol3A (SY1136) and pho8A phol3A (SY1137) strains
were grown overnight in 10 ml YPD to an Aeoo of 2 to 3. Cell pellets were washed (0.85% NaCl,
1 mM PMSF) and then disrupted in 1.8 ml lysis buffer (20mM PIPES, 0.5% Triton X-100,
50mM KCl, 100mM potassium acetate, |0mM MgSO4, and 10uM ZnSO4 with ImM PMSF
added just before use) using a Biospec Mini-Beadbeater. Following centrifugation, 200ul of
supernatant was added to 300ul of reaction buffer (333mM Tris-HCI, pH 8.8, 133mM MgSOs4,
13.3uM ZnSO04, 0.53% Triton X-100, with or without 1.66mM p-Nitrophenyl Phosphate) in a
microfuge tube and incubated for 15 min at 37°C. Next, 500ul of stop buffer (IM Glycine, 1M
KOH, pH 11) was added to the reaction tubes, which were centrifuged again for 5 min at 4°C.
200pul of each reaction was then transferred into a 96-well plate and read at A400 on a Molecular

Devices Spectramax M5 plate reader. Activity was normalized to the Asoo of each culture.

Nucleotidase activity of recombinant Sdtl and Phm8 was measured by quantifying the

release of phosphate from in vitro reactions. C-terminally His-tagged Sdt1 (E-20SDT1) was
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obtained from Echelon Biosciences Inc. (Salt Lake City, Utah). Phm8 was cloned into the Ndel
site of pET-16b plasmid and expressed in BL21(DE3) E. coli as a C-terminal 10xHis-tagged
protein. The recombinant protein was purified using Ni-NTA agarose beads and the pooled
fractions were dialyzed with 50 mM Tris-HCI, pH 7.5, 50 mM NaCl, 2 mM B-mercaptoethanol,
50% glycerol in 30 kDa cutoff dialysis tubing. The Sigma-Aldrich Phosphate Assay Kit
(MAK308-1KT) was used to determine nucleotidase activity. 0.5 pg Sdtl or 0.5 ug Phm8 was
incubated with 100 uM CMP (Tokyo Chemical Industry, YK6JM-MI) or NMN (Cayman,
16411) for 30 min at 37°C in 50 pl of reaction buffer (50 mM Tris-HCI, pH 7.5, 5 mM MgCl2) in
a 96-well plate. CMP and NMN were left out as negative controls. Reactions were then
incubated with 100 pl of malachite green solution (Sigma, MAK308A-KC) for minutes at room
temperature (54). Absorbance was then measured at 620 nm using the Spectramax M5 plate
reader. Dilutions of a I mM phosphate standard were used as a standard curve for quantitation of

pmol phosphate released.
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Figure Legends

Fig. 1. INAM extends chronological lifespan. A) Chemical structures of nicotinamide and
isonicotinamide. B) CLS assays with increasing dosage of INAM added to BY4741 at the time
of inoculation. C) CLS assay comparing the effect of 25 mM INAM on the auxotrophic strain
BY4741 and prototrophic strain FY4, added at inoculation. D) CLS of BY4741 when 25 mM
INAM is added 96 hr after inoculation. Error bars indicate standard deviations (n=3 biological

replicates). Oasis 2 statistics for CLS assays are provided in Table S5.
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Fig. 2. INAM effects on CLS are independent of sirtuins. A) CLS assay demonstrating that
10mM INAM extends CLS of a quintuple sirtuin (sir2A, hstIA, hst2A, hst3A, hst4A) mutant. B)
CLS assay comparing the effects of INAM and NAM supplemented to BY4741 at 10 or 25mM.
Oasis 2 statistics for CLS assays are provided in Table S5. C) Relative mutation frequency
caused by overnight growth on NAM or INAM at indicated concentrations. The average
frequency for the control without supplements was set at 1.0. Error bars indicate standard
deviation (n=12), and asterisks indicate p-values <0.001 when compared to the control (1-way
Anova test). D) Growth of BY4741 with increasing concentrations of INAM or NAM on SC

media. 10-fold serial dilutions of cells. The 125 mM INAM plate was also incubated to day 5.

Fig. 3. Serine and threonine biosynthesis mutants are sensitive to INAM. A) A diagram
illustrating the synthesis pathways of serine, aspartate, threonine, and cysteine, as well as the
integration into one-carbon metabolism and purine metabolism. Deleted genes conferring INAM
sensitivity are in bold. B) Representative quantitative dose-response curve illustrating the relative
viability of BY4741 (WT) and the ser24 mutant at a range of INAM concentrations. Dots and
inverted triangles represent values obtained from three biological replicates with sigmoid curves
fitted to the data using a dose response function and the Levenberg Marquardt iteration
algorithm. Shaded areas around the curve are 95% confidence bands. C) Mean INAM ICso
values for BY4741 (WT), ser24, thriA, and hom3A strains calculated from the equations from
the fitted curves as in panel B. Error bars represent 95% confidence intervals. D) CLS assay

showing moderate lifespan extension of ser2A mutant, and full extension by 25 mM INAM. E)
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CLS assay showing shortened lifespan of a hlom2A mutant that is partially restored by 25 mM

INAM. Oasis 2 statistics for CLS assays are provided in Table S5.

Fig. 4. Strains defective for the H2A.Z deposition by SWRI1 are sensitive to INAM. A)
[lustration depicting the SWRI1 activity of H2A/H2A.Z (Htz1) exchange, as well as subunit
composition and SWR1 complex. Green indicates subunit deletions that were sensitive to INAM
and yellow indicates not sensitive. B) Spot test growth assay showing confirmation of INAM
sensitivity of htzIA and swrIA strains from the YKO collection. The WT strain is BY4741. C)
CLS assay of BY4741 and swrlA mutant strains supplemented with 25 mM INAM. D) CLS
assay of BY4741 and htzIA strains supplemented with 25 mM INAM. Controls were
supplemented with equal volume of sterile water instead of INAM stock solution. Oasis 2

statistics for CLS assays are provided in Table S5.

Fig. 5. Mycophenolic acid and INAM operate through related but distinct mechanisms. A)
[llustration of MPA inhibiting IMP dehydrogenase (Imd2) to reduce guanylic nucleotide
synthesis. Guanine salvage via Hptl (green) compensates to support GMP, GDP, and GTP
homeostasis. B) Venn diagram depicting a partial overlap between INAM- and MPA -sensitive
deletion strains identified in a chemogenomic screen and confirmed by spot assays. C) Synergy
map depicting interaction between INAM and MPA in reducing cell growth. Graph is
representative of three independent experiments. D) CLS assay with BY4741 showing CLS
extension by MPA supplementation (1 or 10 pg/ml), and suppression of the effect by 0.1 mM
guanine. E) CLS assay with BY4741 showing INAM extension of CLS is that is not suppressed

by guanine. Oasis 2 statistics for CLS assays are provided in Table S5.
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Fig. 6. Alterations of intracellular nucleotide metabolite levels by 25 mM INAM. A) Summary
of quantitative mass spectrometry analysis for a panel of purine and pyrimidine nucleotides,
nucleosides, bases, and precursors. Block shading indicates fold-change relative to the control
without INAM (red-up and blue-down). Asterisks indicate significant changes with p-values
<0.05. B) Individual examples of significantly reduced purine nucleosides or nucleotides reduced
by INAM at each time point. *p<0.05, **p<0.01. C) CLS assay showing partial lifespan
extension when BY4741 (uracil auxotroph) is supplemented with 4x (0.8 mM) the normal
concentration of uracil (0.2 mM) in SC medium. INAM (25 mM) fully extends CLS in

combination with 4x uracil. Oasis 2 statistics for CLS assays are provided in Table S5.

Fig. 7. Inhibition of nucleotidase and alkaline phosphatase activity by INAM. A) Nucleoside
monophosphate breakdown to bases by nucleotidases (Phm8, Sdtl, Isnl), alkaline phosphatases
(Pho8) to produce nucleosides, followed by the action of purine nucleoside phosphorylase
(Pnp1l) and uridine nucleosidase (Urh1) to release the bases and either ribose or ribose-1-
phosphate. B) Quantitation of guanosine, cytidine, and hypoxanthine levels following 1 hr
treatment with 0, 25, or 100 mM INAM. The mean of the control samples without INAM was
normalized to 1.0. C) Nicotinamide mononucleotide (NMN) is broken down to NAM by the
same set of enzymes that degrade NMPs as part of the NAD salvage pathway. D) Quantitation of
NMN and NAD™ levels by mass spectrometry following 1 hr treatment with 25 or 100 mM
INAM. The control was normalized to 1.0. E) INAM inhibition of recombinant Sdt1 and Phm8
nucleotidase activity on CMP in vitro. F) INAM inhibition of recombinant Sdt1 nucleotidase
activity on NMN in vitro. G) INAM inhibition of alkaline phosphatase activity in whole extracts

isolated from WT, pho8A, pho13A, and pho8A phol3A strains using p-nitrophenyl phosphate
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(pNPP) as a substrate. In all graphs, error bars represent standard deviations. Significance p-

values were *<0.05, **<0.005, ***<(0.005, as calculated using 1-way Anova.
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