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Summary

Sir2 is a nicotinamide adenine dinucleotide (NADY)-
dependent protein deacetylase involved in gene si-
lencing and longevity. Cellular stresses affect Sir2 ac-
tivity, but the mechanisms of Sir2 regulation are
debated. Nicotinamide has been proposed as a physi-
ological regulator that inhibits Sir2 deacetylase activity
by chemical reversal of a covalent reaction intermedi-
ate. We demonstrate a chemical strategy to activate
Sir2-dependent transcriptional silencing and present
evidence that the endogenous level of nicotinamide
limits Sir2 activity in wild-type (wt) yeast cells. Nicotin-
amide inhibition of Sir2 is antagonized in vitro by iso-
nicotinamide, which causes an increase in Sir2
deacetylation activity. Isonicotinamide also substan-
tially increases transcriptional silencing at Sir2-regu-
lated loci in wt strains and in strains lacking key NAD*
salvage pathway enzymes (PNC71 and NPTT). Thus,
a nicotinamide antagonist is a Sir2 agonist in vitro
and in vivo.

Introduction

Yeast Sir2 is a class lll histone deacetylase that uses
NAD* to deacetylate acetyllysine residues at the N-ter-
minal tails of histones H3 and H4 in chromatin (Imai et
al., 2000; Landry et al., 2000; Smith et al., 2000). Sir2
function is necessary for the formation and spreading
of heterochromatin and for transcriptional silencing at
the silent mating type loci at telomeres and in the rDNA
repeat (Rusche et al., 2003). Elevated SIR2 gene dosage
increases transcriptional silencing and genome stability
and leads to extension of yeast replicative lifespan
(Kaeberlein et al., 1999). Calorie restriction and high os-
molarity also increase yeast lifespan through Sir2-
dependent pathways (Lin et al., 2000; Kaeberlein et al.,
2002). These stimuli upregulate Sir2 catalytic activity
without increasing the level of Sir2 protein (Anderson et
al., 2002). However, the mechanism of upregulation and
the endogenous regulator(s) of Sir2 activity remain con-
troversial. Nicotinamide (Bitterman et al., 2002; Ander-
son et al., 2003; Gallo et al., 2004), reduced nicotinamide
adenine dinucleotide (NADH) (Lin et al., 2003, 2004), and
NAD™ (Imai et al., 2000; Landry et al., 2000; Smith et al.,
2000; Lin et al., 2000) have each been proposed as a
principal regulator of Sir2 catalysis in vivo. Cellular
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stress is believed to lower the concentrations of inhibi-
tory Sir2 regulators (Bitterman et al., 2002; Anderson et
al., 2003; Gallo et al., 2004; Lin et al., 2003, 2004), al-
though the actual concentrations of these metabolites
in cells are controversial and nicotinamide concentra-
tions in yeast cells have not been reported. Because
calorie restriction increases lifespan in organisms from
yeast to primates and sirtuins affect lifespan and cell
survival in multicellular eukaryotes (Tissenbaum and Gu-
arente, 2001; Vaziri, et al., 2001; Luo et al., 2001), the
question of Sir2 regulation is currently at the forefront
of Sir2 biology (Hekimi and Guarente, 2003). An under-
standing of Sir2 regulation in terms of its inhibition by
nicotinamide can be used to develop strategies for
chemical control of Sir2 activity that provide direct mod-
ulation of sirtuin function independent of genetic
methods.

In this work, knowledge of the enzymatic mechanism
of Sir2 was used to test the proposed mechanism for
nicotinamide inhibition of deacetylation. This led to the
identification of isonicotinamide as an antagonist of nic-
otinamide inhibition and as an activator of Sir2 deacety-
lase activity. Consistent with the biochemical effects of
isonicotinamide on Sir2 activities, the compound was
found to be a potent activator of Sir2-dependent tran-
scriptional silencing in yeast. Thus, a chemical strategy
to activate Sir2 catalysis in vivo is demonstrated. These
results coupled with measurements of cellular nicotin-
amide demonstrate that the level of nicotinamide in wt
yeast cells limits Sir2 activity and predict that changes
in the nicotinamide concentration in response to altered
cell physiology will affect Sir2 function.

Results and Discussion

Blocking the Nicotinamide Binding Site Relieves
Nicotinamide Inhibition of Sir2

Sir2 deacetylation chemistry yields nicotinamide, the
lysine amino group, and the unusual metabolite 2'-O-
acetylADPR (Sauve, et al. 2001, Figure 1A). The catalytic
mechanismiis initiated by formation of along-lived pepti-
dyl-imidate intermediate. Nicotinamide achieves bind-
ing equilibrium with the imidate-enzyme complex and
can react to regenerate acetyllysine and NAD" (Sauve
and Schramm, 2003; Jackson et al., 2003) in a nicotin-
amide exchange reaction (base exchange, Figure 1A,
ks). Base exchange depletes the imidate intermediate
during normal steady-state turnover, causing nicotin-
amide inhibition of deacetylation (Sauve and Schramm,
2003; Jackson et al., 2003). These findings are consis-
tent with the proposal that changes in nicotinamide con-
centration in vivo may regulate Sir2 function (Anderson
et al., 2003; Gallo et al., 2004). The incomplete inhibition
of Sir2 by nicotinamide indicates that the 2’-hydroxyl of
the ribose ring and nicotinamide react independently
with the peptidyl-imidate intermediate (Figure 1A; Sauve
and Schramm, 2003). For example, deacetylation of an
N-terminal histone H4 peptide is inhibited by nicotin-
amide (K; = 110 pM), but 14% of the activity is resistant
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Figure 1. Schematic Representation of ADP-Ribosyl-Imidate Reac-
tivity in Sir2-Catalyzed Base Exchange and Deacetylation Reactions

(A) Nicotinamide (NAM) and 2'-hydroxyl attacks occur on opposite
faces of the ribose moiety leading to chemical competition between
base exchange and deacetylation. Nicotinamide inhibition of
deacetylation results from chemical reversal of the imidate interme-
diate.

(B) Proposed action of isonicotinamide (INAM) as a ligand at the
nicotinamide binding site. Base exchange is not possible because
the nitrogen atom is in an unreactive position. Efficient deacetylation
occurs due to the chemical independence of the deacetylation and
base-exchange reactions.

(C) Scheme for reaction of acetylated histone (active chromatin;
blue and yellow) with NAD* (green and red) and Sir2 in yeast cells
in the presence of isonicotinamide. Endogenous nicotinamide (red)
competes for the ADPR-imidate (blue, yellow, and green) Sir2 com-
plex with exogenous INAM (pink). Because the INAM complex with
Sir2 cannot react to reform substrates and INAM does not inhibit
deacetylation, the complex metabolizes forward to form deacet-
ylated histones (silent chromatin) and 2’-AADPR.

to inhibition (Figure 2B). This limit establishes the parti-
tioning of the imidate-enzyme complex between base
exchange and deacetylation reactions and is described
by the ratio of rate constants k, and ks (Figure 1A, Sauve
and Schramm, 2003). Thus, the chemical mechanism of
Sir2 predicts that a nicotinamide antagonist bound in

the nicotinamide site could selectively inhibit the base-
exchange reaction and thereby increase the deacetyla-
tion rate (Figure 1B, Sauve and Schramm, 2003).

To evaluate this prediction, we determined the effect
of isonicotinamide, a nonreactive nicotinamide isostere,
on Sir2 base exchange and deacetylation rates. Isonic-
otinamide increased the apparent K, value for base ex-
change without significantly affecting V..« (Figure 2A),
consistent with a specific competitive effect on nicotin-
amide binding and a noncompetitive effect on NAD* and
peptide binding (Figure 1C). The K; for isonicotinamide is
68 mM based on these curves (Figure 2A). Isonicotin-
amide concentrations up to 100 mM inhibit base ex-
change but do not substantially affect rates of deacet-
ylation in the absence of nicotinamide (Figure 2B).
Nicotinamide inhibits deacetylation (Figure 2B) with
good agreement between K; (deacetylation) and K, (ex-
change) at 0 mM isonicotinamide (Sauve and Schramm,
2003). Because isonicotinamide does not inhibit deacet-
ylation but competitively inhibits base-exchange, iso-
nicotinamide is predicted to relieve nicotinamide inhibi-
tion of deacetylation. As predicted, the K; (deacetylation)
values for nicotinamide increased with the isonicotin-
amide concentration (Figure 2B). Thus, isonicotinamide
directly antagonizes nicotinamide inhibition of deacety-
lation by competitive inhibition with nicotinamide in the
base-exchange reaction.

Activation of Sir2 Deacetylase Activity

at Physiological Nicotinamide Concentrations
Nicotinamide concentrations as low as 50 p.M are pre-
dicted to inhibit Sir2 catalysis in cells (Anderson et al.,
2003; Gallo et al., 2004). We examined the effect of
isonicotinamide on base-exchange and deacetylation
activity in the presence of 125 wM [carbonyl-"*C]nicotin-
amide, which is within the proposed physiological range
(see below). Base exchange is inhibited with increasing
isonicotinamide concentration. Conversely, deacetyla-
tion activity increased by as much as 45% over the same
isonicotinamide concentration range (Figure 2C). The
inhibition of base exchange and the activation of deacet-
ylation under these conditions suggest that functional
control of Sir2 by nicotinamide can be relieved by iso-
nicotinamide binding to the imidate-enzyme intermedi-
ate (Figures 1B and 1C).

A Nicotinamide Antagonist Increases Silencing

by Sir2 in Yeast

Isonicotinamide is expected to increase gene silencing
at Sir2-regulated loci if the normal endogenous level of
nicotinamide inhibits Sir2 function in vivo (Figure 1C).
To address this prediction, we examined the effect of
isonicotinamide on the expression of reporter genes
integrated at each of the chromosomal loci that are
subject to Sir2-dependent transcriptional silencing. Si-
lencing of a telomeric URA3 gene (TEL-VIIL-URA3) con-
fers resistance to 5-fluoroorotic acid (5-FOA). Isonico-
tinamide increased silencing of the telomeric URA3
gene, as indicated by the >10-fold increase in colony
growth on FOA-containing medium (Figure 3A). Notably,
isonicotinamide had no effect on colony survival on non-
selective medium. In agreement with the competitive
binding mechanism (Figure 1), addition of isonicotin-
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Figure 2. The Sir2 Catalyzed Base-Exchange Rate and Deacetyla-
tion Rate of a Histone H4 N-Terminal Peptide Was Measured as a
Function of [carbonyl-"*C]nicotinamide Concentration

(A) Nicotinamide base-exchange rate was measured at different
concentrations of isonicotinamide. The increase in apparent K, for
exchange is due to competitive inhibition by isonicotinamide with
nicotinamide binding. Concentrations of isonicotinamide are 0, 60,
and 100 mM. K, values for nicotinamide of 115 = 15,210 = 17, and
295 + 25 uM and V,,, values of 1.15 + 0.04,1.11 + 0.06, and 1.10 =
0.06, respectively, were determined from best fits of the points to
the Michaelis-Menton equation. These values determine a K; for
isonicotinamide of 68 = 11 mM.

(B) Deacetylation rate was measured as a function of C nicotin-
amide concentration in reactions containing the same isonicotin-
amide concentrations used in (A). Inhibition curves are fit to the

amide to nicotinamide-containing medium, which inhib-
its silencing (Bitterman et al., 2002), generated an inter-
mediate growth phenotype (Figure 3A). The enhanced
silencing effect of isonicotinamide on this telomeric re-
porter gene was especially pronounced (>103-fold) in a
dot1A strain, which is defective in histone H3-lysine 79
methylation. In this strain, silencing is reduced by dis-
persion of the Sir proteins from the telomeres (van Leeu-
wen et al., 2002). Thus, enhanced telomeric silencing
caused by isonicotinamide in the dot1A strain serves to
demonstrate the Sir2 specificity of the effect. Silencing
of a second telomeric marker in these strains (ADE2
integrated at TEL-VR) was also increased by isonico-
tinamide (data not shown).

The effect of isonicotinamide on Sir2 activity at the
silent mating-type loci was measured in an HMR::TRP1
strain by growth on medium lacking tryptophan (Trp—)
(Figure 3B). Silencing of TRP1 decreases growth on
Trp— media. Consistent with the ability of isonicotinam-
ide to increase the activity of Sir2, growth on Trp— me-
dium was reduced significantly (10%- to 10*fold) com-
pared to medium lacking the compound. Conversely, the
decrease in silencing caused by nicotinamide resulted in
increased growth on Trp— medium. Neither compound
altered the growth phenotype of an isogenic sir2A strain.
Thus, as demonstrated at telomeric loci (Figure 3A), the
effects of nicotinamide and isonicotinamide are specific
for Sir2 under these assay conditions. Isonicotinamide
also increased Sir2 activity at HML as indicated by the
enhanced growth of HML::URAS3 strains (UCC3515 and
UCC4574; Singer, et al., 1998) on FOA-containing me-
dium (data not shown).

Sir2 also localizes to the nucleolus where it functions
to propagate a specialized chromatin structure on the
rDNA (Rusche et al., 2003). The silencing of RNA pol II-
transcribed genes inserted into the rDNA array is sensi-
tive to SIR2 gene dosage (Smith et al., 1998; Fritze et
al. 1997) and is decreased by nicotinamide (Bitterman
et al., 2002; Anderson et al., 2003; Gallo et al., 2004). The
increased resistance (5- to 10-fold) of an RDN1::URA3
strain to FOA indicates that isonicotinamide increases
silencing at the rDNA locus (Figure 3C). Thus, isonico-

equation for partial inhibition: relative rate = 1 — f([I]/(K; + [I])), where
relative rate is defined on a scale of one based on the uninhibited
rate (see Experimental Procedures). The value of f (the residual or
uninihibited rate) was determined to be 0.14 + 0.05. K; values for
nicotinamide were determined to be 110 + 10,212 + 15, and 370 +
40 pM at 0, 60, and 100 mM isonicotinamide, respectively, and
reflect binding competition between nicotinamide, an inhibitor of
deacetylation, and isonicotinamide, which is not an inhibitor of this
reaction. From these values, a binding constant for isonicotinamide
was determined to be 54 = 12 mM.

(C) Base exchange and deacetylation rates were measured as a
function of isonicotinamide concentration at a fixed, physiologically
relevant concentration of nicotinamide (125 M), which is inhibitory
for Sir2-catalyzed deacetylation (K; = 110 wM). The theoretical maxi-
mal extent of activation under these conditions is 1.87 = 0.15. The
binding constant for isonicotinamide determined from both the top
and bottom curves in (C) is 70 = 10 mM. For all three experiments
(A-C) the average determined isonicotinamide binding constant is
64 = 11 mM, placing it within experimental error for all three mea-
surements.

Error bars are = 7.5% of the absolute values as described in the
Experimental Procedures.
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Figure 3. Isonicotinamide Increases Silencing at Sir2-Regulated
Loci

10-fold serial dilutions of yeast strains were spotted onto control
(YPD) or selective media containing 25 mM isonicotinamide, 5 mM
nicotinamide, both compounds, or neither compound. Photographs
were taken after incubation for 2 to 3 days.

(A) Silencing at telomere VIIL was monitored by URA3 expression
through increased survival on media containing FOA. Isogenic
strains UCC4562 (DOTT1) and UCC4554 (dot1A) (Singer et al., 1998)
are shown in each panel (top and bottom rows, respectively).

(B) Silencing at the HMR locus was detected by TRP1 expression
through decreased survival on media lacking tryptophan. The phe-
notype of strain CCFY100 (Roy and Runge, 2000) (top row) is com-
pared to an isogenic sir2A derivative (bottom row).

(C) Silencing of URA3 expression at the rDNA locus of strain
JSS125(S3) (Smith and Boeke, 1997) was assayed on FOA-con-
taining media.

tinamide increases the activity of Sir2 in vivo at all three
types of silent loci, albeit to different extents, consistent
with the fact that different reporter genes were employed
(van Leeuwen and Gottschling, 2002) and the differential
sensitivity of the loci to perturbations in silencing (Gallo
et al., 2004). For the telomeric and HM loci, the effect
of isonicotinamide was demonstrated by using multiple
reporter genes in both positive and negative selection
assays.

Activation of Silencing by Isonicotinamide Is Not
Dependent on NAD* Salvage Pathway Enzymes
Increased expression of the nicotinamidase encoded by
PNC1 has been observed in response to a variety of
stress conditions (see Anderson et al., 2003) and is pro-
posed to occur in calorie-restricted cells (Anderson et
al., 2003). Overexpression of PNC1 can enhance Sir2-
dependent silencing, extend lifespan, and suppress the
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Figure 4. Activation of Silencing by Isonicotinamide Does Not Re-
quire PNC1 or NPT1

10-fold serial dilutions of strain CCFY100 and isogenic npt1A and
pnc1A derivatives were spotted onto YPD or selective media with
or without 25 mM isonicotinamide. Silencing at TEL-VR::URA3 is
reported by survival on FOA-containing media and at HMR:TRP1
is detected by reduced growth on media lacking tryptophan.

inhibitory effect of exogenous nicotinamide on these
processes (Anderson et al., 2003; Gallo et al., 2004). To
address whether enhanced silencing by isonicotinamide
results from induction of PNC1 as opposed to a direct
effect on Sir2 (Figure 1B), we examined the effect of
isonicotinamide in a pnc1A strain. Consistent with other
studies (Gallo et al., 2004; Sandmeier et al., 2002), dele-
tion of PNC1 generates a silencing defect at a telomeric
URAS3 gene (TEL-VR-URAS3, Figure 4). This defect was
readily reversed by the addition of isonicotinamide, as
indicated by the pronounced (>10%fold) increase in col-
ony growth on FOA-containing medium (Figure 4). Simi-
larly, silencing at the HMR locus (HMR::TRP1) in the
pnc1A strain was strongly enhanced by isonicotinamide
and produced a dramatic (10°-fold) reduction in growth
on Trp— medium (Figure 4). These data demonstrate
that isonicotinamide activation of Sir2 activity in vivo is
independent of Pnc1.

In the NAD* salvage pathway, deamidation of nicotin-
amide by Pnc1 produces nicotinic acid, which is con-
verted into the corresponding mononucleotide by the
product of the NPT1 gene. Deletion of NPT1 lowers the
intracellular NAD* concentration 2- to 3-fold, weakens
transcriptional silencing, and abolishes lifespan exten-
sion by calorie restriction (Smith et al., 2000; Lin et al.,
2000, 2004; Sandmeier et al., 2002). Nonetheless, isonic-
otinamide enhances the expression of a telomeric re-
porter gene in an npt1A strain (Figure 4). Thus, isonico-
tinamide activation of Sir2 is not dependent on Npt1
and occurs despite decreased NAD* levels. The ability
of isonicotinamide to enhance transcriptional silencing
in the presence and the absence of key NAD" salvage
enzymes (Figures 3 and 4), together with the mechanistic
knowledge of its action in antagonizing nicotinamide
base exchange (Figures 1 and 2), provides compelling
evidence that the endogenous level of nicotinamide lim-
its Sir2 deacetylase activity under normal cellular condi-
tions. Moreover, the data suggest that nicotimanide inhi-
bition of Sir2 in vivo is incomplete in wt cells. This
conclusion is supported by the fact that exogenous nic-
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Table 1. Nicotinamide Levels in Yeast

Strain CCFY100 Cell Number (x10°) ®0 Nicotinamide pmol® wM® (cellular) wMP< (nuclear)
Wit 3.2 1150 9.6 = 0.4 155 = 14
pnc1A 3.2 14500 110 1800

aTotal pmol of nicotinamide in cell lysates (see Experimental Procedures).
bCellular and nuclear nicotinamide concentrations assume a uniform distribution.
°Nuclear nicotinamide concentration assumes that all the nicotinamide is in the nucleus.

otinamide or the absence of an NAD " salvage pathway,
both of which are predicted to increase endogenous
nicotinamide levels, inhibit Sir2 function, and thus en-
able substantially greater effects of isonicotinamide in
antagonizing this inhibition (Figures 3A and 4). Accord-
ingly, changes in endogenous nicotinamide levels re-
sulting from altered cell physiology that may occur with
the induction of PNC1 under various stress conditions
(Gallo et al., 2004 and references therein), are expected
to regulate Sir2 activity. We note that these findings do
not exclude the possibility that Sir2 activity may also
be affected by changes in the NAD/NADH ratio (Lin et
al., 2004).

Measurement of Cellular
Nicotinamide Concentrations
Although genetic studies support a role for nicotinamide
as an endogenous inhibitor of Sir2 activity (Anderson et
al., 2003), quantitative determinations of nicotinamide
levels in yeast cells have not been reported. To directly
address this issue, '®0 nicotinamide was synthesized
(Kolodziejska-Huben et al., 2002) and employed as an
internal standard to measure nicotinamide in yeast cell
lysates derived from wt and pnc1A strains (Table 1).
Briefly, this was achieved by calculating the ratios of
%0 and "0 nicotinamide peaks obtained by mass spec-
trometry of high-performance liquid chromatography
(HPLC)-purified perchloric acid extracts (see Experi-
mental Procedures). Nicotinamide formation in yeast is
known to arise from enzymatic NAD* breakdown, but
its distribution in the cell is unknown. Nonetheless, sig-
nificant nuclear concentrations are expected based on
the relative abundance of NAD"-dependent deacety-
lases in this compartment (Ghaemmaghami et al., 2003;
Huh et al., 2003). By assuming that nicotinamide is either
distributed uniformly throughout the cell or restricted to
the nucleus, we determined nicotinamide concentration
limits of 10 uM and 150 uM, respectively, for the wt
strain (Table 1). Importantly, within this concentration
range, endogenous nicotinamide can impact Sir2 activ-
ity because the reported IC50 values for Sir2 inhibition
range from 50 to 120 uM (Bitterman et al., 2002; Sauve
and Schramm, 2003; Jackson et al., 2003).
Nicotinamide levels in the pnc1A strain were found to
be more than 10-fold higher than those measured for
the wt strain, with total cellular and nuclear concentra-
tion limits calculated as 110 and 1800 p.M, respectively
(Table 1). Thus, the profound deficits in silencing re-
ported for pnc1A strains appear to be a consequence
of significantly elevated nicotinamide levels on Sir2 ac-
tivity as suggested previously (Anderson et al., 2003;
Gallo et al., 2004). Together, the measurements of nico-
tinamide in wt and pnc7A strains confirm our conclu-

sions based on the biochemical and in vivo effects of
isonicotinamide, namely (1) endogenous nicotinamide
levels inhibit Sir2 activity under normal conditions, and
(2) stress conditions that alter nicotinamide levels can
regulate Sir2 activity.

Nicotinamide Antagonism Activates Sir2 by a Different
Mechanism than Resveratrol

The unusual mechanism of Sir2-catalyzed deacetylation
permits unique opportunities for chemical intervention
to enhance its enzymatic activity. Polyphenolic com-
pounds such as resveratrol have been proposed to in-
crease Sir2 deacetylation activity by changes in the Mi-
chaelis constant for both the acetylated substrate and
NAD* (Howitz et al., 2003). In contrast, nicotinamide
inhibition and isonicotinamide activation of Sir2 deacet-
ylase activity is achieved without affecting substrate
or NAD" binding by altering the proportion of imidate-
enzyme complexes proceeding toward the deacetylated
product (Figures 1C and 2). These findings suggest that
combinations of mechanistically distinct small molecule
activators of Sir2 may synergistically enhance deacety-
lase activity in vivo. Finally, we note that isonicotinamide
and mechanistically similar Sir2 activators could be es-
pecially effective agonists of mammalian sirtuins, which
are more potently inhibited by nicotinamide than the
yeast Sir2 enzyme (Sauve and Schramm, 2003). Mouse
Sir2, for example, has a biochemical potential to be
activated 20-fold compared to 2.5- to 6-fold for the yeast
enzyme (Figure 2B and Sauve and Schramm, 2003).

Experimental Procedures

Effects of Nicotinamide and Isonicotinamide

on Sir2 Enzyme Activity

Yeast Sir2 was expressed and purified as described previously (Imai
et al., 2000). Sir2-catalyzed exchange rate and deacetylation rate
was measured by using an N-terminal histone H4 peptide (AGG[AcK]
GG[AcK]GMG[ACK]VGA[ACK]RHSC) as a function of [carbonyl-'“C]
nicotinamide concentration (Sauve and Schramm, 2003). Concen-
trations of isonicotinamide were set at 0, 60, and 100 mM, and
varying concentrations of nicotinamide were used to assess base-
exchange rate in 20 min incubations. HPLC separation of the reac-
tion mixtures resolved adenosine diphosphoribose (ADPR), nicotin-
amide, isonicotinamide, acetyl-ADPR, and NAD. NAD peaks were
collected, and radioactivity was measured by liquid scintillation
counting. To ensure initial rate conditions, the amount of radioactiv-
ity in the NAD peak was always less than 10% of the nicotinamide
peak. For all chromatograms, the amount of ADPR and 2’'-O-acetyl
adenosine diphosphoribose (AADPR) formed was determined by
peak integration. Errors for each measurement did not exceed 5%
of the value of the maximum rate. For each isonicotinamide concen-
tration, curves of base exchange were constructed by best fit of
the points to the Michaelis-Menton equation as a function of nicotin-
amide concentration with the maximal value of exchange measured
in the absence of isonicotinamide assigned a value of 1.0. For de-
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acetylation, the curves were fit to the equation: relative rate = 1 —
f(N/(K; + [I])) where relative rate is defined on a scale of one based
on the uninhibited rate. The constant f is the fractional inhibition
attained by nicotinamide saturation, [I] is the concentration of nico-
tinamide, and K; is the apparent nicotinamide inhibition constant
(Sauve and Schramm, 2003).

To demonstrate activation of Sir2 activity by isonicotinamide,
base-exchange and deacetylation rates were measured as above
except that isonicotinamide concentrations were varied at a fixed,
physiologically relevant concentration of [carbonyl-"“C]nicotinamide
(125 pM) that is inhibitory for Sir2-catalyzed deacetylation (K; = 110
wM). Errors for the individual measurements for both deacetylation
and base exchange did not exceed 7.5% of the value of the maxi-
mum rate in each case. Values for the base-exchange reaction were
fit to the equation: relative rate = 1 — ([IJ/(K; + [I])) where rates are
measured on a scale of one based on the uninhibited base-exchange
rate. [I] is the concentration of isonicotinamide and K; is the apparent
isonicotinamide binding constant. Deacetylation rates were fit to
the equation: relative rate = 1 + f([lJ/(K; + [I])) where relative rate is
defined on a scale of one based on the rate of deacetylation at 0
mM isonicotinamide. The constant f is the fractional activation at-
tained by isonicotinamide saturation, [l] is the concentration of iso-
nicotinamide, and K is the apparent isonicotinamide binding con-
stant.

Quantitation of Nicotinamide

80 nicotinamide was synthesized from '®0-H,0 and 3-cyano-pyri-
dine (Kolodziejska-Huben et al., 2002). The pure material was ob-
tained by HPLC on a C-18 semipreparative column (Waters Delta-
Pak) by elution with 50 mM ammonium acetate (pH 7.0) and peak
detection at 260 nm. '®0 nicotinamide eluted with a retention time
identical to an authentic standard. Masses for all experiments were
determined by flow injection analysis with an LTQ quadruple linear
ion trap mass spectrometer equipped with an ESI source (Thermo-
Finnigan, San Jose, CA). Samples in 50% acetonitrile 0.1% TFA
were delivered to the mass spectrometer operating in normal scan
mode to detect ions in the m/z range of 100 to 150. Continuously
acquired spectra detected nicotinamide as two ions (125 and 123
mass units) corresponding to the '®O- and '°O-labeled cations, re-
spectively, with a relative abundance of 96.5:3.5 (96.5% %O enrich-
ment). A 240 pM standard solution was used to prepare a 2 pM ®O
nicotinamide, 1 M perchloric acid solution for subsequent experi-
ments.

Yeast cells, grown in YC synthetic media (van Leeuwen and
Gottschling, 2002) to early log phase, were lysed by glass bead
breakage in a minibeadbeater in 2 volumes 1 M perchloric acid
containing 2 pM "0 nicotinamide. Breakage was monitored by light
microscopy and was greater than 90%. Yeast cell number was deter-
mined by optical density and confirmed by haemocytometer count-
ing. The lysate was cleared by centrifugation, neutralized, and in-
jected on a C-18 semipreparative column. Nicotinamide fractions
were collected at 23-25 min, lyophilized, and redissolved in 10 pl
50% acetonitrile, 0.1% TFA for direct infusion ESI-MS. Peak areas
were determined by integration of total ion at mass 122.8-123.2
amu and at 124.8-125.2 amu, and the peak ratios were determined.
%0 pmol = (123 ion area/125 ion area — 0.035) X '®0 pmol. Appro-
priate blanks and standards were analyzed together with the spent
media, which was found to contain 0.08 ..M and 1.0 nM nicotinamide
for the wt and pnc1A strains, respectively. An average nuclear vol-
ume for an asynchronous cell population of 2.46 pm?® (Winey et al.,
1997) and an average cellular volume of 42 um?® (Jorgensen et al.,
2002) were used to calculate nicotinamide concentrations assuming
even distribution throughout either the nucleus or the entire yeast
cell.

Yeast Strains and Media

Yeast strains were grown at 30°C on YC or HC synthetic media
(van Leeuwen and Gottschling, 2002) supplemented (or not) with
nicotinamide (5 mM) or isonicotinamide (25 mM), where indicated.
NPT1, SIR2, and PNC1 were deleted by one-step, PCR-mediated
gene replacement of the entire coding region with NatMX4
(Goldstein and McCusker, 1999) amplified from p4339 (Tong et al.
2004). All gene deletions were confirmed by diagnostic PCR. Strains

were grown to log phase (OD < 3.0) in synthetic complete liquid
media, washed in H,O, and resuspended at OD 0.5 to prepare 10-
fold serial dilutions in H,O. Each dilution (7 pl) was spotted with a
multichannel pipettor onto solid media, and plates were incubated
for 2-3 days at 30°C before photography. Silencing phenotypes
were evaluated on synthetic complete and test media (+ nicotin-
amide and/or isonicotinamide) prepared from the same media batch
at the same time under identical growth conditions as recommended
(van Leeuwen and Gottschling, 2002).

Silencing Assays

Telomeric silencing was reported at TEL-VIIL::URA3 and at TEL-
VR::ADE2 in isogenic strains UCC4562(DOT1) and UCC4554(dot1A)
(Singer et al., 1998) and at TEL-VR::URA3 in CCFY100 (Roy and
Runge, 2000). A decrease in URA3 expression was detected by
increased survival on HC media containing 0.1% 5-FOA (Toronto
Research Chemicals). Silencing of ADE2 expression was monitored
by colony color on YC media. The accumulation of red pigment,
indicating a block in adenine biosynthesis, was developed in grown
colonies by shifting the plates to 4°C for a further 4 days. Silencing
at the HM loci was detected by a decrease in TRP1 or URA3 expres-
sion. HMR silencing was measured at HMR::TRP1 in CCFY100 and
an isogenic sir2A derivative by the failure to grow on HC media
lacking tryptophan. HML silencing was monitored by survival on
FOA-containing media at HML::URA3 in strain UCC3515 (Singer et
al., 1998). Silencing at the rDNA locus was also assayed by FOA
survival in strain JSS125(S3) (Smith and Boeke, 1997).
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