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Abstract

Following a shift to medium with acetate as the carbon source, a parental yeast strain exhibited a
transient moderate 20% reduction in total cellular [NAD* + NADH] but showed a ~10-fold increase
in the ratio of [NAD*]:[NADH] after 36 h. A mutant strain (idh4) lacking the tricarboxylic acid cycle
enzyme isocitrate dehydrogenase had 50% higher cellular levels of [NAD* + NADH] relative to the
parental strain but exhibited similar changes in cofactor concentrations following a shift to acetate
medium, despite an inability to grow on that carbon source; essentially all of the cofactor was in the
oxidized form within 36 h. The salvage pathway for NAD(H) biosynthesis was found to be
particularly important for viability during early transition of the parental strain to stationary phase
in acetate medium. However, oxygen consumption was not affected, suggesting that the NAD(H)
produced during this time may support other cellular functions. The idh4 mutant exhibited increased
flux through the salvage pathway in acetate medium but was dependent on the de novo pathway for
viability. Long-term chronological lifespans of the parental and idhA strains were similar, but
viability of the mutant strain was dependent on both pathways for NAD(H) biosynthesis.
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During the diauxic shift, as cultures of Saccharomyces cerevisiae exhaust glucose as a carbon
source and begin to utilize C2 metabolites (ethanol and acetate) as carbon/energy sources,
expression of many mitochondrial proteins is increased to support more rapid flux through
oxidative metabolic pathways [1,2]. In addition to changes in expression, allosteric regulation
of key enzymes, e.g. mitochondrial NAD*-specific isocitrate dehydrogenase (IDH),L ensures
accelerated flux through the tricarboxylic acid (TCA) cycle as ATP production by glycolysis
slows [3-5].

Yeast IDH is an octameric enzyme composed of four IDH1 and four IDH2 subunits [6-8].

Mutants lacking either IDH1 and/or IDH2 lack cellular enzyme activity and are unable to grow
with acetate as a carbon source [9]. The acetate growth phenotype is shared with several other
yeast mutants containing disruptions in genes encoding TCA cycle enzymes [10-12]. In recent
studies [13], we found that levels of some TCA cycle intermediates, e.g. citrate and isocitrate,
are substantially elevated in idh4 mutants grown under permissive conditions (i.e. with glucose
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or galactose as the carbon source). In the current study, we have extended these studies to
examine the effect of loss of IDH on cellular levels of NAD(H) ([(NAD*] + [NADH]) and on
the relative levels of oxidized to reduced cofactor ((NAD*]/[NADH]). Given that IDH is
postulated to regulate rates of oxidative metabolism, we hypothesized that shifting cells lacking
IDH from medium with glucose as the carbon source to medium with acetate would have
dramatic effects particularly on the latter ratio. Also, for the parental strain, this medium shift
recapitulates the growth transition to stationary phase [14], and there have been few rigorous
analyses of changes in redox levels during this time.

Previous measurements of pyridine nucleotide levels and ratios in yeast cells have primarily
been conducted in the context of lifespan analyses. Lin et al. [15] demonstrated a requirement
for respiration to support the extension of replicative lifespan (a measure of the times a single
cell can divide) of yeast cells by caloric restriction. Respiration was reported to result in an
increase in the cellular ratio of [NAD*]/[NADH] and subsequent stimulation of SIR2, an
NAD™-dependent histone deacetylase implicated in regulation of lifespan [15,16]. However,
Lin et al. [17] demonstrated a decrease in [NAD*] in older yeast cells, and Kaeberlein et al.
[18] showed that severe caloric restriction extended lifespan by some mechanism that is
independent of SIR2. Osorio et al. [19] reported a substantial decrease in cellular [NAD*]
during the course of chronological lifespan analyses, which measure cellular survival during
post-stationary phase growth. However, despite these examples of increasing interest in the
relevance of cellular levels of the cofactor NAD(H) to aging, as well as to a number of health-
related issues [20-23], there is a general dearth of knowledge about alterations in cellular redox
conditions during changes in growth conditions as stated above and about the role of the TCA
cycle in controlling the redox state of cells.

We were also interested in determining the biosynthetic pathway(s) responsible for maintaining
cellular NAD(H) under our experimental conditions. NAD(H) is synthesized from tryptophan
by the cytosolic de novo pathway, catalyzed in yeast by enzymes designated BNA1-BNA6
[24]. NAD(H) can also be recycled from nicotinamide via the salvage pathway catalyzed by
enzymes primarily localized in the nucleus [25,26]. The latter include PNC1, a nicotinamidase
that converts nicotinamide to nicotinic acid, and NPT1, a nicotinate phosphoribosyltransferase.
Codisruption of the BNA6 gene encoding quinolinate phosphoribosy! transferase and of the
NPT1 gene was reported to be lethal [24], suggesting that the two pathways are the major
cellular sources of net NAD(H). To examine whether the changes in NAD(H) levels and ratios
we observed were due to de novo and/or salvage pathway function, we constructed and
analyzed strains containing PNC1 or BNA6 gene disruptions in parental and idh4 strains. This
produced novel evidence for differential function of these pathways during entry into stationary
phase. Finally, we examined the relevance of control of cellular redox levels to long-term
viability using chronological lifespan analyses of stationary phase cultures.

Materials and methods

Yeast strains and cultivation conditions

The parental haploid yeast strain was MMY011 (MATa leu2-3,112 his3-11, ura3-D1 trpl-1
canl1-100; [27]). A derivative of this strain (idh4) lacking both subunits of IDH was constructed
as previously described [28]. The parental and idh4 strains were each used for deletion/
disruption of the BNAG6 locus encoding quinolinate phosphoribosy! transferase or of the
PNC1 locus encoding pyrazinamidase/ nicotinamidase. For these disruptions, plasmids
containing the kan gene or Kluveromyuces lactis URA3 gene [29] were used as templates for
polymerase chain reactions (PCR) using oligonucleotides containing 5'- and 3'-sequences from
BNAG6 and PNCL1 genes, respectively. The PCR products were used for transformation [30],
and the gene disruptions were confirmed using PCR analyses of genomic DNA samples from
yeast transformants.
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Yeast strains were cultivated in rich YP medium (1% yeast extract, 2% Bacto-peptone) with
2% glucose (YP glucose, pH 6.8) or 2% sodium acetate (YP acetate, pH 6.0) as the carbon
source. For medium shifts, cells were cultivated in YP glucose medium to ODgggnm = 0.6-0.9,
harvested by centrifugation, washed with water, and diluted into YP acetate medium to
ODgognm = 0.6 (2106 cells/ml). Viable cell numbers (CFUs) were tabulated by plating dilutions
of cells taken from cultures at various times onto YP glucose plates. Colonies were counted
after 5-7 days of incubation at 30 °C.

Measurements of cellular [NAD*] and [NADH]

Yeast strains were subjected to medium shifts as described above. At times before and
following these shifts, culture samples were used to measure ODggonm Values and for tabulation
of viable cell numbers. Two other samples, each equivalent to ODgggnm = 0.5, were harvested
and used to prepare acidic and alkaline cellular extracts as previously described [31].
Concentrations of NAD* in the acidic extract and of NADH in the alkaline extract were
measured using enzymatic cycling reactions and standard curves for fluorimetric determination
as described by Passonneau and Lowry [32]. Various amounts of each cellular extract were
used in cycling reactions to produce at least four values within the linear portions of standard
curves. Final experimental values represent averages of such values from at least three
independent medium shift experiments. Cofactor levels were expressed relative to viable cell
numbers, and a value of 70 fL/cell [33,34] used for conversion to cellular concentrations.

Measurements of respiration

Rates of oxygen consumption were determined using a Clark-type oxygen electrode with 3 ml
samples of cell cultures. Cell samples were stirred continuously and maintained at 30 °C.
Measurements were conducted in triplicate, and respiration was expressed as pmol oxygen
consumed/h/108 viable cells.

Pyrazinamidase activity assays

Yeast NC1 can be assayed using either nicotinamidase or pyrazinamidase activities [35]. Here,
procedures described for assays of pyrazinamidase activity in bacterial cells [36] were modified
for assays of yeast cell extracts. To prepare cellular protein extracts, ten ODggonm €quivalents
of harvested cells were lysed using glass beads in 200 pl buffer A (20 mM Tris (pH 7.4), 30
mM NacCl) containing yeast protease inhibitor cocktail (Sigma). The lysates were cleared by
centrifugation and used immediately for activity assays. Lysate samples (2.5-20 ul) were
incubated with 16 mM pyrazinamide (Sigma) in buffer A (final volume of 200 pl) for 60-90
min at 37 °C. Blank reactions lacking pyrazinamide were similarly prepared for each lysate
sample and incubated. Following incubations, 0.8 ml ferrous ammonium sulfate was added to
a final concentration of 50 mM. Assays were mixed and incubated at 24 °C for 15 min. Levels
of pyrazinoic acid were determined by measuring absorbance at 480 nm and comparison with
a standard curve. Protein concentrations were determined using the Bradford assay [37].
Activity values (nmol pyrazinoic acid produced/min/mg protein) represent averages from at
least three independent assays.

Chronological lifespan assays

Chronological lifespans were analyzed as described by Fabrizio and Longo [38]. Cells were

precultured for 1 day in minimal medium (0.17% yeast nitrogen base, 0.5% ammonium sulfate,
pH 6.5) containing 2% glucose and supplements (20 pg/ml) to satisfy auxotrophic requirements
(including niacin for bna64 strains [24]), diluted to ODgggnm = 0.1 in the same medium, and
cultivated for 3 days to post-stationary growth stages. Cells were harvested and maintained in
water at 30 °C. Every 3 days, cells were harvested, washed, resuspended in fresh water. At the
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same time aliquots were diluted and plated onto YP glucose plates to tabulate viable cell
numbers. All experiments were conducted in triplicate.

Results

Growth and changes in redox status with a shift to acetate medium

As previously reported [9-12], yeast strains lacking IDH or other TCA cycle enzymes grow
at parental strain rates in YP medium with glucose as the carbon source. However, acetate is
non-permissive for growth of idh4 and several other TCA cycle mutant strains. As illustrated
in Fig. 1A, viable cell numbers for the parental strain (e) more than double within 12 h after
shifting cells growing in logarithmic phase from YP glucose to YP acetate medium. Viable
cell numbers then level off from 12 to 48 h as the parental strain enters stationary phase. The
idh4 strain (o), which contains deletion/insertion mutations in genes (IDH1 and IDH2)
encoding both subunits of the enzyme, fails to grow following a similar shift to acetate medium
but shows little decrease in viable cell numbers over the same period of time.

To monitor changes in cellular redox status, we measured levels of NAD* and NADH in
cellular extracts before and following shifts of cells from YP glucose to YP acetate medium.
The total [NAD(H)] in the idhA strain logarithmically growing in YP glucose medium was
~50% higher than levels in the parental strain (Fig. 1B, 0 h). Following the shift to acetate
medium, the total [NAD(H)] decreased transiently in both strains, by ~20% after 3 h for the
parental strain and by ~30% after 12 h for the idhA strain. After these initial decreases, both
strains regained preshift levels of NAD(H) and the parental strain exhibited a ~20% increase
at 48 h relative to the preshift level.

Both the parental and idhA strains exhibited substantial increases in the amount of oxidized
cofactor (NAD™) relative to reduced cofactor (NADH) following the shift to acetate medium
(Fig. 1C). For the parental strain, the [NAD*])/[NADH] ratio increased from ~1.5 in glucose-
grown cells (0 h) to 4.7 in cells shifted to acetate medium for 3 h; this ratio further increased
to ~17 at 48 h after the shift. This is consistent with an increase in oxidative metabolism
following the shift to acetate medium and rapid delivery of NADH to the respiratory chain.
For the idh strain, the [NAD*]/[NADH] ratio increased from ~2.5 in glucose-grown cells to
15 at 6 h after the shift to acetate medium. Within 36 h and 48 h, most of the cofactor in the
mutant cells was present as the oxidized form. This is consistent with a block in the TCA cycle
at the level of the first enzyme (IDH) that normally reduces NAD™ to form NADH.

As described above, both the parental and idh4 strains exhibit an increase in total [NAD(H)]
after initial transient decreases following the shift to acetate medium. To investigate the relative
contributions of de novo and salvage pathways for NAD(H) synthesis, and also to determine
if there are any effects on these pathways due to changes in the cellular [NAD*]/[NADH] ratios,
we used the parental and idh4 strains for disruption of genes (BNA6 or PNC1, respectively)
encoding key enzymes in each pathway.

Roles of NAD biosynthetic pathways in glucose-grown cells

We first examined nucleotide cofactor levels in cells growing logarithmically in YP glucose
medium. As shown in Fig. 2, loss of either the de novo pathway (bna64 strain) or the salvage
pathway (pncl4 strain) had little effect on total [NAD(H)]. Thus, as previously reported [24,
35,39], either pathway suffices for steady-state growth with glucose. For the idh14 strain, loss
of either the de novo pathway (idh4bna64 strain) or the salvage pathway (idh4pncl4 strain)
also had no significant effect on the total [NAD(H)] in glucose-grown cells, suggesting that
either pathway can provide the higher concentrations of cofactor found in the idh14 strain
relative to the parental level.
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Roles of NAD biosynthetic pathways in the parental strain following a shift to acetate medium

To examine roles of de novo and salvage pathways in redox changes in the parental strain
following a shift to acetate medium, we assessed viable cell numbers and cofactor levels in
bna64 and pncl4 strains. As shown in Fig. 3A, for 24 h following a shift to medium with
acetate as the carbon source, both bna64 ('¥) and pncl4 (m) mutant strains exhibited increases
in viable cell numbers approximately equivalent to numbers for the parental strain (e). After
this time, the parental and bna64 strains exhibited little further change in cell number, whereas
the pncl4 strain exhibited a substantial loss in viable cell numbers at 24 h and 48 h following
the shift. We determined that these strains differences are transient. With extended times (6—
8 days) in expired medium (Supplementary Fig. 1), the parental, bna64 and pncl4 strains
exhibited similar losses in viable cell numbers. Thus, the loss in viability of the pncl4 strain
as cells enter stationary phase is an acceleration of the loss observed at later times for the other
strains.

During the phase of rapid growth following the shift to acetate medium, the parental and
bna64 and pncl4 mutant strains exhibited similar reductions in total [NAD(H)] 3 h after a shift
to acetate medium and similar increases in these levels at 6 h and 12 h time points (Fig. 3B).
Thereafter, as cells entered stationary phase, levels were approximately constant for the
parental and bna64 strains, whereas total [NAD(H)] in the pnc14 strain decreased dramatically
to a level at 48 h 10-fold below the preshift level.2 The [NAD*])/ [NADH] ratio increased, as
described above for the parental strain, and similarly in the bna64 strain (Fig. 3C; note
differences in scales for Fig. 1C and Fig. 3C). For the pncl4 strain, following a transient
increase at 3 h following the shift, this ratio dropped at 12 h to preshift levels, and the low total
level of [NAD(H)] in the pncl4 strain precluded accurate measurement of the ratio after 24 h.

These results suggest that either the de novo or salvage pathway is sufficient to support
logarithmic growth in acetate medium (0- 12 h following the shift to acetate medium), but that
entry into stationary phase (12-48 h following the shift to acetate medium) involves synthesis
of NAD(H) primarily via the salvage pathway. Entry into stationary phase also involves an
increase in the [NAD*])/[NADH] ratio, presumably due to depletion of various respiratory
substrates from the medium.

To examine possible reasons for the loss of viability of the pncl4 strain during entry into
stationary phase, we examined the effects of changes in [NAD(H)] or [NAD*]/[NADH] ratios
on respiration. Rates of oxygen consumption were measured using samples of cultures taken
during similar medium shifts. As shown in Fig. 4, relative to rates for cultures growing
logarithmically with glucose (0 h), oxygen consumption increased ~4-fold within 9-12 h for
the parental and pnc14 strains, and ~5-fold for the bna64 strain following the shift to acetate
medium. Rates of oxygen consumption then declined steadily for all three strains as they
entered stationary phase (inset) to levels after 48 h comparable to those observed prior to the
shift to acetate medium. Thus, the overall decline in cellular [NAD(H)] observed for the
pncl4 strain during this time (Fig. 3B) does not appear to impact the relative rate of oxygen
consumption measured for viable cells. In fact, as shown in Supplementary Fig. 2C, the
pncla mutantactually has higher cellular levels of NADH, relative to parental and bna6 strains,
that likely support normal respiratory rates.

We also examined if loss of viability of the pncl4 strain during entry into stationary phase
could be due to an intracellular accumulation of the nicotinamide substrate of PNC1. Since
addition of this metabolite to cultures of yeast has previously been reported to inhibit growth

2\We were concerned that loss of viability for the pnc14 strain might compromise our measurements of total [NAD™ + NADH]. However,
as shown in subsequent experiments (Fig. 5), we observed a similar loss of viability for another strain but a concomitant increase in total
[NAD* + NADH]. Thus, measures of cofactor levels do not appear to be influenced by cell viability in these experiments.
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[40,41], we reasoned that the pncl4 strain might be more sensitive than the other strains to
addition of nicotinamide. As shown in Supplementary Fig. 3, relative to viability with no
addition to the medium, the addition of 7.5 mM nicotinamide to the medium during a glucose
to acetate shift produced similar reductions in viable cell numbers for parental and bna64
strains, and delayed growth of the pncl4 strain in acetate medium. Addition of 15 mM
nicotinamide further reduced growth of parental and bnc64 strains and essentially eliminated
growth of the pnc14 strain in acetate medium. These data suggest that the pnc14 strain is more
sensitive than the other strains to exogenous addition of nicotinamide as might be expected
since intracellular levels of this metabolite accumulate in strains lacking the nicotinamidase
[42].

Roles of NAD biosynthetic pathways in the idhA strain following a shift to acetate medium

Although the idh4 mutant strain does not grow with medium containing acetate as the carbon
source (Fig. 1A), it does show a transient drop (to 12 h) then a restoration of total [NAD(H)]
(Fig. 1B) following a shift to acetate medium. We therefore examined viability and cofactor
levels in idh4 bna64 and idh4 pncl4 strains following such a shift to determine the
contributions of residual salvage and de novo pathways, respectively. As shown in Fig. 5A,
the idh4 (o) and idh4 pncl4 (o) strains exhibited no growth but little loss in viability 48 h
following the medium shift, whereas the idh4 bna64 strain (V) lost viability after 24 h. This
loss in viability was accompanied by a significant 2.6-fold increase in the total [NAD(H)] at
48 h (Fig. 5B) in remaining viable cells, suggesting significant flux through the residual salvage
pathway. For both the idhD and idh4 bna64 strains, most of the cofactor was in the oxidized
form (Fig. 5C), whereas the increase in the [NAD*]/[NADH] ratio for the idh4 pncl4 strain
was quite similar to that observed for the parental strain (Fig. 3C; note differences in scales for
Fig. 3C and Fig. 5C). [In further comparisons, we found that all strains lacking IDH failed to
consume oxygen when shifted to medium with acetate as the carbon source. Also, experiments
to test sensitivity to exogenous nicotinamide were not conducted with these strains due to their
inability to grow or respire in acetate medium.]

Thus, the relative contributions of salvage and de novo pathways following shifts of the parental
and idh4 mutant strains to acetate medium are quite different. While the parental strain appears
to depend more on salvage pathway function for entry into stationary phase, the idhA strain
appears to depend on the de novo pathway for viability when shifted to acetate medium. Flux
through the residual salvage pathway in the idh4 bna64 strain as it loses viability after the shift
to acetate medium, however, is clearly substantial. One possibility is that the redox imbalance
in the idh4 strain following such a shift, i.e. the relatively high level of NAD" and low level
of NADH (Fig. 5C), acts as a signal for increased flux through the salvage pathway. The
absence of the salvage pathway in the idh4 pnc14 strain does not reduce viability of the strain
and even appears to prevent the large increase in the [NAD*])/[NADH] ratio observed for the
idh4 strain, potentially due to antagonistic effects of loss of IDH and of PNC1 (see Discussion).

PNC1 activity

Since the parental strain appears to depend on salvage pathway function for entry into stationary
phase, we measured PNC1 activity in various strains before and following a shift to medium
with acetate as the carbon source. As shown in Fig. 6A, for cells growing logarithmically with
glucose as the carbon source (0 h), the levels of PNC1 activity in parental (e) and bnaé4 (V)
strains were low and comparable to background values measured for the pncl4 strain (m).
PNC1 activity increased more than 3-fold in parental and bna64 strains within 12 h following
a shift to acetate medium. This is consistent with salvage pathway function during logarithmic
growth in acetate medium and during early entry into stationary phase, and is also consistent
with previous reports of increased expression of PNC1 with growth of yeast in media with
non-fermentable carbon sources [25,35].
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We similarly examined PNC1 activity in idh4 mutant strains (Fig. 6B). This activity also
increased within 12 h following a shift to acetate medium in both the idh4 (o) and idh4
bna64 (V) strains to levels, respectively, substantially (~73%) and slightly (~20%) higher than
observed for the parental strain at the same time. This is also consistent with salvage pathway
function during this time. For the idh4 bna64 strain, PNC1 activity is presumably solely
responsible for the substantial increase in total [NAD(H)] observed 24-48 h following the shift
(Fig. 5B) as cells lose viability.

Effects on long-term viability

Since we observed transient differences in viability 24-48 h following a shift to acetate
medium, with losses observed for the pnc14 strain (relative to parental and bna64 strains) and
for the idh4 bna64 strain (relative to idh4 and idh4 pncl4 strains), we compared all strains
for long-term survival using standard chronological lifespan assays [38]. For this, viability
assays were initiated following growth of strains to stationary phase in minimal medium with
glucose as the carbon source and subsequent transfer to water. Thus, in contrast to medium
shifts conducted as described above, chronological lifespan assays examine post-stationary
phase viability. Also, since cells are washed during the lifespan analyses, effects of dying cells
including nutrient release and accumulation of toxic compounds [43,44] are minimized.

As shown in Fig. 7A, the parental (e), bna64 ('¥), and pncl4 (m) strains exhibited similar
chronological lifespans, with 50% of the cells surviving at days 21, 23, and 24, respectively.
Thus, the transient loss of viability of the pnc14 strain following entry into stationary phase
(Fig. 3A and Supplementary Fig. 1) does not affect the long-term survival of this strain. The
idh4 strain (o, Fig. 7B) showed a similar half life as the parental strain, with 50% of the cells
surviving at day 22. In contrast, the idh4 bnaé4 (V) and idh4 pncl4 strains (o) died rapidly
(Fig. 7B), with respective cell survival levels of 50% on days 5 and 6. Thus, both the salvage
and de novo pathways for NAD(H) synthesis are essential for long-term survival of the idhA
strain.

Discussion

We examined central aspects of redox levels in yeast cells by quantifying levels of reduced
and oxidized NAD(H). Although not a direct measurement of flux, sampling cells at times
following a change in cultivation conditions allows assessment of changes in cellular pools.
We found that alterations in total cellular levels of NAD(H) in a parental yeast strain were
relatively minor following a shift from medium with glucose to acetate as the carbon source,
with a transient decline followed by an increase to preshift levels as cells entered stationary
phase. As summarized in Fig. 8, we also found that as the parental strain entered stationary
phase in acetate medium, levels of oxidized:reduced cofactor increased ~10-fold, presumably
reflecting depletion of NADH reducing equivalents for oxidative metabolism as well as
exhaustion of respiratory substrates from the medium. Rates of oxygen consumption (which
had increased during logarithmic growth) decreased proportionally during this time and were
independent of functional de novo or salvage pathway synthesis of cofactor. The salvage
pathway for NAD(H) production appeared to be particularly important for maintenance of
optimum viability and cellular [NAD(H)] during the transition into stationary phase. However,
lack of either the de novo or salvage pathway had no significant effect on respiratory rates
during these transitions, suggesting that the transient NAD(H) requirement for optimum
viability of a pncl4 mutant lacking the salvage pathway may be related to factors other than
mitochondrial oxygen consumption. Since stationary phase growth of yeast is characterized
by a slowing of metabolism, chromatin condensation, and decreased transcription [14], it is
possible that the transient reduction in viability and cellular [NAD(H)] noted for the pnc14
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mutant during entry into stationary phase may correlate with adverse effects on chromatin
remodeling likely mediated by Sirtuins, NAD-dependent histone deacetylases.

Several studies have demonstrated that the activities of Sirtuins are important for cellular
lifespan and survival during stress conditions [20,21,45]. In some parental yeast strains, the
major yeast Sirtuin, SIR2, is reported to be necessary for extension of replicative lifespan
during caloric restriction due, in part, to NAD*-dependent histone deacetylation which
regulates silencing and ribosomal DNA recombination [46-48]. Although SIR2 protein levels
are not altered in response to growth with non-fermentable carbon sources, enzymatic activity
is proposed to be altered by changes in substrate [NAD™*] or by induction of PNC1, which
removes nicotinamide, an inhibitor of SIR2 [25,26,41,42,49], and which replenishes [NAD™].
Our data are consistent with the latter proposal, i.e. that a 3- to 4-fold increase in PNC1 levels
in parental cells following a shift to acetate medium may not dramatically change cellular levels
of NAD(H) but may transiently remove inhibition of SIR2 and may facilitate entry into
stationary phase. Our other results showing that the pncl4 mutant is more sensitive than the
parental strain to exogenous addition of nicotinamide during this time are also consistent with
this interpretation.

We found that cellular levels of NAD(H) were ~50% higher in an idh4 mutant than in the
parental strain during logarithmic growth with glucose as the carbon source, and that these
higher levels persisted in the absence of either the de novo or salvage pathways. While cellular
concentrations of NAD(H) changed little following a shift of the idh4 mutant to non-permissive
medium with acetate as the carbon source, the cofactor was almost entirely oxidized within 36
h after the shift. Thus, loss of IDH and, consequently, of a functional TCA cycle largely
precludes reduction of NAD* under these conditions. An idh4 mutant lacking the de novo
pathway for NAD(H) synthesis (idh4 bna64 strain) exhibited a substantial loss in viability 36—
48 h after a shift to acetate medium and a concomitant increase in the cofactor (almost all as
the oxidized form) in remaining viable cells. Thus, the de novo pathway is important for
viability, and flux through the salvage pathway appears to be substantially increased in response
to the loss in viability of the idh4 bna64 strain and/or as a mechanism to compensate for low
levels of reduced cofactor in this strain. We previously reported a similar compensatory
increase in cellular levels of NADP* when a mutant lacking major cellular enzymatic sources
of NADPH was shifted to non-permissive growth conditions [31]. In contrast to the idhA
bna6 strain, an idh4 mutant lacking the salvage pathway for NAD(H) synthesis (idh4
pnclA strain) exhibited similar cellular levels of NAD(H) as did the idh4 mutant, but
maintained parental ratios of oxidized to reduced cofactor. One possibility is that the mutations
may have antagonistic effects, since loss of IDH alone produces an increase in [NAD™] at the
expense of [NADH] (Fig. 1C), whereas loss of PNC1 alone reduces the [NAD*]:[NADH] ratio,
at least as measured at 12 h and 24 h time points following a shift to acetate medium (Fig. 3C).
Production of NAD™ in different cellular compartments may also have an impact. Asillustrated
in Supplementary Fig. 2, levels of NADH in the pncl4 mutant are ~2-fold higher than in the
parental strain 12 h and 24 h following a shift to acetate medium. Similarly, levels of NADH
in the idh4 pncl4 mutant are ~3-fold higher than in the idhA strain 12 h and 24 h following a
shift to acetate medium. This suggests that the NAD* produced by the residual de novo pathway
may be accessible for reduction in the cytosol to produce the excess NADH. This is not the
case for strains lacking the de novo pathway, suggesting that the NAD* produced by the residual
salvage pathway, which is presumed to be primarily catalyzed by nuclear enzymes [25,26], is
not readily accessible for reduction. With respect to compartmentalization, yeast lack the
mitochondrial NAD(H) salvage pathway described for mammalian cells [20]. Thus, the
cytosolic de novo biosynthetic pathway may contribute substantially to cell survival during
conditions when nutrients are limiting. Future plans include investigation of
compartmentalized pools of NAD(H) in yeast.
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Mutants lacking either NAD(H) biosynthetic pathway (pnc14 or bna64 strains) exhibited
chronological lifespans, which are measured after stationary phase is attained, equivalent to
that of the parental strain. This suggests that rates of NAD(H) synthesis and/or turnover are
substantially slowed during the lifespan assays. Os6rio et al. [19] previously reported a
reduction in cellular levels of NAD™ in a parental strain during chronological lifespan assays
by 79% at the time (day 28 for their strain) when 50% of the cells remained viable. Consistent
with this, we found rates of respiration for both the parental and idh4 strains, which exhibit
similar chronological lifespans, were similar at the outset of lifespan assays and were reduced
to comparable, essentially immeasurable levels by day 5 after transfer to water, a time when
both strains retain >90% viability (data not shown). In contrast, loss of IDH and either of the
NAD(H) biosynthetic pathways (idh4 pncl4 or idh4 bna64 strains) produced very short
chronological lifespans, suggesting that both biosynthetic pathways are essential in the absence
of IDH. Since rates of respiration are so low during these assays, the need for NAD(H)
biosynthesis to maintain parental levels of viability of the idh 4 strain likely reflects support
of other cellular processes.

Although we saw no dramatic effects of idh4 on chronological lifespan, others have reported
that loss of IDH increases yeast replicative lifespan [50,51], a measure of the number of times
a specific cell can divide. In contrast, we have found that loss of mitochondrial malate
dehydrogenase (MDH1) substantially reduces chronological lifespan (data not shown), while
Easlon et al. [52] found no extension of replicative lifespan in an mdhl4 strain. Thus, TCA
cycle defects have different effects on lifespan. This is likely due to the accumulation and/or
deficiency of different key metabolites caused by different blocks in the cycle ([13] and
unpublished results). For idh4, data presented here suggest that the absence of detrimental
effects on chronological lifespan and the extension of replicative lifespan is unlikely to be
related to any effects on redox state. Instead, the accumulation of isocitrate in an idh4 mutant
[13] might be advantageous for production by NADP*-specific isocitrate dehydrogenases of
NADPH for various biosynthetic and antioxidant functions [31]. Because of the differences
observed for idh4 and mdh14 mutants, it will clearly be of future interest to compare cellular
redox balances and lifespans for these and other TCA cycle mutants.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Growth and NAD(H) levels in parental and idh4 strains following transfer to medium with
acetate as the carbon source. Parental (o) and idh4 (o) yeast strains growing logarithmically
in YP glucose medium were harvested and resuspended in YP acetate medium. Samples of the
cultures taken before (time 0) or at times shown after the transfer were diluted and plated to
determine viable cell numbers (A); these are expressed relative to initial values for each strain
set at 1.0. Culture samples were also harvested to prepare extracts for measurements of
NAD™* and NADH conducted as described under Materials and methods. Concentrations are
expressed as total cofactor concentrations ((NAD* + NADH]/viable cell/cell volume) (B) and
as the ratio of oxidized to reduced cofactor (C).
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Fig. 2.

Concentrations of NAD(H) in glucose-grown cells. Concentrations of NAD* and NADH were
determined using extracts from the indicated yeast strains during logarithmic growth in YP
glucose medium.
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Fig. 3.

Effects of loss of de novo or salvage pathway on growth and NAD(H) levels in a parental yeast
strain. Parental (o), bna64 ('), and pncl4 (m) yeast strains growing logarithmically in YP
glucose medium were harvested and resuspended in YP acetate medium. Samples of the
cultures taken before (time 0) or at times shown after the transfer were diluted and plated to
determine viable cell numbers (A); these are expressed relative to initial values set at 1.0.
Culture samples were also harvested to prepare extracts for measurements of NAD* and NADH
conducted as described under Materials and methods. Concentrations are expressed as total
cofactor concentrations ((NAD* + NADH]/viable cell/cell volume) (B) and as the ratio of
oxidized to reduced cofactor (C).
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Fig. 4.

Respiration of parental and mutant yeast strains following transfer to YP acetate medium.
Parental (e), bna64 ('¥), and pncl4 (m) yeast strains growing logarithmically in YP glucose
medium were harvested and resuspended in YP acetate medium. Culture samples were used
at indicated times for measurement of oxygen consumption and for determination of viable
cell numbers (inset). Respiration was determined as pmol oxygen consumed/h/108 viable cells,
and values are expressed relative to initial values set at 1.0.
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Fig. 5.

Effects of loss of de novo or salvage pathway on growth and NAD(H) levels in an idh4 yeast
strain. The idh4 (o), idh4 bna64 (V), and idh4 pncl4 (o) yeast strains growing logarithmically
in YP glucose medium were harvested and resuspended in YP acetate medium. Samples of the
cultures taken before (time 0) or at times shown after the transfer were diluted and plated to
determine viable cell numbers (A); these are expressed relative to initial values set at 1.0.
Culture samples were also harvested to prepare extracts for measurements of NAD* and NADH
as described under Materials and methods. Concentrations are expressed as total cofactor
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concentrations ((NAD* + NADH]/viable cell/cell volume) (B) and as the ratio of oxidized to
reduced cofactor (C).
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PNC1 activity. The pyrazinamidase activity of PNC1 (nmol pyrazinoic acid produced/min/mg
cellular protein) was measured using extracts from (A) parental (e), bna64 (), and pncl4
(m) yeast strains and (B) idh4 (o), idh4 bna64 (V), and idh4 pncla (o) yeast strains growing
logarithmically in YP glucose medium (0 h) and at times following a shift to YP acetate
medium.
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48

Chronological lifespan analyses. (A) Parental (), bnaé4 ('¥), and pnclA (m) yeast strains,

and (B) idhA (o), idh4 bna64 (V), and idh4 pncl4 (o) yeast strains were grown to stationary
phase in minimal glucose medium prior to transfer to water for chronological lifespan assays
conducted as described under Materials and methods. Viable cell numbers are expressed as a

percentage of the initial value for each strain.
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Summary of redox changes in a parental yeast strain during the transition from logarithmic to
stationary phase growth. VVarious parameters measured for the parental strain in experiments
described in the text are directly compared. The stages of growth were defined on the basis of
viable cell numbers.
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