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Increased levels of nicotinamide/nicotinic acid mononucleotide adenylyltransferase (NMNAT) act as a power-
ful suppressor of Wallerian degeneration and ataxin- and tau-induced neurodegeneration in flies and mice.
However, the nature of the suppression mechanism/s remains controversial. Here, we show that in yeast
models of proteinopathies, overexpression of the NMNAT yeast homologs, NMA1 and NMA2, suppresses
polyglutamine (PolyQ) and a-synuclein-induced cytotoxicities. Unexpectedly, overexpression of other
genes in the salvage pathway for NAD1 biosynthesis, including QNS1, NPT1 and PNC1 also protected against
proteotoxicity. Our data revealed that in all cases, this mechanism involves extensive clearance of the non-
native protein. Importantly, we demonstrate that suppression by NMA1 does not require the presence of a
functional salvage pathway for NAD1 biosynthesis, SIR2 or an active mitochondrial oxidative phosphoryl-
ation (OXPHOS) system. Our results imply the existence of histone deacetylase- and OXPHOS-independent
crosstalk between the proteins in the salvage pathway for NAD1 biosynthesis and the proteasome that can be
manipulated to achieve cellular protection against proteotoxic stress.

INTRODUCTION

Nicotinamide/nicotinic acid mononucleotide adenylyl transfer-
ase (NMNAT or NMA) is a key enzyme in both de novo and
salvage pathways for NAD+ biosynthesis (1) (Fig. 1A).
NMNAT can additionally function as a stress chaperone (2,3),
and over the last 5 years, several groups have reported that
NMNAT is a key neuronal maintenance factor (4–6).
NMNAT is essential for maintaining physiologic neuronal integ-
rity, and when overexpressed, it has been shown to protect
against several neurodegenerative conditions in fly and mouse
models, including Wallerian degeneration (WD) (3,7), exotoxi-
city (8), spinocerebellar ataxia 1-induced neurodegeneration
(3,9) and tau-induced neurodegeneration (10,11). The mechan-
ism by which NMNAT exerts neuroprotection remains to be
fully characterized. Two recent reports have suggested that
NMNAT prevents axonal degeneration in two distinct Drosophila

models through modulation of mitochondria-related functions
(12,13).

Owing to the high degree of conservation of cellular activities
from yeast to humans, we and others have successfully used yeast
Saccharomyces cerevisiae as a model organism to study the mo-
lecular mechanisms underlying human neurodegenerative dis-
eases, including Huntington’s disease (HD) (14–16) and
Parkinson’s disease (PD) (17–19). Yeast models of human neu-
rodegenerative diseases are based on the expression of ‘gain of
function’ mutations in proteins responsible for the human disor-
ders [e.g. huntingtin with mutant polyglutamine (PolyQ)
domains in the case of HD and a-synuclein in the case of PD].
Yeast models recapitulate the crucial events preceding cell
death that are manifested during the course of the human condi-
tion, including protein misfolding and aggregation, and we have,
therefore, exploited them to gain insight into the mechanism of
suppression by NMNAT and functionally related proteins.
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RESULTS

Overexpression of genes in the salvage pathway for NAD1

biosynthesis suppresses proteotoxicity in yeast

In yeast, heterologous expression of either mutant PolyQ
domains (103Q) or a-synuclein fused to green fluorescent
protein (GFP) under the control of a GAL1 promoter
induced by growth in media containing galactose (YPGAL)
produces significant growth defects (Fig. 1B and C) as we
and others have previously described (15,17,20). There are
two homologs of NMNAT in S. cerevisiae, NMA1 and
NMA2, that are more than 90% identical and enzymatically
act exclusively as nicotinic acid mononucleotide adenylyl-
transferases [Fig. 1A, (21,22)]. When NMA1/2 were overex-
pressed from an episomal plasmid and under the control of a
galactose-inducible promoter, they strongly suppressed the
growth defect induced by both 103Q and a-synuclein
(Fig. 1B and C), in agreement with previous reports in other

neurodegenerative disease models in higher organisms (3).
Several enzymes in the NAD+ salvage pathway, including
NMA1/2, NPT1 and PNC1 (Fig. 1A), have been shown to
delay replicative aging in yeast (22,23). We then tested
whether other components of the pathway could suppress the
103Q- and a-synuclein-induced cytotoxicity and observed
that NPT1, QNS1 and PNC1 were each able to exert a strong
suppressive effect (Fig. 1B and C). In contrast, overexpression
of TNA1, encoding the nicotinic acid plasma membrane per-
mease, had no effect on the proteotoxic phenotype (Fig. 1B
and C). The suppression mechanisms by NPT1, QNS1 and
PNC1 do not involve compensatory induction of the expression
of other genes in the pathway, including NMA1/2, as their
mRNA steady-state levels were not increased (Supplementary
Material, Fig. S1A and B). These results constitute the first
report that several components of the NAD+ salvage
pathway have the ability to suppress the proteotoxic effect of
mutant PolyQ domains and a-synuclein in yeast.

Figure 1. Overexpression of NMA1 and other genes in the NAD+ salvage pathway suppress mutant PolyQ- and a-synuclein-induced proteotoxicity in yeast. (A)
Diagram depicting the salvage and de novo pathways for NAD+ biosynthesis in S. cerevisiae. Note that whereas in higher eukaryotes (not depicted here),
NMNAT acts as a nicotinamide/nicotinic acid mononucleotide adenylyltransferase, its S. cerevisiae homologs, the products of NMA1/2, act exclusively as nico-
tinic acid mononucleotide adenylyltransferases. The products of PNC1, NPT1 and QNS1 are nicotinamidase, nicotinic acid phosphoribosyltransferase and NAD
synthetase, respectively. Several histone deacetylases, including Sir2, break down NAD+ into nicotinamide. BNA1 through BNA7 are biosynthesis of nicotinic
acid genes in the de novo NAD+ biosynthesis pathway. (B and C) Serial dilutions of indicated strains were spotted on YPD and YPGAL plates. The expression of
103Q, a-synuclein and all the indicated genes are under the control of a galactose inducible promoter. Pictures were taken after 2 days of incubation at 308C.
YEp352 is an empty episomal vector.
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Suppression by NAD1 biosynthetic genes does not require
a functional NAD1 salvage pathway and is independent of
histone deacetylase activity

In yeast, expression of different components of the NAD+

salvage pathway has been shown to delay replicative aging
through a mechanism involving regeneration of NAD+ and
increased activity of the histone deacetylase SIR2 (22,23). In
addition, this has been proposed as one of the mechanisms
underlying lifespan extension by caloric restriction (23,24).
To test whether a fully functional salvage pathway for
NAD+ regeneration is necessary for NMA1/2-mediated sup-
pression of proteotoxicities, we first tested the effect of dis-
rupting this pathway by deletion of an essential component,
NPT1 (Fig. 1A). We found that the absence of NPT1 had no
effect on the suppression of 103Q or a-synuclein toxicities
by NMA1/2 or other components of the pathway (Fig. 2A), in-
dicating that the suppression mechanism is independent of the
integrity of the NAD+ salvage pathway. Although NMA1

overexpression in the 103Q strain increases total intracellular

NAD (both NAD+ and NADH) levels, PNC1 overexpression
[Supplementary Material, Fig. (S2A) and (25)] or additional
copies of NPT1 (22) did not. In addition, the npt1 null strain
accumulates �2.2-fold less NAD+ than strains with an
intact NAD+ salvage pathway [Supplementary Material,
Fig. S2B and (26)]. The NAD+ levels in the npt1 mutant
103Q strain were restored by overexpressing NPT1 as
expected, but did not increase by overexpression of NMA1,
QNS1 or PNC1 (Supplementary Material, Fig. S2B), further
suggesting that the presumably common mechanism of proteo-
toxicity suppression by overexpression of these genes is inde-
pendent of NAD+ biosynthesis. Similarly, SIR2 is not required
for NMA1/2-mediated suppression of proteotoxicity because
deletion of SIR2 in combination with overexpression of differ-
ent components of the NAD+ salvage pathway did not alter
their suppression capacity (Fig. 2B). Furthermore, the suppres-
sion mechanism does not involve the activity of other histone
deacetylases (HDAC) because supplementation of the growth
media with the class III HDAC inhibitors nicotinamide (27) or
splitomicin (28) had no negative effect on suppression of

Figure 2. Suppression by NAD+ biosynthetic genes does not require the presence of the intact salvage pathway for NAD+ biosynthesis or HDAC activity. (A–
C) Serial dilutions of the indicated strains were spotted on YPD, YPGal and YPGal plates supplemented with or without 20 mM nicotinamide or 20 mM splito-
micin to inhibit HDAC activity. Pictures were taken after 2 days of incubation at 308C.
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103Q or a-synuclein toxicities. If any effect could be claimed,
exogenous nicotinamide produced an extremely mild positive
effect on suppressing proteotoxicity (Fig. 2C and Supplemen-
tary Material, Fig. S3).

Mutations in the de novo pathway for NAD+ biosynthesis
have been identified as strong suppressors of mutant PolyQ
toxicity in yeast (16). Deletion of either BNA4 or BNA1 in
the tryptophan degradation pathway (Fig. 1A) has been
shown to prevent the accumulation of the toxic metabolites 3-
hydroxykynurenine and quinolinic acid, respectively, and sup-
press PolyQ toxicity (16). Given the direct connection
between the NAD+ salvage and de novo pathways, we
wanted to investigate whether the NMA1/2 suppression mech-
anism could involve changes in components of the de novo
pathway or vice versa. Overexpression of NMA1/2 had no
effect on the expression levels of BNA4 or BNA1 (Supplemen-
tary Material, Fig. S1C and D), and deletion of BNA4 had no
effect on the expression level of NMA2 (Supplementary Ma-
terial, Fig. S1B). Similarly, overexpression of PNC1 did not
alter BNA4 expression, and overexpression of PNC1, QNS1
or NPT1 did not affect BNA1 expression (Supplementary Ma-
terial, Fig. S1C and D). Our observations suggest that the sup-
pression by NMA1/2 and by PNC1, QNS1 and NPT1 proceed
via a mechanism independent of the de novo NAD+ biosyn-
thesis pathway. However, although unlikely, we cannot rule
out the possibility that expression of NMA1/2 or other compo-
nents of the salvage pathway affects the levels of 3-
hydroxykynurenine and quinolinic acid without affecting the
expression of BNA4 and BNA1.

Suppression by NAD1 biosynthetic genes does not involve
mitochondrial oxidative phosphorylation (OXPHOS)
function

The role of mitochondrial function in the suppression of WD
and proteotoxicity by NMNAT is highly relevant in the field.
This is justified because (i) NAD (including NAD+ and
NADH) plays an essential role in mediating energy metabol-
ism and mitochondrial functions and (ii) one of the human iso-
forms of NMNAT (NMNAT3) has been localized to
mitochondria (29). Recently, two reports have proposed that
changes in the calcium buffering function, motility and stabil-
ity of mitochondria mediate the suppression of axonal degen-
eration by NMNAT (12,13). Therefore, we decided to exploit
our yeast models to address whether mitochondrial respiratory
function is required for the suppression of mutant PolyQ and
a-synuclein toxicities by NMA1/2 and other components of
the NAD+ salvage pathway.

It is important to emphasize that the facultative aerobe/an-
aerobe property of S. cerevisiae offers a unique opportunity
for the study of biologic and biomedical problems related to
mitochondrial oxidative phosphorylation (OXPHOS) function
because respiratory-deficient yeast strains can survive in
media containing fermentable carbon sources such as raffinose
and galactose. Relevant to the present study, we have previ-
ously shown that mutant PolyQ toxicity in yeast involves
mitochondrial dysfunction (20) exerted by direct interaction
of misfolded PolyQ domains with mitochondrial membranes
(30). Additionally, mutant PolyQ-induced cytotoxicity is ex-
tensively suppressed by enhancement of mitochondrial

biogenesis and OXPHOS function by overexpression of
HAP4 (30), the catalytic subunit of the Hap2,3,4,5 complex,
essential for the regulation of mitochondrial biogenesis
during the transition from fermentation to respiration (31).

Here, we abolished mitochondrial OXPHOS function by
genetic and pharmacologic manipulations and determined
the efficacy of NMA1/2-mediated suppression of 103Q or
a-synuclein-induced cytotoxicities. First, we treated the
103Q and a-synuclein yeast strains overexpressing either
NMA1 or HAP4 (as a negative control) with ethidium
bromide to generate rho0 strains devoid of mitochondrial
DNA (mtDNA) as reported (32). The mtDNA encodes essen-
tial components of the OXPHOS system, and, therefore, rho0

yeast are unable to grow in the presence of respiratory sub-
strates such as ethanol and glycerol (YPEG). Because rho0

cells do not grow efficiently in galactose-containing media,
we used raffinose as the fermentable carbon source and
induced protein expression when required by supplementing
the plates with 0.25% galactose. As shown in Figures 3A
and B, HAP4 overexpression suppresses both mutant PolyQ
and a-synuclein-induced toxicities. As expected, the suppres-
sion was only effective in rho+ strains, containing mtDNA,
but not in rho0 strains inasmuch as HAP4-mediated suppres-
sion requires functional mitochondrial respiration (30). On
the contrary, suppression by NMA1 was equally effective in
rho+ and rho0 strains, thus demonstrating an OXPHOS-
independent mechanism.

In addition to the genetic approach, we also pharmacologic-
ally inhibited mitochondrial respiratory complex III activity
with antimycin A (AMA) that prevents growth in respiratory
media (YPEG). AMA treatment did not affect the efficacy
of suppression by NMA1/2, NPT1 or PNC1 and only slightly
lowered the suppression efficacy of QNS1 (Fig. 3C and D).
Similar outcomes were obtained when mitochondrial
OXPHOS was impaired by supplementation of the growth
media with oligomycin, an inhibitor of the F1F0 ATPase (Sup-
plementary Material, Fig. S4). These results further confirm
that mitochondrial respiration is not an essential component
of the suppression mechanism.

Suppression by NAD1 biosynthetic genes acts through the
clearance of proteotoxic protein species

In human neurodegenerative proteinopathies, including HD
and PD, the mechanism of neuronal cell toxicity involves
the accumulation of misfolded mutant proteins that are tar-
geted for degradation, overload proteasome function and
induce downstream toxic effects in several subcellular com-
partments (33,34). Toxicity can be partially attenuated by en-
hancing the biogenesis and function of some of the
downstream target organelles such as mitochondria (30).
More effective suppression of proteotoxicity can be achieved
by enhancing protein clearance pathways by increasing autop-
hagy (35), activating the ubiquitin-proteasome system (36) or
repairing the endoplasmic reticulum-associated degradation
pathway (37). Toxicity can also be attenuated by modulating
the chaperone systems involved in protein refolding and disag-
gregating misfolded protein complexes, thus shifting the
balance toward non-toxic protein species (9). NMNAT has
been previously shown to be able to act as a chaperone and
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Figure 3. Suppression by NAD+ biosynthetic genes does not require mitochondrial OXPHOS function. (A–D) Serial dilutions of indicated strains were plated on
solid media containing YPRaf, YPEG or YPRaf, supplemented with 0.25% galactose (Gal) with or without 50 mM antimycin A (AMA). Pictures were taken after
2 days of incubation at 308C.
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Figure 4. Suppression by NAD+ biosynthetic genes does involve clearance of cytotoxic protein species. (A) Visualization of PolyQ-GFP fusion protein expres-
sion and aggregation. The indicated strains were induced for 2 and 4 h in complete medium containing 2% galactose, mounted on slides and visualized by fluor-
escence microscopy. Bar represents 5 mm. (B) Quantification of cells containing at least one 103Q aggregation focus in the indicated strains. At least 50 cells
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increase the clearance of toxic proteins in several models of
neurodegenerative diseases (3,10). Therefore, we tested
whether NMA1/2 and other genes in the NAD+ salvage
pathway could suppress protein toxicity by regulating mis-
folded protein degradation and aggregation.

Using fluorescence microscopy, we followed GFP-tagged
mutant PolyQ or a-synuclein expression and oligomerization
in strains overexpressing NMA1, NMA2, PNC1 or just carrying
an empty vector (YEp352). After 2 h of protein expression, the
103Q-GFP signal was primarily diffuse in the cytoplasm,
forming a few small aggregates. The number and size of the
aggregates progressed with time, and after only 4 h of induc-
tion, the protein was mainly localized in large aggregates
(Fig. 4A). In the case of a-synuclein, it initially localized to
the plasma membrane as previously observed (17), and at
later times, it aggregated in a pattern similar to that of
mutant PolyQ (Supplementary Material, Fig. S5A). We
found that overexpression of NMA1, NMA2 or PNC1 was
able to attenuate the fluorescence signal of both soluble and
aggregated mutant PolyQ and a-synuclein as well as the
number of aggregates (Fig. 4A). Flow cytometry analyses
showed a reduction in GFP signal of �40 and 50% in the
NMA1-overexpressing strains after 2 and 4 h of protein expres-
sion, respectively (Supplementary Material, Fig. S6). Approxi-
mately 25 and 75% of the 103Q cells contained at least one
103Q-GFP punctuate focus after 2 and 4 h of 103Q-GFP ex-
pression, respectively. These values were reduced to �5–
10% and 20–30%, respectively, in cells overexpressing
NMA1 or PNC1 (Fig. 4B). Overexpression of NMA1, NMA2
or PNC1 also reduced the number of cells containing at
least one a-synuclein focus/aggregate after 4 h of protein ex-
pression from �90 to �15–30% (Supplementary Material,
Fig. S5B). Overexpression of NMA1, NMA2 or PNC1 did
not affect the level of expression of mutant PolyQ and
a-synuclein as measured by real-time PCR (Supplementary
Material, Fig. S1E), thus suggesting that the lower steady-state
levels of these toxic proteins could be the result of increased
protein degradation. To test this hypothesis, we performed
western blot analysis of protein extracts from cells expressing
mutant PolyQ alone or in combination with the suppressor
genes to follow the kinetics of 103Q-GFP oligomerization.
In agreement with our fluorescence microscope analyses, we
observed a time-dependent pattern of protein aggregation, as
we and others previously reported (15,20). After 2 h of expres-
sion, 103Q-GFP proteins were found both at their expected
size and forming SDS-insoluble oligomers (Fig. 4C). At
later time points, 103Q-GFP was detected only as part of
SDS-insoluble large oligomers trapped in the higher portions
of the stacking gel (Fig. 4C). Noticeably, when NMA1 was
overexpressed, we detected lower amounts of SDS-insoluble
large oligomers at the several time points, accompanied by
increased signal corresponding to either degradation products
or intermediate states of protein oligomerization (Fig. 4C).

We subsequently tested whether all the suppressor genes
identified here could act through a mechanism similar to
NMA1 overexpression. As shown in Figure 4D, following
6 h of induction, the overexpression of NMA2, NPT1, QNS1
and PNC1 affected mutant 103Q-GFP oligomerization and
degradation in a manner comparable to NMA1 (Fig. 4D). We
detected a similar effect on extracts from cells expressing
a-synuclein-GFP. In this case, the protein forms large aggre-
gates that failed to enter the gel. However, the suppressors
promote the accumulation of smaller oligomers and the accu-
mulation of some degradation products (Supplementary Mater-
ial, Fig. S5C). Interestingly, the pattern of oligomerization/
degradation was specific to each of the different suppressors
tested (Fig. 4D), although no clear correlation with the efficacy
of suppression was apparent. In a hypothetical model in which
the suppressor proteins could act as chaperones promoting
protein refolding, oligomer disruption and targeting of mis-
folded proteins for degradation, the patterns could result
from the way in which each suppressor interacts with the mis-
folded and oligomerized proteins (Fig. 4D). We have tested
whether NMA1/2 overexpression alters the steady-state levels
of several Hsp proteins in wild-type and 103Q cells. Although
there is no clear pattern of alteration in the steady-state levels
of Hsp104, Hsp82, Hsp42 and Hsp26 chaperones (Supplemen-
tary Material, Fig. S7), we cannot discard that NMA1/2 and
the other suppressors could physically and/or functionally
interact with these chaperones promoting or enhancing their
activities.

Finally, to further test that the suppression mechanism by
NMA1 is independent of mitochondrial function, we analyzed
the pattern of 103Q oligomerization in a rho0 strain. In 103Q
rho0 cells, mutant PolyQ aggregated in a time-dependent
manner, and formation of large PolyQ oligomers was
delayed by NMA1 overexpression as in rho+ cells (Fig. 4E).
Similarly, we detected bands corresponding to degradation
products and intermediate states of protein oligomerization
(Fig. 4E). These results indicate that the mechanism of proteo-
toxicity suppression by NMA1 involves the clearance of mis-
folded/oligomerized toxic proteins and does not necessarily
require mitochondrial OXPHOS function (Fig. 4F).

DISCUSSION

In this study, we have used S. cerevisiae models of human
PolyQ- and a-synuclein-induced proteinopathies to demonstrate
that the yeast homologs of NMNAT (NMA1/2) and other genes
in the NAD+ salvage pathway protect cells through a mechan-
ism involving the targeting of toxic misfolded and oligomerized
proteins for degradation and clearance.

We have established that the mechanism described here is
independent of NAD+ levels, the integrity of the NAD+

salvage pathway, histone deacetylase activity and mitochondrial

were counted in each case. Error bars represent the mean+SD of two independent assessments with P-values from comparisons to 103Q + YEp352 (vector)
strain denoted by ∗P , 0.05. (C–E) Cells were converted into spheroplasts, lyzed with 1% Triton X-100, and the lysates were clarified of cell debris by gravity
sedimentation and then fractionated into the pellet (P) and supernatant (S) fractions by centrifugation at 800g for 10 min as reported (20). P and S fractions from
extracts obtained from cells expressing 103Q-GFP after 2, 4, 6 and 8 h of induction in YPGal medium, respectively, were analyzed by western blotting.
103Q-GFP fusion proteins were detected using an anti-GFP polyclonal antibody. (F) Diagram depicting a model of the mechanism of suppression of mutant
PolyQ- or a-synuclein-induced toxicities by NAD+ biosynthetic proteins.
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OXPHOS function. Therefore, the mechanism of proteotoxicity
suppression by NMA1/2, QNS1, NPT1 and PNC1 is different
from their previously described replicative life extension
properties, where NAD+ and SIR2 activity are essential
players (22,23). The mechanism described here also differs
from the recently reported mechanisms of suppression of
axonal degeneration in Drosophila models by NMNAT, where
mitochondria-related functions were proposed to be essential
(12,13). Specifically, mitochondrial calcium buffering and mito-
chondrial motility were reported to be altered upon axotomy of
larva peripheral nerves and enhanced by NMNAT overexpres-
sion (13), and wing nerve axotomy in the adult fly was reported
to induce mitochondrial loss that was suppressed by upregula-
tion of NMNAT (13). However, in a model of motor neuron
axonal degeneration, following axotomy in Drosophila larva,
Kitay and colleagues have demonstrated that WD proceeds in-
dependently of axonal mitochondria, and NMNAT is capable of
delaying WD in axons devoid of mitochondria (38). This has
suggested that mitochondria preservation could likely be a con-
sequence of NMNAT-mediated axon protection, rather than its
cause. Despite the difference in the complexity of our model
systems, and in agreement with the report by Kitay et al., our
data show that NMA1/2 and other proteins in the NAD+

salvage pathway have the ability to suppress proteotoxicities in
cells that are unable to respire.

Our data indicate that the mechanism of proteotoxicity sup-
pression by NMA1/2 and other NAD+ salvage pathway genes
involves an increase in the refolding and/or clearance of mis-
folded and oligomerized toxic proteins. Mitochondrial aerobic
energy production would be expected to have a positive
impact on mutant polyQ and a-synuclein clearance pathways
and refolding chaperone systems that require ATP for func-
tioning. However, overexpressed NMA1/2 and the other sup-
pressors do not require mitochondrial OXPHOS to
effectively induce clearance of misfolded/oligomerized toxic
proteins. This function could be performed through the
direct or indirect action of the suppressor proteins. NMNAT
has already been shown to have the capacity to act as a chap-
erone in vivo and in vitro (3) and interacts with phosphorylated
tau and promotes the ubiquitination and clearance of toxic tau
species in a Drosophila model of tauopathy (10). Therefore, a
possible direct interaction of NMA1/2 with mutant PolyQ and
a-synuclein might be responsible for the increase in protein
degradation. Whether Qns1, Npt1 and Pnc1 have the ability
to act as molecular chaperones themselves or enhance the
chaperone activity of Nma1/2 is an open question. As an alter-
native mechanism, we could envision Nma1/2 enhancing the
function of other chaperones from the Hsp70 or Hsp90 fam-
ilies that have previously been shown to modify the aggrega-
tion and toxicity of mutant PolyQ in yeast (15,39,40). The
results we have obtained so far show that at least the steady
state levels of Hsp104, Hsp72, Hsp40 and Hsp26 are not con-
sistently altered by overexpression of NMA1/2. The investiga-
tion of these exciting possibilities warrants future research
efforts.

Finally, our data suggest that in higher eukaryotes, NAD+

salvage pathway proteins could act as neuronal maintenance
factors and, together with NMNAT, constitute possible relevant
targets for therapeutic interventions aiming to combat neuronal
stress and degeneration.

MATERIALS AND METHODS

Yeast strains and culture conditions

The S. cerevisiae strains used are listed in Supplementary Ma-
terial, Table S1. The S. cerevisiae strains used were all in the
W303 background and included the wild-type W303-1A
(MATa ade2-1 his3-1,15 leu2-3,112 trp1-1 ura3-1) and the
previously reported W303-1A strains containing chromoso-
mally integrated N-terminus of human huntingtin with 103Q
or wild-type a-synuclein fused to GFP expressed under the
control of the Gal1 promoter (17,20). The plasmids overex-
pressing NMA1, NMA2, NPT1, QNS1, TNA1 and ATG32
were obtained from Open Biosystems (Thermo Scientific, La-
fayette, CO, USA) and transformed into the indicated strains.
SIR2 and NPT1 were deleted by replacing the open reading
frame with a KANMAX4 cassette. The following complete YP
(1% yeast extract, 2% peptone) and minimum WO (0.67% ni-
trogen base w/o amino acids) media were used routinely to
grow yeast: YPD (+2% glucose) YPGal (+2% galactose),
YPRaf (+2% raffinose), YPEG (+2% ethanol, 2% glycerol),
WOD (+2% glucose) and WOEG (+2% ethanol, 2% glycerol).
The following chemicals were used as supplement to solid
YPGal plates: 20 mM nicotinamide, 20 mM splitomicin and
50 mM antimycin A (all from Sigma-Aldrich Corp., St Louis,
MO, USA).

Fluorescence microscopy

Wide-field fluorescence microscopy was performed to detect
polyQ-GFP and a-synuclein-GFP expression. We used an
Olympus fluorescence BX61 microscope equipped with
Nomarski differential interference contrast optics, a Uplan
Apo 100× objective (NA 1.35), a Roper CoolSnap HQ
camera and Sutter Lambda10-2 excitation and emission filter
wheels and a 175 watt Xenon remote source with liquid
light guide. Images were acquired using SlideBook 4.01 (Intel-
ligent Imaging Innovations, Denver, CO, USA). All experi-
ments were done at least in duplicate with a minimum of
100 cells per sample.

Preparation of cell extracts

Fifty milliliter cultures (OD600 ¼ 0.125) of strains carrying
either polyQ-GFP or a-synuclein–GFP were induced for 2,
4, 6 and 8 h in complete media containing 2% galactose.
Cells were harvested by centrifugation at 1100× g for 5 min
and washed once with 1.2 M sorbitol. The cell wall was
digested with 1 mg/ml zymolyase for 30 min, and the sphero-
plasts were re-suspended in lysis buffer (40 mM 4-(2-hydro-
xyethyl)-1-piperazineethanesulfonic acid buffer pH 7.4,
50 mM KCl, 1% Triton X-100, 0.3 mg/ml dithiothreitol,
5 mM EDTA and 0.5 mM phenylmethylsulfonyl fluoride).
Samples were collected following gravity sedimentation of
cell debris for 1 h on ice. The samples were centrifuged
10 min at 800g at 48C. The supernatant (S) was collected,
and the pellet (P) was washed once in lysis buffer and then
resuspended in the same volume of lysis buffer. Protein con-
centration was quantified by Folin method. Equal amount of
protein was re-suspended in Laemmli buffer [1% SDS, 0.1%
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(v/v) glycerol, 0.01% b-mercaptoethanol and 50 mM Tris–
HCl pH 6.8) for western blot analysis.

Cellular NAD measurements

Protein expression was induced in galactose media for 2 h,
when the culture reached an OD600 ¼ 2. One milliliter of
OD600 ¼ 1 equivalent of cells were harvested, washed once
in 1.2 M sorbitol and re-suspended in 300 ml zymolyase
buffer (1.2 M sorbitol, 20 mM Tris, pH ¼ 7.4, 10 mg/ml zymo-
lyase 20T) at room temperature for 20 min to digest the cell
wall. The spheroplasts were washed once in 1.2 M sorbitol.
Approximately 3 × 106 cells were then used for NAD+/
NADH extraction and quantification using the BioVision
NAD+/NADH quantification kit # K337 (Biovision, Milpitas
,CA, USA), following the manufacturer’s recommendations.
We constructed an NADH standard curve, to which we
applied the sample readings and expressed the concentrations
of NAD+ or NADH in the samples in pmol/106 cells.

RNA isolation and analysis

Total RNA was prepared from whole cells by a modified ex-
traction with hot-acidic phenol (41) and used for quantitative
real-time polymerase chain reaction (RT-PCR) analyses. For
quantitative RT-PCR analysis, total cellular RNA was treated
with 6 units of DNase1 (M0303; New England Biolabs,
Ipswich, MA, USA) for 1 h at 378C to eliminate genomic con-
tamination. cDNA was synthesized using Superscript III
reverse transcriptase (18080-085; Invitrogen, Life Technolo-
gies, Grand Island, NY, USA), following manufacturer’s
recommendations. RT-PCR analysis of relative expression
level of the gene was carried out using Fermentas–Thermo
Scientific (Glen Burnie, MD, USA) [Maximaw SYBR
Green/ROX qPCR Master Mix (2×)], and data were collected
using BioRad CFX96 TouchTM RT-PCR Detection System and
analyzed using the manufacturer’s program, following the
Pfaffl method. Primers used for the RT-PCR analysis are
listed in Supplementary Material, Table S2.

Miscellaneous procedures

Standard procedures were used for the preparation and ligation
of DNA fragments and for transformation and recovery of
plasmid DNA from Escherichia coli (42). Yeast cells were
transformed by the method of Schiestl and Gietz (43). Proteins
were separated by SDS PAGE in the buffer system of
Laemmli (44), and western blots were treated with antibodies
against the appropriate proteins, followed by a second reaction
with anti-mouse or anti-rabbit IgG conjugated to horseradish
peroxidase (Sigma, St Louis, MO, USA). The SuperSignal
West Pico was used for the final detection. The one-step
gene insertion method (45) was used to integrate linear plas-
mids at the LEU2 locus of yeast chromosomal DNA.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG online.
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