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The S-Nitrosylation of Glyceraldehyde-3-Phosphate
Dehydrogenase 2 Is Reduced by Interaction with
Glutathione Peroxidase 3 in

Saccharomyces cerevisiae
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Seongman Kang?, Sayeon Cho®, Sang Chul Lee', Byoung Chul Park'*, and Sung Goo Park'*

Glutathione peroxidases (Gpxs) are the key anti-oxidant
enzymes found in Saccharomyces cerevisiae. Among the
three Gpx isoforms, glutathione peroxidase 3 (Gpx3) is
ubiquitously expressed and modulates the activities of
redox-sensitive thiol proteins involved in various biologi-
cal reactions. By using a proteomic approach, glyceralde-
hyde-3-phosphate dehydrogenase 2 (GAPDH2; EC 1.2.1.12)

was found as a candidate protein for interaction with Gpx3.

GAPDH, a key enzyme in glycolysis, is a multi-functional
protein with multiple intracellular localizations and diverse
activities. To validate the interaction between Gpx3 and
GAPDH2, immunoprecipitation and a pull-down assay
were carried out. The results clearly showed that GAPDH2
interacts with Gpx3 through its carboxyl-terminal domain
both in vitro and in vivo. Additionally, Gpx3 helps to re-
duce the S-nitrosylation of GAPDH upon nitric oxide (NO)
stress; this subsequently increases cellular viability. On
the basis of our findings, we suggest that Gpx3 protects
GAPDH from NO stress and thereby contributes to the
maintenance of homeostasis during exposure to NO
stress.

INTRODUCTION

Living organisms suffer from various sources of stresses, in-
cluding environmental factors. A series of stresses induce oxi-
dative stress in the host organism, leading to damage to all
cellular constituents (Sies et al., 1985; Soriano et al., 2009;
Yoon et al., 2002). The molecular basis of the responses to
various stresses has been studied extensively in Saccharomy-
ces cerevisiae. S. cerevisiae contains three glutathione peroxi-
dase (Gpx) proteins: Gpx1 (YKL026C), Gpx2 (YBR244W), and
Gpx3 (YIR037W). The basal expression level of the gpx3 gene
is constitutively higher than those of the other two gpx genes.
Additionally, the Agpx3 mutant is hypersensitive to peroxides.

However, disruption of the gpx? or gpx2 does not result in any
obvious phenotypes with respect to the tolerance to oxidative
stress (Inoue et al., 1999). Therefore, the gpox3 gene product is
thought to have a major function in scavenging peroxides in S.
cerevisiae. Delaunay et al. identified novel roles of Gpx3 in
yeast as both sensor and transducer of the stress response to
hydrogen peroxide (Delaunay et al., 2002). Previously, we per-
formed a proteomic analysis to screen for the Gpx3 interactome
(Lee et al., 2008). Among the identified candidate proteins, we
focused on GAPDH2, because of its involvement in stress sens-
ing and apoptosis.

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH; EC
1.2.1.12) is a key enzyme in glycolysis. GAPDH is a multifunc-
tional protein with multiple intracellular localizations and per-
forms diverse activities independent of its traditional role in
glycolysis (Hara et al., 2005; Michael, 1999). These new activi-
ties include regulation of the cytoskeleton, membrane fusion
and transport, and glutamate accumulation into presynaptic
vesicles (Ikemoto et al., 2003; Tisdale, 2001). A role of GAPDH
in the nucleus is also suggested on the basis of its ability to
activate transcription in neurons, export nuclear RNA, and af-
fect DNA repair (Meyer-Sieglar et al., 1991; Singh and Green,
1993). Hara et al. (2005) reported that GAPDH plays an impor-
tant role in the cell death cascade induced by nitric oxide (NO)
stress. NO is a highly diffusible free radical with di-chotomous
regulatory roles in numerous physiological and pathological
events (Delledonne, 2005; Hess et al., 2005; Ignarro et al.,
1987; Nathan, 1992). Diverse cellular functions can be directly
or indirectly affected by NO through post-translational modifi-
cation of proteins. The most widespread and functionally rele-
vant modification is S-nitrosylation, which is defined as the
covalent attachment of NO to the thiol side chain of a cysteine
residue. S-nitrosylation has been shown to regulate the func-
tions of an increasing number of intracellular proteins (Abat et
al., 2008; Stamler et al., 2001). GAPDH, one of such proteins,
is translocated into the nucleus after S-nitrosylation of active
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cysteine. It then triggers apoptosis in mammalian cells (Hara et
al., 2005). However, there are no existing reports regarding the
S-nitrosylation of GAPDH and its functional roles in S. cere-
visiae.

In this study, we demonstrated that GAPDH directly interacts
with Gpx3 through a region containing a highly conserved cata-
lytic domain regardless of oxidative stress. Moreover, the inter-
action between Gpx3 and GAPDH reduces the S-nitrosylation
of GAPDH and consequently contributes to cell survival against
NO stress.

MATERIALS AND METHODS

Strains

S. cerevisiae strain YPH499 (MATa ura3-52 lys2-801 ade2-101
tp1-A63 his3-A200 leu2-A1) and its isogenic derivatives were
used in all experiments. The gene disruption of YIR037w
(Agpx3) was carried out using the PCR-mediated gene deletion
method as previously described (Kho et al., 2006).

DNA construction

DNA fragments from the S. cerevisiae cDNA, which encoded
Gpx3 and GAPDH2 ORF, were amplified. The pASK-IBA13-
plus-strep-Gpx3 construct was generated by inserting gpx3
between the BamHI and Sall sites of pASK-IBA13-plus. The
GAPDH-His construct (pET21a-GAPDH2) was generated by
inserting the gapdh2 gene between the BamHI and Notl sites of
pET-21a(+). For binding domain mapping, we constructed HIS-
tagged N-terminal NAD-binding domain and C-terminal cata-
lytic domain of GAPDH. The N terminal NAD-binding domain of
GAPDH (1-148 amino acids) was obtained using the primers,
5-CGGAATTCATGGTTAGAGTTGCTATTAACGGT-3 and 5'-
ATTTGCGGCCGCAGCGTTGGAAACAATCTTCAAGTC-3,
and inserted into pET-21a(+). The C-terminal catalytic domain
of GAPDH (149-332 amino acids) was obtained by PCR using
the primers, 5-CGGAATTCATGTCTTGTACCACCAACTGTT
TG-3 and 5-ATTTGCGGCCGCAGCCTTGGCAACGTGTTC
AAC-3, and inserted into the pET-21a(+). pESC-LEU-Myc-
Gpx3, and pESC-URA-FLAG-GAPDH2 were constructed by
subcloning gpx3 into the BamHI and Sall sites of pESC-LEU
and gapdh2 into the EcoRI and Notl sites of pESC-LEU.

Growth condition and protein extraction

Yeast cells were grown at 30°C in YPD (1% yeast extract, 2%
Bactopeptone, and 2% glucose), SD media (0.17% yeast nitro-
gen base without amino acids, 5% ammonium sulfate, 2%
glucose, 0.03% adenine hemisulfate, and appropriate amino
acids and bases), or galactose induction media (YPD or SD
media containing 2% galactose, 1% raffinose, and 0.03% hemi-
sulfate). Cells were cultured until the mid/late exponential
phases in YPD medium for the preparation of yeast cell ex-
tracts. The cells were then suspended in a lysis buffer (50 mM
Tris, pH 8.0, 1 mM PMSF, 100 mM NaCl, 1 mM EDTA, and
protease inhibitors) and were disrupted using glass beads (0.4-
0.6 mm diameter, Sigma).

S-nitrosylation assay

Cells were harvested by centrifugation and immediately stored
in the dark at -80°C to minimize the loss of endogenous S-
nitrosylated proteins. HEN buffer [0.5 ml; 25 mM HEPES (pH
7.7), 0.1 mM EDTA, 10 mM neocuproine, and 1% SDS] per 50
to 100 ml of cell solution was added, and the sample was ho-
mogenized using glass beads. After homogenization, the sam-
ples were centrifuged for 10 min at 2,000 x g at 4°C. The pro-
tein concentration of the sample was determined using the

Bradford assay kit from Bio-RAD. The extracts were diluted to
0.8 mg/ml with HEN buffer plus 0.4% CHAPS, 1% SDS and 20
mM MMTS and incubated at 50°C for 20 min with frequent
agitation in order to block free thiols. After the removal of ex-
cess MMTS by acetone precipitation, the samples were resus-
pended in HEN buffer containing 1% SDS at a protein concen-
tration of 1 to 2 mg/ml. The samples were subsequently incu-
bated with 5 mM ascorbate and 0.4 mM biotin-HPDP for 1 h at
room temperature. Another acetone precipitation was per-
formed to remove excess biotin-HPDP. The samples were
resuspended in 300 pl of HEN buffer containing 1% SDS. Addi-
tional 600 pl of neutralization buffer 20 mM HEPES (pH 7.7),
0.1 M NaCl, 1 mM EDTA and 0.5% Triton X-100] was added to
the solution. Then, 50 ul of streptavidin-agarose beads were
added to the samples and incubated for 1 h at room tempera-
ture with agitation. The sample was then washed five times in a
wash buffer (neutralization buffer plus 600 mM NaCl) followed
by single wash with phosphate-buffered saline (PBS). For the
experiments in which total endogenous S-nitrosylated proteins
were measured, 50 pl of PBS and 50 pl of 2% SDS sample
buffer without 2-mercaptoethanol was added to the beads.
After this mixture was boiled, SDS-PAGE was performed and
biotinylated proteins were detected by immunoblot analysis
using the anti-Biotin-M antibody (Sigma) and ECL reagent
(Pierce). An increase in the biotin labeling of proteins in the
presence of ascorbic acid is indicative of protein S-nitrosylation
(Derakhshan et al., 2007).

Pull-down assay using tagged proteins

pET-21a derivatives encoding for His-GAPDH2 and His-N or
His-C terminal domains of GAPDH2 and pGEX-6p-1-Gpx3
encoding GST-Gpx3 were transformed into E. coli cells. The
expression of GST-Gpx3 or His-GAPDH2 derivatives was in-
duced in 2x YT media. The cell extracts were centrifuged at
13,000 rpm for 30 min. The soluble fractions were incubated
with 100 pl of Ni-NTA agarose and glutathione sepharose
beads for 4 h at 4°C with rotation. After incubation, the beads
were collected by centrifugation at 3,000 rpm for 1 min and
washed three times in the lysis buffer. Next, cell lysates with
overexpression of the other tagged proteins were added and
then incubated for 2 h at 4°C with rotation, and washed three
times. The bound proteins were eluted by the SDS-PAGE
sample buffer and separated by SDS-PAGE, followed by im-
munoblotting with anti-His or anti-Strep antibodies. The proteins
bands were visualized by the ECL detection system (Pierce).

GAPDH activity assay

Triplicate samples of different amounts of exponentially growing
cells were incubated with and without 4.0 mM glyceraldehydes-
3-phosphate (G-3-P) in the presence of NAD (100 ul of a 10
mM solution; Boehringer Mannheim), 10 mM EDTA and 0.1
mM dithiothreitol in an assay buffer to a final volume of 1 ml.
After incubation of the reaction mixtures at 28°C, the cells were
removed by centrifugation, and the supernatants were ana-
lyzed for the presence of NADH formation was monitored spec-
trophotometrically at 340 nm. Background absorbance meas-
ured in negative controls (without substrate) was subtracted
from positive absorbance values.

RESULTS

Analysis of interactome for mining the proteins that
interact with Gpx 3

Although Gpx3 has been accepted as a major antioxidant en-
zyme in the detoxification of ROS, it remains unclear whether
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A In vitro pull-down: His B In vivo pull-down: FLAG Fig. 1. Gpx3 interacts with GAPDH2
both in vivo and in vitro. (A) Gpx3
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The results show that Gpx3 also interacts with GAPDH2 in vivo. (C) The carboxyl catalytic domain of GAPDH2 and Gpx3 were expressed in E.
coli. Pull-down assays with Ni-NTA agarose beads were performed. The interaction was detected by immunoblotting using anti-Gpx3 antibody.
The carboxyl catalytic domain (also termed the mixed alpha/antiparallel beta-fold domain) of GAPDH2 interacts with Gpx3.

the regulation and defense mechanisms of Gpx3 in cellular
homeostasis are adapted from oxidative stress (Inoue et al.,
1999). Therefore, to further the study of other functions of Gpx3,
the novel interacting proteins of Gpx3 were analyzed using
proteomics. By using this approach, several candidate proteins
were identified and validated (Kho et al., 2006; Lee et al., 2009).
In the present study, we focused on GAPDH2.

Interaction between Gpx3 and GAPDH2 both in vivo and

in vitro

To confirm whether GAPDH2 protein actually interacts with
Gpx3, an in vitro pull-down assay with His-tagged GAPDH2
and GST-tagged Gpx3 was performed. After pull-down using
Ni-NTA agarose beads with protein extracts from E. coli over-
expressing His-GAPDH2, a crude protein lysate from E. coli
overexpressing GST-Gpx3 was applied under the normal con-
dition. After incubation, immunoblot analyses with anti-GST or
anti-His antibodies were performed. As shown in Fig. 1A, Gpx3
interacts with GAPDH2 in vitro. Next, to test whether the inter-
action between Gpx3 and GAPDH2 also occurs in vivo and
whether this interaction is dependent on redox conditions, S.
cerevisiae Agpx3 strain overexpressing both FLAG-GAPDH2
and Myc-Gpx3 was treated with DTT (1 mM) and H.O; (4 mM),
respectively. The lysates were then used for a pull-down assay
with FLAG-agarose beads. As shown in Fig. 1B, Gpx3 also
interacts with GAPDH2 in vivo, and its interaction does not
depend on the redox status.

Gpx3 interacts with the C-terminal catalytic domain

of GAPDH2

GAPDH exists as a tetramer of identical subunits, each contain-
ing 2 conserved functional domains: an NAD-binding domain
(1-148 amino acids) and a highly conserved catalytic domain
(or mixed alpha/antiparallel beta-fold domain; 149-332 amino
acids) (Meyer-Sieglar et al., 1991). To test the region involved
in interaction with Gpx3, two functional domains of GAPDH2
were expressed. The interaction between Gpx3 and these
GAPDH2 fragments was then examined. The results clearly
showed that the catalytic domain of GAPDH2 interacts with
Gpx3 (Fig. 1C).

A Biotin + + + + + + + + +
GSNO + + + +*
MMTS - + + + + + +
Ascorbate + - + + - + + - +
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Fig. 2. Effect of Gpx3 on S-nitrosylation and activity of GAPDH. (A)
S-nitrosylation of GAPDH was affected by Gpx3. After treatment of
wild-type YPH499, Agpx3 strain, and Agpx3 strain overexpressing
Gpx3 with GSNO, the lysates were subjected to a biotin switch
assay. (B) The activity of endogenous GAPDH was influenced by
Gpx3. The crude protein extracts prepared from various yeast
strains (wild-type, Agpx3, and Agpx3 overexpressing Gpx3) were
treated with or without GSNO (2 mM). Endogenous GAPDH activity
was then measured. Data show a representative of three inde-
pendent experiments.

Gpx3 protects GAPDH2 from S-nitrosylation under

NO stress

S-nitrosylation, the modification of a cysteine thiol by NO, has
emerged as an important post-translational modification of sig-
naling proteins. Previous studies have shown that many pro-
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Fig. 3. The effect of Gpx3 on cell viability
under NO stress. The growth curves of
various yeast strains (wild-type (A), Agpx5
strain (B), and Agpx3 overexpressing
Gpx3 (C)) were measured. The Agpx3
strain showed greater sensitivity to GSNO
during the early exponential phase. This
sensitivity disappeared by reintroduction of
Gpx3.

=] V-
o F
i P ;
. _-'/‘"I“J r = T4I
11 .<.u‘u‘:":xrv+i?'.'
I s
L] L] T T T T
] 4 L] L] W 17 W W W N n M N 2 4 L] L ]
culture time (h)
c Agpx3 overexpressing Gpx3
L] r I
- cTL e
—C— 2mM GSNO .2
#1 —7— 4mM GSNO 4
g o /
= o
e
21 =
= u"" .
| e ~11

S i

2 4 L] T W N W W W m™ -z M DN

culture time (h)

teins are inactivated by S-nitrosylation of active cysteine resi-
dues. It has also been demonstrated that mammalian GAPDH
is S-nitrosylated upon exposure to NO stress (Meyer-Sieglar et
al., 1991; Nathan, 1992; Nilkantha et al., 2008). Therefore, we
speculated that GAPDH in S. cerevisiae would also be S-nitro-
sylated under NO stress. Interestingly, Agpx3 strain showed
elevated S-nitrosylation level of GAPDH, while the S-nitrosy-

lation level of GAPDH recovered by re-introduction of Gpx3 (Fig.

2A). Next, we investigated whether Gpx3 contributes to the
protection of GAPDH activity during NO stress (Fig. 2B). In the
Agpx3 strain, GAPDH activity decreased by more than 30%,
compared with that of the control strain (YPH499). However,
GAPDH activity decreased only by approximately 8% in the
Agpx3 strain overexpressing Gpx3. Therefore, this finding indi-
cates that GAPDH activity may be protected by Gpx3 through
the lowering of the S-nitrosylation level of active cysteine resi-
due.

Cell growth is affected by Gpx3 after exposure to

NO stress

We next investigated the effect of Gpx3 on cell growth after
exposure to NO stress (2 mM and 4 mM of GSNO) (Fig. 3). As
shown in Fig. 3B, the growth retardation was observed in the
Agpx3 strain between 12 and 16 h of culture time after treat-
ment with 2 mM GSNO. The spot assay also showed that cell
viability was slightly reduced in the Agpx3 strain (Fig. 4). These
results strongly suggest a relationship between Gpx3 and cell
viability via S-nitrosylation of GAPDH.

DISCUSSION

It has been well documented that GAPDH is a multi-functional
protein with multiple intracellular localizations and diverse activi-
ties, independent of its traditional role in glycolysis. These other
activities include regulation of the cytoskeleton, membrane
fusion and transport (Hara et al., 2005), glutamate accumula-
tion into presynaptic vesicles (Tisdale, 2001), and roles of
GAPDH in nuclear fraction. Recently, the role of GAPDH as a
stress sensor and transducer in apoptosis was reported in other
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Agpx3 over-
expressing Gpx3

Fig. 4. Spot assays for evaluating the effect of Gpx3 on cell viability.
The YPH499, Agpx3, and Agpx3 overexpressing Gpx3 strains were
examined for their viability against GSNO stress by spotting cells
(10° 10°, 10%, 10% 102 and 10 cells) on YPD media in the presence
of GSNO (2 mM).

studies (Chuang et al., 2005; Hara et al., 2006). Apoptotic stim-
uli induce the generation of NO either by induction of iNOS or
by activation of NNOS. NO S-nitrosylates GAPDH at the cata-
lytic cysteine residue, which is critical for the catalytic function of
the enzyme. This abolishes catalytic activity but confers GAPDH
the ability to bind to Siah-1, an E3 ubiquitin ligase. Siah-1 pos-
sesses a nuclear localization signal and escorts GAPDH to the
nucleus where GAPDH increases the stability of Siah-1 (Meyer-
Sieglar et al., 1991; Nilkantha et al., 2008). This enables Siah-1
to degrade selected protein targets eliciting cell death. It is,
however, unclear whether GAPDH performs similar roles in S.
cerevisiae.

In this study, we suggest that Gpx3, one of the major antioxi-
dant enzymes in S. cerevisiae, is linked to GAPDH2 under NO
stress. Through immunoprecipitation and pull-down assays, the
interaction between Gpx3 and GAPDH2 was confirmed both in
vivo and in vitro (Figs. 1A and 1B). GAPDH2 interacts with
Gpx3 through its C-terminal catalytic domain (Fig. 1C). S. cere-
visiae has three isoforms of GAPDH. In addition, the homology
among the isoforms is above 90% at the nucleotide level.
Therefore, Gpx3 may also interact with other GAPDH proteins.
Gpx3 prevents GAPDH from undergoing S-nitrosylation and
thereby contributes to the maintenance of GAPDH activity (Fig.
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2). Thus, in S. cerevisiae, Gpx3 increased cell viability during
NO stress (Figs. 3 and 4). From these data, we suggest that
Gpx3 is possibly involved in a defense mechanism against NO
stress, through lowering the S-nitrosylation level of GAPDH.
Further studies are necessary to determine the details of the
mechanisms by which Gpx3 lowers S-nitrosylation level of
GAPDH.
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