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ABSTRACT

Sirtuins, a family of proteins with homology to the
yeast silent information regulator 2 (Sir2), are NAD*-
dependent histone deacetylases and play crucial
roles in energy sensing and regulation in yeast
and animal cells. Plants are autotrophic organisms
and display distinct features of carbon and energy
metabolism. It remains largely unexplored whether
and how plant cells sense energy/redox status to
control carbon metabolic flux under various growth
conditions. In this work, we show that the rice nu-
clear sirtuin OsSRT1 not only functions as an epi-
genetic regulator to repress glycolytic genes ex-
pression and glycolysis in seedlings, but also in-
hibits transcriptional activity of glyceraldehyde-3-
phosphatedehydrogenase (GAPDH) that is enriched
on glycolytic genes promoters and stimulates their
expression. We show that OsSRT1 reduces GAPDH
lysine acetylation and nuclear accumulation that are
enhanced by oxidative stress. Mass spectrometry
identified six acetylated lysines regulated by Os-
SRT1. OsSRT1-dependent lysine deacetylation of Os-
GAPDH/1 represses transcriptional activity of the pro-
tein. The results indicate that OsSRT1 represses gly-
colysis by both regulating epigenetic modification
of histone and inhibiting the moonlighting function
of GAPDH as a transcriptional activator of glycolytic
genes inrice.

INTRODUCTION

Sirtuins are a family of proteins with homology to the silent
information regulator 2 (Sir2) in yeast, initially identified
as a genetic silencing factor (1). Sir2 is a nicotinamide ade-

nine dinucleotide (NAD™")-dependent deacetylase that tar-
gets histones and non-histone proteins. Sir2 has been linked
to lifespan extension associated with calorie restriction and
regulation of stress response, apoptosis, and DNA repair
(2-9). Seven sirtuin homologs (SIRT1-7) have been identi-
fied in mammals, of which SIRT1 is the closest homolog in
structure and function to the yeast Sir2 (10). The 7 mam-
malian sirtuins occupy discrete subcellular compartments
with SIRT1 mainly found in the nucleus, although its cyto-
plasmic localization has also been reported (11,12). SIRT2
is mainly in the cytoplasm, while SIRT3, SIRT4, and SIRTS
are in the mitochondrion (13). SIRT6 is predominantly lo-
calizes in the nucleus (14), and SIRT7 was reported to re-
side in the nucleolus (15). Because sirtuins require NAD™*
as a substrate, the concentration of which is determined by
the nutritional state of the cell, the expression and activ-
ity of these enzymes are tightly coupled to changes in cellu-
lar energy/redox status in yeast and animal cells (16-18). In
animal cells, sirtuins play crucial roles in metabolic regula-
tion to adapt to the changing environmental conditions and
are considered to be metabolic and stress-sensor proteins
(19). In mammalian cells under calorie restriction (starva-
tion, fasting, and exercise), cells typically shift from growth
to survival mode and alter metabolism towards functions
important for viability (20). In this situation, acetyl-CoA
is oxidized through the full tricarboxylic acid (TCA) cycle
in the mitochondria for ATP synthesis, instead of shipping
acetyl units out to the cytosol for biosynthesis. The rate of
NADH oxidation in the oxidative phosphorylation chain
exceeds the reduction of NAD™ thereby increasing the cellu-
lar NAD"/NADH ratio. The resulting elevation in NAD*
activates sirtuin deacetylases, which in turn represses glycol-
ysis to favor mitochondrial respiration.

In contrast to in the mammals, only 2 sirtuin genes have
been identified in rice, OsSRT1 and OsSRT2. OsSRT1 ap-
peared to be mainly localized in the nucleus (21), while Os-
SRT?2 is in the mitochondria (22,23). Phylogenetic analysis
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suggests that OsSRT1 is closely related to the mammalian
SIRT6, and OsSRT2 to SIRT4 (24). Knock-down of Os-
SRTI leads to oxidative burst and cell death, whereas over-
expression of the gene enhances tolerance to oxidative stress
in rice (21), suggesting that loss- or gain-of-function of Os-
SRT1 alters the expression of redox-related genes and cel-
lular redox status. Being photosynthetic organisms, plants
are autotrophic and there are significant differences in pri-
mary carbon and energy metabolisms and in metabolic and
signaling pathways. For instance, glycolysis is induced un-
der both biotic and abiotic stresses, and tricarboxylic acid
(TCA) cycle is particularly high during light to dark transi-
tion (25-27). Although previous data indicate that OsSRT 1
is directly involved in epigenetic regulation of metabolic
gene expression in both seedlings and developing seeds
(28,29), it remains largely unknown whether and how Os-
SRT1 regulate energy and metabolic flux in plant cells.

Glyceraldehyde-3-phosphatedehydrogenase (GAPDH),
an obligatory enzyme in glycolysis, is found in or-
ganisms from all kingdoms of life. The enzyme cat-
alyzes the conversion of glyceraldehyde-3-phosphate to 1,3-
bisphosphoglyceric acid and reduces NAD™ to NADH in
the presence of NAD™ and inorganic phosphate (30). An-
imal cells contain only one isoform of GAPDH. In addi-
tion to the role in glycolysis, animal GAPDH displays many
other so-called moonlighting activities in several unrelated
non-metabolic processes such as DNA repair, RNA bind-
ing, membrane fusion and transport, cytoskeletal dynamics,
autophagy and cell death (31-33). This functional versatil-
ity is regulated, at least in part, by redox post-translational
modifications that alter GAPDH catalytic activity and in-
fluence the subcellular localization of the enzyme (34,35).

Plants possess multiple GAPDH isoforms (30,36), in-
cluding chloroplastic photosynthetic GAPDHs (GAPA,
GAPB) that use NADPH to generate NADP* in the
Calvin-Benson reaction, cytosolic glycolytic GAPDHs
(GAPC) and plastidic glycolytic GAPDHs (GAPCp),
and the NADP-dependent non-phosphorylating cytosolic
GAPDH (NP-GAPDH). Therefore, by contributing to the
NAD(P)*/NAD(P)H ratio of the cell, plant GAPDHs can
influence both cellular redox as well as general metabolism.
Similar to mammalian cells, plant glycolytic GAPDH
was detected both in the cytoplasm and in the nucleus
and the nuclear localization is enhanced under diverse
stresses (30,37-39). However, the mechanism by which
plant GAPDH trans-localizes to the nucleus remains un-
known. In addition, it was shown that GAPDH, as well as
many other primary metabolic enzymes, is acetylated at sev-
eral lysine residues in animal and plant cells (40-43). Al-
though acetylation is shown to affect the enzymatic activity
of GAPDH (43,44), it is unclear whether it has any effect
on the moonlighting function of the protein.

In this paper, we show that OsSRT1 represses glycoly-
sis by mediating deacetylation of both histone and the gly-
colytic GAPDH that is found in this work to also func-
tion as an activator of glycolytic gene expression. Os-
GAPDHI is enriched on the promoter of several glycolytic
genes and activates their expression. OsSRT 1-mediated ly-
sine deacetylation of GAPDH inhibits its nuclear accumu-
lation and transactivation. The results suggest that OsSRT1
may regulate carbon metabolic flux by coordinating pri-
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mary metabolism and gene expression for plant to adapt to
the changing environmental conditions.

MATERIALS AND METHODS
Plant materials and rice growth conditions

OsSRTI RNAi (R1, R2 and R3) and over-expression
transgenic lines (OxSRT1-1(0X1), OxSRT1-2 (OX2) and
OxSRT1-3 (0OX3)) used in this study are previously re-
ported by Zhang et al (45). Both of GAPDHI RNAIi
and overexpression transgenic plants were produced in
Zhonghua 11 (ZH11) background, genotyped by PCR in
the T2 segregating populations.

For germination, seeds were surface-sterilized and germi-
nated in medium containing 0.8% agar supplemented with
3% (w/v) sucrose at 28°C (in light) and 24°C (in dark)
with a 14-h-light (full spectrum, 10 000 1X)/10-h-dark cy-
cle. For growth in field, germinated rice seedlings were
transplanted in the experimental field in Wuhan (30.4°N,
114.2°E), China.

Characterization of GAPDHI1 Insertion mutants

The T-DNA insertion mutants of rice gapdhl (03Z11EB03)
was confirmed by PCR using GAPDHI specific primers F1
and R1 and a T-DNA right border primer N. For RT-PCR
analysis of GAPDH|1 transcripts in the mutants, the primer
sets OsGAPDHI1-F/R were used. Actinl transcripts were
amplified as controls. Nucleotide sequences of the primers
are listed in Supplementary Table S4.

Substitution mutagenesis of GAPDH protein

Point mutation was introduced into the GAPDH1 protein
by the polymerase chain reaction (PCR) using the mutated
oligonucleotide primers. Two fragments, one from the N-
terminal half side and the other from the C-terminal half
side, were constructed for each mutant GAPDH1 proteins.
After amplification of the two fragments in which the mu-
tated sequences were overlapped, they were combined by a
polymerization reaction through the mutated sequence us-
ing PCR.

qRT-PCR

Total RNA was extracted from tissues using TRIzol
reagent (TransGen Biotech) according to the manufac-
turer’s protocol. Four micrograms of total RNA were
reverse-transcribed in a reaction of 20 wl by using DNase
I and M-MLV Reverse transcriptase (Invitrogen) to obtain
cDNA. The qRT-PCR was performed in an optical 96-well
plate that included SYBR Premix EX Taq and 0.5 .1 of Rox
Reference Dye II (Takara), 1 pl of the reverse transcrip-
tion reaction, and 0.25 pM of each gene-specific primer in
a final volume of 25 ul on the ABI PRISM 7500 PCR in-
strument (Applied Biosystems). Data were collected using
the ABI PRISM 7500 sequence detection system following
the instruction manual. The relative expression levels were
analyzed using the 224¢T method (46). The rice Actinl
gene was used as the internal control. All primers were an-
nealed at 60°C. Values represent the means obtained from



three biological replicates with independent mRNA isola-
tions, each replicate with 3 technical repeats. The sequences
of the primers used are listed in Supplementary Table S4.

Pull-down protein interaction assays

SRT1-His and GAPDHI1/2-GST fusion proteins were
expressed in Escherichia coli. Equal volumes of His
alone or SRTI1-His fusion proteins were incubated with
GAPDH1/2-GST proteins in total 1.2 ml volume of the
pull-down buffer (20 mM Tris—HCI, pH 8.0, 200 mM NacCl,
1 mM EDTA, 0.5% Lgepal CA-630 and protease inhibitor)
at 4°C with gentle upside down rotation overnight. His
beads (40 w1, Promega REF V8500) were added, followed
by six more hours of incubation. After extensive washing,
the pulled down proteins were eluted with His elution buffer
provided in the kit and denatured for 12% SDS-PAGE. Im-
munoblots were performed using anti-His antibody (abcam
ab9180; lot GR248369-2) and anti-GST antibody (abcam
ab19256; lot GR1093331-1).

Chromatin immunoprecipitation (ChIP)-qPCR

The chromatin immunoprecipitation (ChIP) experiments
were performed as described previously (47,48). Chromatin
was extracted and fragmented via ultrasound to 200-800
bp. Antibodies (5 pl) of anti-H3K9ac (07-352, Millipore),
anti-GFP (ab290, Abcam) and anti-OsSRT1 (28) were in-
cubated with 40 pl protein A/G beads (Invitrogen) at 4°C
for >4 h, after beads washing, 100 pl fragmented chro-
matin suspension was added, followed by incubation at
4°C overnight. After extensive washing and de-crosslink,
the precipitated and input DNA samples were analyzed by
qPCR. Primers for ChIP-qPCR are listed in Supplementary
Table S5. Three biological replicates were performed using
10-day-old seedlings harvested from three independent cul-
tures. Each biological replicate was tested with three tech-
nical repeats.

Rice protoplast preparation and transformation

Rice protoplasts were prepared from 14-day-old seedlings
of rice Zhonghua 11 growing on 1/2 MS-media as described
previously (49). The protoplasts were isolated with Diges-
tion Solution (10 mM MES pH 5.7, 0.5 M Mannitol, | mM
CaCl,, 5 mM beta-mercaptoethanol, 0.1% BSA, 1.5% Cel-
lulase R10 (Yakult Honsha) and 0.75% Macerozyme R10
(Yakult Honsha)) for 5 h. Next, the protoplasts were col-
lected and incubated in W5 solution (2 mM MES, pH 5.7,
154 mM NaCl, 5 mM KCI, 125 mM CaCl,) at 25°C for
30 min. Then, the protoplasts were collected by centrifuga-
tion at 100 g for 8 min and re-suspended in MMG solution
(4 mM MES, 0.6 M Mannitol, 15 mM MgCl,) to a final
concentration of 0.5-1.0 x 107 mI"!. Then, 8 wg plasmid
was gently mixed with 100 .l protoplasts and 110 wl PEG-
CaCl, solution (0.6 M Mannitol, 100 mM CaCl,, and 40%
PEG4000), and incubated at 25°C for 15 min. Two volumes
of W5 solution were added to stop the transformation. Pro-
toplasts were collected by centrifugation and re-suspended
in Wl solution (4 mM MES, pH 5.7, 0.6 M Mannitol, 4 mM
KCl), then cultured in 24-well culture plates for 12 h in the
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dark. Finally, the transformed protoplasts were collected by
centrifugation at 150 g for 8 min.

Transient expression assay in protoplasts

To determine the transcriptional activation activity of
OsGAPDHI, full-length OsGAPDHI was fused to the
GAL4 DNA binding domain (GAL4DBD) to generate the
GAL4DBD-OsGAPDHI fusion construct driven by the
35S promoter as effector. Rice GAPDHI and HXKI pro-
moters were used to drive the firefly luciferase LUC reporter
gene. In order to check the effect of OsSRT1 on the tran-
scriptional activation activity of OsGAPDH1, 35S:OsSRT1
construct as the coeffector of OsGAPDHI1. The effector
and reporter constructs, together with the construct con-
taining the Renilla luciferase gene driven by the Arabidop-
sis UBIQUITINS promoter (50) as an internal control, were
cotransfected into rice protoplasts in a ratio of 6:6:1 (effec-
tor:reporter:reference). The cotransfected protoplasts were
cultured for 12 h at 25°C in the dark. The luciferase activi-
ties were measured using the Dual Luciferase Reporter As-
say System (Promega) according to the manufacturer’s in-
structions. The relative reporter gene expression levels were
expressed as the ratio of firefly LUC to the Renilla luciferase.

For NAM (Nicotinamide) treatment of protoplasts,
NAM was dissolved into 10 and 100 mM with W1 solution.
Transfected protoplasts were cultured using the WI solu-
tion for 12 h at 25°C in the dark, the luciferase activities
were measured as described above.

Co-immunoprecipitation (ColP) assays

For Co-IP assays in tobacco, total proteins were extracted
from tobacco leaves that express the two candidate inter-
action proteins, which were tagged respectively with FLAG
and GFP, in Co-IP buffer (50 mM Tris—-HCI pH 8.0, 150
mM KCI, 1 mM EDTA, 0.5% Triton X-100, | mM DTT,
1 mM PMSF and 1x protease inhibitor cocktail tablets
(Roche)). After the immunoprecipitation using GFP beads
(GFP-TRAP, Chromo Tec), the samples were detected by
the OsSRT1 antibody (28).

For the co-immunoprecipitation (Co-IP) assays in rice
protoplasts, total proteins were extracted from OxSRT1-1
leaf protoplasts that were transfected with vectors express-
ing OsGAPDHI1 and OsGAPDH?2 tagged by GFP, in Co-IP
buffer as described above. The protein extracts were mixed
with GFP agarose beads (GFP-TRAP, Chromo Tec) and
then incubated at 4°C for 2 h. After being washed at least
5 times, the agarose beads were recovered and mixed with
the SDS-PAGE sample buffer. The samples were detected
by immunoblot using anti-OsSRT1 antibody (28).

For the co-immunoprecipitation (Co-IP) assays with
OsGAPDHI1-GFP plants, total proteins were extracted
from leaves with Co-IP buffer as described above. The pro-
tein extracts were mixed with GFP agarose beads (GFP-
TRAP, Chromo Tec) and then incubated at 4°C for 2 h. Af-
ter being washed at least 5 times, the agarose beads were
recovered and mixed with the SDS sample buffer. The sam-
ples were detected by immunoblot using anti-SRT1 anti-
body (28).
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Measures of glycolytic enzyme activity

The activities of HXK (51), PFK (52), PK (53) and
GAPDH (54) were assayed as described previously, using
kits purchased from SuZhou Keming Bioengineer Com-
pany, China, following the manufacturer’s instructions. Dif-
ferent genotype plants were germinated, and transplanted
into 1/2 MS medium. Seedlings (10-day-old) were collected
at 9:00 am. The seedlings were grinded in liquid nitrogen
and 100 mg grinded powers were incubated in 1 ml related
Enzyme Extract Buffers and enzymatic activities were mea-
sured according to instructions of the kits purchased from
SuZhou Keming Bioengineer Company.

Three biological replicates were performed on plants
from 3 independent cultures, each replicate were measured
with three technical repeats.

Specifically, HXK activities were based upon the reduc-
tion of NADP* to NADPH through the following reac-
tions:

D — glucose + ATP — glucose—6—P + ADP,

Glucose—6—P + NADP 4+ G6PDH — gluconate—6—P
+NADPH + H*

HXK activities were determined by NADPH absorbance
at the wavelength (\) 340 nm using the Tecan Microplate
Reader.

PFK activities were measured based upon change of
NADH concentration, and were determined by absorbance
at the wavelength (\) 340 nm using the Tecan Microplate
Reader.

PK activities were based on change of NADH concentra-
tion, and measured by absorbance at the wavelength (\) 340
nm:

Phosphoenolpyruvate — Pyruvate + ATP

Pyruvate + NADH + H* — Lactate + NAD™

For GAPDH activity, chloroplasts was removed by cen-
trifugation and GAPDH activities of cytosolic fractions
were measured based on change of NADH concentration
through the following reactions and determined by ab-
sorbance at the wavelength (N) 340 nm using the Tecan Mi-
croplate Reader:

1, 3—Diphosphoglycerate
+NADH — Glyceraldehyde—3—phosphate + NAD™

For a-KGDH activities, mitochondria were obtained by
centrifugation. After sonicate, the a-KGDH activities of
mitochondria were based on change of NADH concentra-
tion through the following reaction and determined by ab-
sorbance at the wavelength (\) 340 nm using the Tecan Mi-
croplate Reader:

a — Ketoglutarate + NAD*
+CoASH — Succinyl CoA + NADH + CO2 + H*

For PDH activities, mitochondria were obtained by cen-
trifugation. After sonication, PDH activities of mitochon-
dria were based upon change of 2,6-dDCPIP concentration
through the reaction and determined by absorbance at the
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wavelength () 600 nm using the Tecan Microplate Reader:
Pyruvate + CoAS — CH3—CO — CoA + CO2 + NADH

LC-MS/MS and data processing

Total proteins were extracted from tobacco leaves that ex-
press OsGAPDHI1 tagged with GFP, then the protein were
immunoprecipitated with anti-GFP antibody-conjugated
beads magnetic beads. Next, 0.5 pwg of the eluate was
performed deacetylation assay with 0.5 pg of the elu-
ate as control. Then the two mixtures were resolved by
SDS/PAGE. The bands were excised from SDS/PAGE
gel, fully trypsinized, and analyzed by reverse-phase LC-
MS/MS. MS was carried out at Thermo Scientific™ Q Ex-
active™ HF and data were processed using the comparative
proteomics analysis software Proteome Discoverer2.1.

Quantitative analysis of sugar content

Different genotype plants were germinated and trans-
planted into 1/2 MS medium. Seedlings (10-day-old) were
collected at 9:00 am. Approximately 100 mg of frozen leaf
was used for analysis. Soluble sugar was extracted using a
fixation solution (225 pl of methanol, 120 pl of CHCl;,
and 240 pl of ddH,0) at 70°C for 15 min. Samples were
centrifuged at 12 000 rpm for 10 min; 200 wl of super-
natant was transferred to a new tube and then dried at 80°C.
For methoximation, 40 .1 of methoxyamine hydrochloride
in pyridine (20 mg/ml) was added for 90 min at 30°C.
Then, 60 pl of N-methyl-N-trimethylsilyltrifluoroacetamide
were added, and the mixture was incubated at 37°C for 30
min. The derivatives were analyzed by gas chromatography—
mass spectrometry on a Thermo DSQII mass spectrometer
using a DB-5 ms column.

In vitro lysine deacetylase enzymes activity assay

The deacetylation reaction was performed in 50 wl of re-
action mixture containing Tris—HCI (pH 8.8), 5% glycerol,
50 mM NaCl, 4 mM MgCl,, | mM DTT, 500 uM NAD™, 3
ng GST-tagged SRT1 and 0.5 pg GFP-tagged OsGAPDHI1
proteins expressed in tobacco leaf cells, than incubated at
25°C for 6 h, the reaction was terminated by boiling. Sam-
ples were analyzed by electrophoresis in 12% SDS-PAGE
gels followed by immunoblotting.

Immunoblots

Proteins were extracted from wild-type and transgenic
plants. After being washed in acetone and dried, the pro-
teins were resuspended in Laemmli sample buffer (62.5
mM Tris—HCI, pH 6.8, 2% SDS, 25% glycerol, 0.01% bro-
mophenol blue and 10% B-mercaptoethanol), then sepa-
rated by 12% SDS-PAGE and transferred to an Immobilon-
P polyvinylidene fluoride (PVDF) transfer membrane (GE
Healthcare). The membrane was blocked with 2% BSA
in PBS (pH 7.5) and incubated overnight with primary
antibodies, such as anti-acetylated lysine (ab21623), anti-
GAPDH (ab%485) and anti-histone H3 (ab1791) at room
temperature. After three washes (30 min each), the sec-
ondary antibody [goat anti-rabbit IgG (Promoter)] at 1:10



000 dilution was used. Visualization was performed using
the Super Signal West Pico kit (Thermo) according to the
manufacturer’s instructions.

Yeast two-hybrid assays

Constructs for yeast two-hybrid analysis were generated
using the Matchmaker Gold Yeast Two-Hybrid System
(Clontech) vectors pGBKT7 and pGADT?7, which ex-
press protein fusions to the GAL4DNA-binding domain or
transcriptional activation domain, respectively. Full length
of ¢cDNA inserts encoding OsSRTI was introduced in
pGADT?7 using the restriction enzymes BamHI and EcoRI
and the Matchmaker Gold Yeast Two-Hybrid System as de-
scribed in the user manuals. Full length of cDNA inserts
encoding OsGAPDHI and OsGAPDH?2 were introduced in
pGBKT7 using the restriction enzymes BamH I and EcoR
I and the Matchmaker Gold Yeast Two-Hybrid System as
described in the user manuals. The analysis was performed
in strain AH109 carrying HIS3 and MEL1 reporters for re-
constituted GAL4 activity.

Phylogenetic analysis

The amino acid sequences of Arabidopsis GAPDH pro-
teins were downloaded from The Arabidopsis Information
Resource (http://www.arabidopsis.org/). The amino acid se-
quences of rice GAPDH proteins were downloaded from
TIGR Rice Genome Annotation (http://rice.plantbiology.
msu.edu/index.shtml). An unrooted neighbor-joining phy-
logenetic tree was constructed by generating 1000 random
bootstrap replicates using MEGA 5.1 software (55).

OsGAPDH Family gene expression profile analysis

Expression profile of OsGAPPDH family genes in 27 tis-
sues was extracted from the Rice Oligonucleotide Array
Database (http://www.ricearrary.org/index.shtml). Expres-
sion values were obtained by searching the data using
Affymetrix probe set ID of each gene for gene cluster anal-
ysis by the Cluster 3.0 program and the results were visual-
ized by the Treeview program.

RESULTS
OsSRT1 represses glycolysis in rice seedlings

To study sirtuin protein function in plant carbon
metabolism, we used RNAi and over-expression lines
of OsSRT1I (21,29). Analysis of transcriptome and histone
H3 lysine 9 acetylation (H3K9ac) chromatin immunopre-
cipitation sequencing (ChIP-seq) data of OsSRTI RNAIi
seedlings found that genes involved in primary carbon
metabolism such as glycolysis were enriched for higher
H3K9ac and up-regulation (Supplementary Table SI)
(28). qRT-PCR and ChIP-qPCR confirmed the higher
H3K9ac and transcript levels of glycolytic genes encod-
ing hexokinase (HXK), 6-phosphofructokinase (PFK),
fructose-1,6-bisphosphatase (FBP), aldose 1-epimerase
(Ald1-Ep), and GAPDH, (Supplementary Figure SIA
and B). ChIP assays with polyclonal antibody of OsSRT1
revealed that the protein was also enriched at the promoter
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Figure 1. Expression levels of OsSRT1 affect glycolytic activity. (A) Rela-
tive activities of glycolytic enzymes HXK, PFK, PK, and GAPDH in 12-
d-old seedlings of OsSRTI RNAIi (R1, R2 and R3), and over-expression
transgenic (OX1, OX2 and OX3) compared to their respective wild type
(MH63 and ZH11). (B) NADH/NAD™ ratios in the different genotypes.
(C) Glucose contents in the OsSRT1 transgenic plants relative to wild type.
Bars are means + SD from three biological replicates and each replicate
with three technical repeats. Significant differences are indicated (7 test, n
=3),*P < 0.05; **P < 0.01.

or the 5 region of the glycolytic genes (Supplementary
Figure S1C). Enzymatic activities of HXK, PK, PFK and
GAPDH increased in the RNAI lines, but decreased in
the over-expression plants (Figure 1A). The NAD™ levels
decreased in the RNAI, but increased in the over-expression
lines, whereas the NADH levels displayed the opposite
accumulations. Consequently, the NADH/NAD" ratio was
clearly augmented in the knockdown plants but reduced in
the over-expression lines (Figure 1B). This was consistent
with the increases of activity of GAPDH and other gly-
colytic enzymes in the RNAIi plants (Figure 1A). Dosage
of sugar contents revealed a clear decrease of glucose
accumulation in the RNAi and mutant seedlings (Figure
1C), while no change was observed for fructose, maltose,
or sucrose (Supplementary Figure S2A). Collectively, the
data indicated that the rice sirtuin protein OsSRT1 has a
function to repress glycolysis. By contrast, mitochondrial
respiration rate, as measured by oxygen consumption, was
much reduced in the RNAI leaves while no clear change
was observed in the over-expression plants after light to
dark transition (Supplementary Figure S2B), during which
period TCA cycle has been shown to be at the highest levels
in plant leaves (25,26). Accordingly, key TCA enzymes such
as pyruvate dehydrogenase (PDH) and a-ketoglutarate
dehydrogenase (a-KGDH) were decreased in the RNAIi
and increased in the over-expression lines (Supplementary
Figure S2C). The data suggest that OsSRT1 may positively
regulate TCA cycle in plants.
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OsSRT1 interacts with GAPDH

To study the molecular mechanism of OsSRT1-mediated
regulation of glycolysis, we undertook yeast two-hybrid
screenings with OsSRT1 as bait. GAPDH was found to
be among the candidate of OsSRT1-interacting proteins
identified. In rice, there are 3 cytosolic glycolytic GAPDH
proteins (OsGAPDHI1, OsGAPDH2 and OsGAPDH)Y),
closely related to Arabidopsis GAPC1 and GAPC2 (Sup-
plementary Figure S3A). GFP fusions of OsGAPDHI1, Os-
GAPDH2 and OsGAPDHS were found to be localized
in both cytoplasm and nucleus, whereas GFP fusions of
the other members were found to be co-localized with
chloroplasts (Supplementary Figure S3A). OsGAPDHI,
OsGAPDH?2 and OsGAPDHS5 were highly expressed in dif-
ferent organs and at different developmental stages (Supple-
mentary Figure S3B). OsGAPDHI1 and OsGAPDH2 pro-
teins could form dimers in yeast two-hybrid system (Sup-
plementary Figure S3C). To confirm the interaction be-
tween OsSRT1 and OsGAPDHI1 or OsGAPDH2, we ex-
pressed the proteins tagged with 6XHis or GST in E. coli
and performed in vitro pull-down assays. The analysis indi-
cated that OsGAPDH1/2-GST fusion proteins could inter-
act with OsSRT1-His in vitro (Figure 2A). The interaction
was confirmed in transiently transfected tobacco cells us-
ing 35S:0sSRT1-Flag together with 35S:0sGAPDH1-GFP
or 35S5:0sGAPDH2-GFP. From the transfected tobacco
cell extracts, OsGAPDH1-GFP or OsGAPDH2-GFP pro-
teins could be precipitated by anti-Flag but not by IgG
(Figure 2B). Furthermore, OsSRT1 protein was shown to
interact with OsGAPDHI1-GFP or OsGAPDH2-GFP in
transgenic rice cells by co-immunoprecipitation with anti-
GFP followed by Immunoblots with the antibody of Os-
SRTT1 (Figure 2C). The interaction occurred in the nucleus
as demonstrated by BiFC in rice protoplast cells express-
ing OsGAPDH1/2-pVYCE and OsSRT1-pVYNE (Figure
2D).

OsGAPDHLI is required for expression of glycolytic genes

To study functional significance of the interaction between
OsSRT1 and OsGAPDHI1, we identified a T-DNA mutant
line of OsGAPDH]I (Figure 3A), in which the transcript
level of the gene was severely reduced (Figure 3B). Interest-
ingly, the expression of OsGAPDH?2 was also reduced (Fig-
ure 3B), suggesting that OsGAPDH1 loss-of-function may
affect the expression of OsGAPDH?2. A similar situation
was observed in individual knockout lines of Arabidopsis
GAPDH genes, in which transcripts and enzymatic activ-
ity of most of GAPDH family members are reduced (56).
Germination rate of the mutant was highly reduced (Sup-
plementary Figure S3F), and seedling growth was severely
retarded, but the delay was made up at mature stages (Fig-
ure 3C). In the mutant, transcripts of other glycolytic genes
were clearly reduced (Figure 3D). Glycolytic enzymatic ac-
tivities (i.e. HXK, PK, PFK and GAPDH) were reduced
in the mutant seedlings (Figure 3E). The similar effects
on gene expression and germination were also produced in
several RNAI lines of OsGAPDHI (Supplementary Figure
S3E and F).

We also produced several 35S:0OsGAPDHI-GFP over-
expression plants in which the OsGAPDHI1-GFP fusion
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Figure 2. OsSRT1 interacts with OsGAPDH1 and OsGAPDH2. (A) Pull-
down assays of interaction between OsSRT1 and OsGAPDHI1 (left) and
OsGAPDH?2 (right). OsSRT1-6XHis fusion protein or 6XHis alone (from
PET32a vector) was incubated with OsGAPDHI1-GST or OsGAPDH2-
GST followed by immunoprecipitation with anti-His antibody and ana-
lyzed by immunoblots with anti-GST and anti-HIS. (B) Co-IP assays of in
vivo interaction between OsSRT1 and OsGAPDHI1 (upper part) and Os-
GAPDH?2 (lower part) in tobacco cells. Nuclear proteins were extracted
from tobacco leaves that were injected with Agrobacteria transformed with
358:0sSRT1-FLAG together with binary vectors 35S:GAPDHI1-GFP or
35S:GAPDH2-GFP, and immuno-precipitated with anti-FLAG or with
IgG as controls, followed by immunoblots with anti-GFP. (C) Co-IP as-
says of in vivo interaction between OsSRT1 and OsGAPDHI (upper part)
and OsGAPDH2 (lower part) in rice cells. Nuclear proteins were extracted
from wild type or 35S:0sGAPDHI1-GFP transgenic rice seedlings (10-
day-old), or from rice seedling protoplasts transiently transfected with
355:0sGAPDH2-GFP or with 35S:GFP, and immuno-precipitated with
anti-GFP, followed by immunoblots with anti-OsSRT1 and anti-GFP.
(D) Interactions between OsSRT1 and OsGAPDH1/2 occur in the nu-
cleus. Rice protoplasts were transfected by OsGAPDH1-pVYCE (left) or
OsGAPDH2-VYCE (right) with OsSRT1-pVYNE or pVYNE alone. Re-
constructed fluorescent YFP by the interactions was visualized by excita-
tion at 488 nm. GHD7-CFP, a rice nuclear localized protein, was used as
a control. Chlorophyll auto-fluorescence was excited at 543 nm. Bars = 10
pm.
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Figure 3. OsGAPDHI is required for glycolytic enzymes activity and
gene expression. (A) Characterization of gapdhl T-DNA mutant line. Left,
Schematic representation of the OsGAPDH]I locus. The T-DNA insertion
position in the seventh intron is indicated by red arrow head. The posi-
tions of primers F1, R1, and N used for genotyping are indicated. Os-
GAPDHI specific primers used for RT-PCR are indicated by green arrows.
Right, Genotyping of the gapdhl T-DNA insertion. W, wild type; H, het-
erozygosis; M, homozygote. (B) Detection of OsGAPDH1/2 transcripts
level in gapdhl. (C) The gapdhl mutant phenotypes at seedling and mat-
uration stages. (D) Transcript levels of glycolytic genes (A/d I-Ep, 6-PFK,
F-1,6-BP, GAPCP-1, TRI and AcCoA Syn). Actinl was used as an inter-
nal control. (E) Glycolytic enzyme activities in the gapdhl mutant relative
to wild type. (F) OsGAPDHI1 associated directly with the glycolytic genes.
ChIP-qPCR assays were performed with seedling chromatin fragments of
OsGAPDH-GFP plants using anti-GFP and anti-IgG, respectively. Small
black lines indicate the relative positions of the primer sets P1 to P4 (left to
right). Green line = 1 kb. Anti-IgG was used as controls. Bars in qRT-
PCR, enzymatic activities, and ChIP-PCR are means £+ SD from three
biological replicates. Each replicate was performed using independently
cultured plants. Significant enrichments (¢ test) calculated from three bi-
ological replicates are indicated (*P value < 0.05, **P value < 0.01).
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protein was detected in both cytoplasm and nucleus (Sup-
plementary Figure S3G). Analysis of the transgenic plants
by ChIP-qPCR assays using anti-GFP revealed clear en-
richments of OsGAPDHI-GFP mostly in the 5 regions
(near the transcriptional start site, TSS) of 9 glycolytic genes
(Figure 3F), suggesting that GAPDH may be associated to
chromatin of glycolytic genes promoters.

OsGAPDHI1 trans-activates glycolytic gene promoters

To check whether OsGAPDHI could trans-activate gly-
colytic gene promoters, we constructed a vector express-
ing the fusion between OsGAPDHI1 and the GAL4
DNA-binding domain under the control of 35S promoter
(35S:GAL4DBD-GAPDHI1), and used this effector vec-
tor and the control vector (35S:GAL4DBD alone) to co-
transfect rice protoplasts together with the GAL4-LUC re-
porter vector (Figure 4A), as described previously (50). The
GAL4DBD-GAPDHI fusion augmented the LUC activ-
ity by ~5-fold compared to GAL4DBD alone, indicating
a transcriptional activation function of OsGAPDHI1 (Fig-
ure 4B and E). To study whether OsGAPDHI activates gly-
colytic gene promoters, we constructed reporter vectors us-
ing the promoter region of OsGAPDHI, OsGAPDH2, Os-
HXKI and OsALDOI to drive the expression of luciferase
(LUC) gene (Figure 4B), and co-transfected rice proto-
plasts together with the effector vector 35S:GAL4DBD-
GAPDHI1 or the control vector 35S:GAL4DBD. The anal-
ysis found similar results as with the GAL4-LUC reporter
(Figure 4B). Without the DBD domain, OsGAPDHI1 could
also activate the tested glycolytic promoters (Figure 4C).
The data indicated that OsGAPDHI1 could bind to and ac-
tivate glycolytic gene promoters and OsGAPDH1 was auto-
regulated. Similarly, OsGAPDH2 and GAPDHS showed
a transactivation function (Supplementary Figure S4A).
Deletion analysis of OsGAPDHI and OsHXKI promot-
ers revealed that the P3 region (close to TSS) of each pro-
moter was responsive to transactivation by the OsGPADH]1
protein (Figure 4D), consistent with the enrichment of the
protein on the promoter regions (Figure 3F). However, the
transcriptional activity with P3 was lower than with the full
promoter, suggesting that sequences in P2 region may be
also involved in OsGAPDH 1-mediated transactivation. In-
terestingly, when deleted to the C (catalytic) or the N (NAD
binding) domain, OsGAPDHI1 was still able to activate the
reporters (Supplementary Figure S4B). A possible explana-
tion would be that both the C and N domains served as scaf-
fold for homo-dimerization with endogenous GAPDH pro-
teins that exist in tetramers in rice (57), or interaction with
other factors involved in transcription.

To test whether OsSRT1 had any effect on the Os-
GAPDHI1 function to activate the reporter genes, we in-
cluded in the transfections assays the 35S:0sSRT1 con-
struct and the empty vector as a control (Figure 4A). The
presence of 35S:OsSRT1 abolished the transactivation ef-
fect of GAL4DBD-GAPDHI, 2, or 5 (Figure 4B and E,
Supplementary Figure S4A), indicating that OsSRT1 in-
hibited the OsGAPDHI function of transcriptional activa-
tion. Addition of nicotinamide (NAM), an inhibitor of Sir2
family deacetylases, which has been shown to inhibit sir-
tuins in mammalian/yeast cell culture at 100 mM (58,59),
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Figure 4. OsGAPDHI activates glycolytic gene promoters in transient
expression assays. (A) Schematic representation of the effectors used in
the transient transfection assays of tobacco protoplasts. (B) Luciferase
activities from rice protoplasts transfected by the five reporters together
with the indicated effectors. (C) 35S:0sGAPDHI1 directly activates the Os-
GAPDHI1 and OsHXK promoters. (D) The OsGAPDHI and OsHXKI
promoter regions near the transcriptional start site are responsive to trans-
activation by the OsGAPDHI protein. green line = 1 kb. (E) Luciferase
activities from rice protoplasts transfected by OsGAPDHI1 and OsHXK
reporters together with the same effectors as in (B) in the presence of 0,
20 or 100 mM nicotinamide (NAM). The effector and reporter constructs,
together with the construct containing the Renilla luciferase gene as an in-
ternal control, were cotransfected into rice protoplasts in a ratio of 6:6:1
(effector: reporter: reference). Y-axis, relative reporter gene expression lev-
els expressed as the ratio of firefly LUC to the Renilla LUC activities. Data
are values of three independent assays. Significant differences with the cor-
responding control values are indicated by * P < 0.05 and **P < 0.01, 7 test,
n=3.

eliminated the inhibitory effect of OsSRT1 on OsGAPDH 1
transactivation function (Figure 4E). The results indicated
that the deacetylation activity of OsSRT1 was necessary to
inhibit OsGAPDH 1-mediated gene activation.

Lysine acetylation of OsGAPDHI1 is reversed by OsSRT1

It has been reported that GAPDH proteins are acetylated
in animal and Arabidopsis cells (41-43). To check whether
rice GAPDHs were acetylated, we precipitated leaf nu-
clear proteins extracts of wild type and OsSRT1 RNAi and

over-expression lines with commercial anti-GAPDH an-
tibodies that recognize plant GAPDHs. The precipitated
GAPDH proteins were analyzed by immunoblots using
anti-GAPDH and anti-LysAc antibodies. The analysis re-
vealed relatively higher acetylated GAPDH levels in SRT
RNAI nuclei and lower acetylated GAPDH levels in the
over-expression lines than in the respective wild type (Fig-
ure 5A). To study whether OsGAPDHI1, 2 were acetylated,
we isolated OsGAPDHI1-GFP and OsGAPDH2-GFP fu-
sion proteins by immune-purification using anti-GFP resins
from transiently transfected tobacco leaf cells and analyzed
by Immunoblots using antibodies of pan acetylated lysine
residues (anti-LysAc). The analysis revealed lysine acetyla-
tion of OsGAPDHI1-GFP and OsGAPDH2-GFP, but not
GFP alone (Figure 5B). To study whether OsSRT1 could
deacetylate OsGAPDHI1, nuclear proteins of tobacco leaf
cells transfected with 35S:0sGAPDH1-GFP together with
35S:SRT1-Flag or the empty vector, were immunoprecip-
itated with anti-GFP followed by immunoblots with anti-
LysAc and anti-GFP. The presence of OsSRT1 reduced the
acetylation levels of OsGAPDHI1 (Figure 5C). To study
whether OsSRT1 deacetylates OsGAPDHI-GFP in rice
cells, we introduced the binary vector 35S:0sGAPDHI-
GFP into protoplasts of OsSRTI RNAI, over-expression
and wild type leaves by transfection. The OsGAPDHI1-
GFP fusion proteins were immunopreciptated with anti-
GFP antibody. The precipitated proteins were subsequently
analyzed by immunoblots using anti-LysAc and anti-
GFP. The analysis revealed, for the same amounts of
OsGAPDH -GFP fusion protein, a higher acetylation level
of the protein was detected in the RNAIi, and a lower
acetylation level was detected in the over-expression back-
grounds compared to the wild type (Figure 5D). Finally,
to test whether OsSRT1 could deacetylate OsGAPDHI1 in
vitro, we produced and isolated OsGAPDH]1, 2 or 5-GFP
from tobacco cells and incubated with E coli-produced
OsSRT1-GST or GST alone. Lysine acetylation levels of
OsGAPDH-GFP fusions were tested by immunoblots with
anti-LysAc and anti-GFP (for loading controls). The analy-
sis confirmed that OsSRT1 could deacetylate OsGAPDHI,
2 and 5 (Figure SE; Supplementary Figure S4D).

To further confirm the deacetylation of OsGAPDHI by
OsSRT1, we performed mass spectroscopy analysis of to-
bacco cell-produced OsGAPDHI1 and found that 16 ly-
sine residues of OsGAPDH1 were acetylated (Figure SE,
Supplementary Table S2; Supplementary Dataset 1). Incu-
bation with OsSRT1 clearly reduced the acetylation levels
of six of them (K57, K74, K120, K217, K261 and K265)
(Figure 5E). Previous results have shown that Arabidopsis
GAPC?2 protein produced in E. coli is acetylated at four ly-
sine residues (K130, K216, K220 and K255) (43), of which
K220 corresponded to rice K217 that was the most fre-
quently acetylated among the six lysine residues (Figure
SE).

To test whether OsSRT1-regulated lysine acetylation was
important for OsGAPDHI1, we substituted the six acety-
lated lysine residues by Arg individually or in combinations
of two or three residues and tested transcriptional activity
of the mutants in transient transfection assays. The tests re-
vealed that except Lys120, substitution of the other five Lys
additively reduced the transactivation activity of the pro-
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Figure 5. OsSRT1 deacetylates OsGAPDHI. (A) Lysine acetylation of
rice endogenous GAPDH is regulated by OsSRT1. Nuclear proteins iso-
lated from wild type (MH63 and ZH11), OsSRTI RNAi and OXSRTI
transgenic plants leaves were immunoprecipitated by anti-GAPDH and
analyzed by immunoblots using anti-GFP and anti-LysAc (acetylated ly-
sine residues). Relative LysAc/GAPDH signals in the different genotypes
are measured by ImagelJ (right). Bars are means + SD from three mea-
sures of each of the two repeats. (B) In vitro acetylation of OsGAPDHI1
and OsGAPDH2. Transiently expressed OsGAPDH1-GFP, OsGAPDH2-
GFP or GFP alone were purified from tobacco cell extracts with anti-GFP
beads, analyzed by immunoblots with anti-LysAc and anti-GFP as con-
trols. (C) OsSRT1 reduces OsGAPDHI1 acetylation levels. Tobacco leaves
cells transiently expressed with 35S:GAPDHI-GFP together with (+) or
without (—) 35S:OsSRT1-FLAG, immunoprecipitated with anti-GFP, and
analyzed by immunoblots with anti-LysAc and anti-GFP. (D) OsSRT1
reduces OsGAPDHI1 acetylation levels in rice cells. Protoplasts of wild
type (WT), OsSRTI RNAI or over-expression (OXSRTI) leaves were tran-
siently transfected with 35S:OsGAPDHI-GFP. Nuclear proteins of trans-
fected protoplast were immunoprecipitated by anti-GFP and analyzed by
immunoblots with anti-GFP and anti-LysAc, respectively and indicated
at left. (E) Left upper part, OsSRT1 deacetylates OsGAPDHI1 in vitro. Es-
cherichia coli-produced OsSRT1-GST protein was incubated with tobacco
cell-produced OsGAPDH 1-GFP. Anti-GFP was used for loading controls
and anti-LysAc detected lysine acetylation levels of OsGAPDHI1-GFP in
the absence or presence of OsSRT1-GST. Left lower part, acetylation ra-
tios of indicated lysine residues of OsGAPDH1 detected by IP-MS analysis
of tobacco leaf cell-expressed GAPDH1-GFP protein (0.5 pg) in the pres-
ence or absence of OsSRT1-GST (3 pg). Right, molecular mass of an Os-
GAPDHI1 peptide without (upper) or with (lower) K217 acetylation (Ac)
detected by MS.
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Figure 6. Functional analysis of Lys to Arg substitution mutants of Os-
GAPDHI. (A) Transactivation function of indicated single, double or
triple substitution mutants compared to wild type OsGAPDHI in tran-
sient transfection assays. (B) Effect of the substitutions on nuclear accu-
mulation of OsGAPDHI-GFP in transfected rice protoplasts. The first
panel shows relative transfection efficiency of each construct tested by im-
munoblots with anti GFP. Coomassie staining was used for loading con-
trols. The lower panels show nuclear accumulation of the substitution mu-
tants relative to wild type OsGAPDHI revealed by immunoblots using
anti-GFP. Anti-H3 was used to control loadings of nuclear proteins. The
Imag]J software was used to quantify the signals indicated on the right. (C)
In vitro enzymatic activities of the substitution mutants relative to the wild
type OsGAPDHI protein. The wild type and mutants were produced as
GFP fusion proteins in tobacco cells and purified with anti-GFP resins.
(D) Enzymatic activity of tobacco cell-produced OsGAPDH1-GFP after
incubation with E. coli-produced OsSRT1-GTS or GST alone. Significant
differences are indicated by **P value < 0.01.

tein, suggesting that lysine acetylation of OsGAPDHI stim-
ulated its transcriptional activity (Figure 6A). In fact, Arg
substitutions of Lys 57, 74 and 217 together showed a clear
reduction of relative nuclear accumulation of OsGAPDH1-
GFP (Figure 6B). However, the substitutions of one or two
lysines reduced the GAPDH enzyme activity while simul-
taneous substitutions of Lys 57, 74 and 217 resulted in in-
creases of the activity in in vitro tests (Figure 6C). Incuba-
tion of with OsSRT 1 also increased the enzymatic activity of
OsGAPDH1-GFP produced in tobacco cells (Figure 6D).
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OsSRT1 regulates nuclear accumulation of GAPDH

The OsSRT1 RNAI or over-expression seemed not clearly
alter the overall levels of GAPDH proteins, although some
increases could be observed in the RNAIi plants (Supple-
mentary Figure S5A). This may be also due to the fact
that the polyclonal antibody detects all forms of (includ-
ing chloroplastic) GAPDH which may dilute any increase
of OsGAPDHI levels. Next, we studied whether OsSRT1
was involved in the regulation of rice GAPDH accumula-
tion in the nucleus. Protoplasts were prepared from leaves
of OsSRT1 RNAI, over-expression and wild type plants and
were transfected with 35S:0sGAPDH1-GFP. Fractions of
transfected protoplasts were used for total cellular and nu-
clear proteins extraction and analyzed by immunoblots us-
ing anti-GFP and anti-H3 as controls of nuclear protein
loading. The analysis revealed that with similar levels of
total OsGAPDHI1-GFP protein, the nuclear fraction of
the fusion protein was much higher in the OsSRTI RNAi
than in the wild type background. By contrast, in the over-
expression plants, the nuclear fraction of the fusion protein
was lower (Figure 7A). Analysis of the nuclear and cytoso-
lic fractions by immunoblots using anti-GFP revealed that
compared to wild type, much lower and much higher lev-
els of OsGAPDH1-GFP were respectively detected in the
RNAI and the over-expression supernatants or cytosolic
fractions (Figure 7B). Conversely, compared to wild type,
higher levels of the protein were detected in the nuclear frac-
tion of the RNAI and lower levels in the over-expression
line (Figure 7B). To study whether endogenous GAPDH
protein level in the nucleus was regulated by OsSRT1, nu-
clear and soluble cytosolic protein fractions of protoplasts
isolated from wild type and the transgenic leaves were an-
alyzed by immunoblots using anti-GAPDH. The analysis
revealed that there was a relative higher nuclear accumula-
tion of GAPDH in the RNAi and lower accumulation in
the over-expression lines compared to their respective wild
type (Figure 7C). These data suggested that OsSRT1 may
have a function to regulate the nuclear accumulation of Os-
GAPDHI1. OsSRT1-mediated inhibition of GAPDH nu-
clear accumulation is likely due to its deacetylation func-
tion, as treatment of wild type leaf protoplasts with the
deacetylase inhibitor sirtinol increased the nuclear propor-
tion of GAPDH (Figure 7D). This hypothesis was sup-
ported by reduced accumulation of the substitution mu-
tants of OsGAPDHI (Figure 6B).

OsSRT1 inhibits stress-induced nuclear accumulation of
GAPDH

As mentioned earlier, the nuclear localization of Arabidop-
sis GAPDH is enhanced by oxidative stresses. Nuclear lo-
calization of OsSGAPDHI1-GFP was also enhanced in rice
leaf cells and in transiently transfected tobacco leaf cells
when treated with 0.1% H,0O, during 30 min (Figure 8A).
Immunoblot analysis with anti-GAPDH in rice leaves in-
dicated that H,O, treatment did not clearly alter the over-
all levels of total GADPH proteins in either wild type or
the OsSRTI transgenic lines (Supplementary Figure S5B),
but increased acetylated fraction of the protein (Figure
8B). This reinforced the idea that oxidative stress induces
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Figure 7. OsSRT1 reduces nuclear accumulation of OsGAPDHI in rice
protoplasts. (A) Total and nuclear protein extracts of wild type (MH63 or
ZH11), OsSRTI RNAI and over-expression (OXSRT1) leaf protoplasts
transfected with 35S:OsGAPDHI-GFP were analyzed by immunoblots
using anti-GFP. Anti-H3 was used loading controls. (B) Soluble (super-
natant) and insoluble (nuclear pellet) fractions of the lysed transfected
protoplasts from the different genotypes (same as A) were analyzed by
Western blots using anti-GFP shown at right. (C) Detection of endoge-
nous GAPDH protein levels in the nuclear and supernatant fractions of
lysed rice leaf protoplasts detected by anti-GAPDH antibody. Coomassie-
staining in B and C are shown as loading controls. (D) Relative nuclear
accumulation of GAPDH in rice protoplasts treated with (right) or with-
out (left) the sirtuin inhibitor sirtinol revealed by anti-GAPDH. Anti-H3
was used controls. Nuclear (N) fractions relative to total (T) GAPDH lev-
els were determined by three measures of the two repetitions with ImagJ.
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Figure 8. OsSRT!1 inhibits nuclear accumulation of OsGAPDHI1 induced
by oxidative stress. (A) OsGAPDHI is enriched in the nucleus under
stress conditions. Cellular GFP signal in OsGAPDH-GFP root cells (left)
and tobacco leaf cells (right) transiently expressed 35S:OsGAPDHI1-GFP,
treated with or without (CK) H>O; (0.1%) for 30 minutes. Bars = 47 pm
(left) or 20 wm (right). (B) H,O; treatment increased the fraction of acety-
lated GAPDH in rice leaves. GAPDH proteins were immunoprecipitated
from nuclear extracts of leaves treated with or without H,O, (0.1%) for
30 min and analyzed by immunoblots with anti-LysAc and anti-GAPDH.
Relative signals were determined by three measures of the two repetitions
with ImagJ (right). (C) Total and nuclear protein extracts of OsSRTI
RNAI, OXSRT1I, and their respective wild type (MH63, ZH11) seedling
leaves treated with or without HyO, (0.1%) for 30 min and analyzed by
immunoblots using anti-GAPDH antibody. Anti-H3 was used as loading
controls. The bands were quantified by ImageJ program. The signals of
the nuclear fractions relative to that of total proteins were calculated after
normalization with H3 signals. Bars are means & SD of three measures of
each of the two repeats.

GAPDH posttranslational modification to promote nu-
clear localization in plant cells. However, the GAPDH enzy-
matic activity was increased (Supplementary Figure S3H),
consistent with higher glycolytic activity in stressed plant
tissues.

Immunoblots with anti-GAPDH were performed to an-
alyze the total and nuclear protein fractions extracted from
seedling leaves of wild type and the OsSRT transgenic lines
treated with or without 0.1% H,O,. Anti-histone H3 anti-
body was used as loading controls. The analysis revealed
that there were relatively higher nuclear accumulations of
GAPDH in the RNAi and lower accumulations in the over-

Nucleic Acids Research, 2017, Vol. 45, No. 21 12251

expression lines compared to their respective wild type (Fig-
ure 8C). The H,O,; treatment increased the nuclear accu-
mulation in the wild type, while the increase was further en-
hanced in the RNAI but attenuated in the over-expression
lines (Figure 8C). The data suggested that OsSRT1 may
have a function to prevent stress-induced nuclear accumu-
lation of GAPDH in rice, which is presumably achieved
through deacetylation of the protein.

DISCUSSION
OsSRT1 function of glycolysis regulation in rice

Mammalian sirtuin protein SIRT6 is shown to play a role in
redirecting carbohydrate flux from glycolysis to mitochon-
drial respiration through directly suppression of expression
of multiple glucose-metabolic genes such as pyruvate dehy-
drogenase kinase-1 (PDK1), lactate dehydrogenase (LDH),
phosphofructokinase-1 (PFK1), and glucose transporter-1
(GLUT1) by interacting with hypoxia inducible factor-la
(HIF1a) and deacetylating H3K9 at the promoter of HIF1a
target genes (60,61). HIF1a is known to modulate multiple
genes to activate glycolysis and repress simultaneously mi-
tochondrial respiration in a coordinated fashion in mam-
malian cells. The present work indicates that the rice sir-
tuin protein OsSRT1, which is most closely related to SIRT6
among the other mammalian sirtuins (24), also represses
glycolysis. The OsSRT1-mediated repression of glycolysis
would favor TCA cycle to support plant growth and fitness
under normal conditions. This hypothesis is supported by
the reduced growth of OsSRT1 RNAIi plants and more rig-
orous growth of OsSRTI overexpression plants (21). How-
ever, the present data indicate that in addition to epigeneti-
cally repressive glycolytic gene expression, OsSRT1 may re-
press glycolysis by deacetylating and inactivating the reg-
ulatory function of OsGAPDHI that is shown to activate
glycolytic genes. Therefore, substantial mechanistic differ-
ence may exist between plant and animal sirtuin proteins
for glycolysis repression.

Being influenced by photosynthesis and photorespira-
tion, carbon metabolic flux is complex in plant cells. For
instance, in illuminated leaves, glycolysis is low, cytosolic
glucose molecules do not enter glycolysis and are commit-
ted to sucrose synthesis, and there is only little consumption
by glycolysis of triose-phosphates synthesized by photosyn-
thesis (25,26). This indicates that glycolysis is low in pho-
tosynthetically active cells. The higher glycolic activity in
OsSRTI RNAI and mutant leaves supports the hypothesis
that OsSRT1 may contribute to lower glycolysis in photo-
synthetic cells. In the dark, enhanced TCA operates in leaf
cells producing energy and carbon backbones supporting
biosynthesis and growth (26). Intuitively, in the dark Os-
SRT1 activity in leaf cells would be induced by high levels
of NAD+ generated by TCA cycle, which would in turn en-
hance TCA cycle and reduce glycolysis. This presumption
is supported by decreases of mitochondrial respiration rates
(consumption of O5) observed in OsSRT1 RNAI leaves af-
ter light to dark transition (Supplementary Figure S2B).

Plant glycolysis is induced by diverse biotic and abiotic
stresses, such as pathogen attack, oxidative stress, and hy-
poxia or O, deficiency (56,62,63). The latter case is par-
ticularly important for anaerobic germination and seedling
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growth in rice (63). Enhanced glycolytic activity has been
linked to promotion of cell survival (32,64). In plants un-
dergoing stress responses, enhanced glycolysis may be im-
portant for providing additional energy required for resis-
tance or tolerance to stresses and to reactive oxygen species
(ROS) scavengers such as pyruvate and NADH. Under hy-
poxia conditions such as flooding and submergence, oxida-
tive phosphorylation and TCA cycle are inhibited; whereas
glycolysis is activated and is supported by fermentation
that re-oxidizes NADH to NAD" to allow the produc-
tion of ATP required for the survival of plant cells under
submergence. This is especially important for rice that has
unique capability to germinate and establish seedlings un-
der complete submergence, and to adjust growth to adapt
to flooding. The reduced germination rate and seedling
growth of OsGAPDHI knockout/knockdown plants sup-
ports this hypothesis (Supplementary Figure S3F, Figure
3C). Under hypoxia conditions, NAD*/NADH ratio is low
which may lead to reduced OsSRT1 activity, and conse-
quently enhanced glycolysis enabling plant stress tolerance
or resistance, whereas under normal growth conditions, Os-
SRT1 is likely to favor TCA cycle to support biosynthe-
sis and growth. From this point of view, OsSRT1 may play
an important role in the trade-off between stress resistance
and growth by coordinating gene expression and carbon
metabolic flux, which may be essential for plant adaptation
to the changing environmental conditions (65,66).

Nuclear accumulation and transcriptional function of Os-
GAPDHI1

Mounting evidence supports the concept that cytoplasmic
GAPDH may fulfill alternative, non-metabolic functions
that are triggered by redox post-translational modifications
of the protein under stress conditions (35). Recent data in-
dicate that glucose starvation also triggers phosphorylation
and nuclear import of GAPDH in animal cells (67). The
present and previous data support the notion that nuclear
localization of plant cytosolic GAPDHs is stimulated by
oxidative modifications which may enhance nuclear func-
tions of the proteins in plant cells (39,56,68). All phos-
phorylating GAPDHs share a similar structure including
a highly reactive catalytic cysteine that can undergo mul-
tiple redox-induced post-translational modifications in re-
sponse to ROS (30). However, recent results indicate that S-
nitrosylation of the cysteine residues does not affect stress-
induced nuclear accumulation of GAPCI in tobacco cells
(69). The present data suggest that lysine acetylation of
GAPDH may be also involved in the accumulation of the
protein in the nucleus of rice cells, which is negatively regu-
lated by OsSRTT1.

Although the nuclear localization of GAPDH is en-
hanced under stress conditions in animal and plant cells,
a direct transcriptional regulatory function of GAPDH has
not been identified so far, while a role has been assigned
to yeast GAPDH to promote Sir2-mediated normal silenc-
ing at the telomere and rDNA (70). The present data pro-
vide clear evidence that a glycolytic GAPDH functions as
a transcriptional activator of glycolytic genes in rice. It has
been shown that stress conditions, such as hypoxia, induce
expression of many genes involved in glycolysis and fermen-

Downl oaded from https://academ c. oup. conf nar/article-abstract/45/21/ 12241/ 4157412
by INRA (Institut National de |a Recherche Agrononmique) user
on 27 February 2018

tation in rice coleoptile and root tips of other plant species
(63). We hypothesize that the increased expression of gly-
colytic genes may be partly related to increased nuclear ac-
cumulation of GAPDH proteins under stress.

The enrichment of OsGAPDHI1 in chromatin of sev-
eral glycolytic genes (Figure 3F), is consistent with previ-
ous results that Arabidopsis cytosolic glycolytic GAPDH
(GAPC1 and GAPC?2) bind to a gene encoding the NADP-
dependent malate dehydrogenase (NADP-MDH) (37). In
addition, a recent work using Forster resonance energy
transfer experiments shows that tobacco GAPCI and
GAPC?2 interact with nucleic acids in the nucleus (69). The
enrichment of OsGAPDH 1 mostly near the TSS sites of gly-
colytic genes and the transactivation of proximal promoter
regions of OsGAPDHI and OsHXKI by the protein sug-
gest that OsGAPDH 1 may function in transcriptional acti-
vation. However, the enrichment of OsGAPDHI1 detected
in a relatively large region of glycolytic genes (Figure 3F),
is consistent with the binding of Arabidopsis GAPC1 and
GAPC?2 to several DNA fragments that nearly cover the
whole coding region of NADP-MDH (37). In line with the
observations that the binding to NADP-MDH by GAPCI1
and GAPC2 cannot be narrowed down to a specific motif
(37), we failed to detect specific binding of OsGAPDHI1 to
a promoter region of glycolytic genes by in vitro gel shift
assay. Based on these observations, we hypothesize that nu-
clear localized GAPDH proteins may not function as typi-
cal sequence-specific DNA-binding transcription factors.

Regulation of OsGAPDHI1 function by OsSRT1-mediated
deacetylation

It is well established that histone lysine acetylation plays
an essential role in chromatin regulation and gene expres-
sion in eukaryotic cells. Recent results have shown that ly-
sine acetylation occurs in a large number of proteins of di-
verse biological function (41-43). OsSRT1 is a potent hi-
stone H3K9 deacetylase in rice (21,28). The finding that
OsSRT1 deacetylates OsGAPDHI indicates that OsSRT1
targets non-histone proteins in the nucleus. Since in the
transient expression experiments in protoplasts the trans-
fected DNA does not get a nucleosome-like structure, the
repressive effect of OsSRT1 on OsGAPDH 1-mediated gene
transcription is unlikely due to histone deacetylation, but
rather due to deacetylation of the OsGAPDHI protein.
Thus, OsSRT1 also regulates gene expression by deacety-
lating non-histone proteins. Acetylation of OsSRT1-targetd
OsGAPDHI lysine residues were found to be important for
nuclear accumulation and transcriptional activation, indi-
cating that stress-induced higher glycolytic gene expression
is counterbalanced by OsSRT1. The increased enzymatic
activities in OsGAPDHI1 Lys57, 74 and 217 substitution
mutants and by OsSRT1 deacetylation of the protein are
consistent with previous results in Arabidopsis that deacety-
lation of GAPC?2 increases the enzymatic activity by >3-
fold (43). The reason of distinct effects of lysine acetylation
on transcriptional function and enzymatic activity of Os-
GAPDHI1 is unclear at this stage. We hypothesize that lysine
acetylation may induce higher nuclear accumulation or in-
teraction of the protein with transcriptional apparatus, but
may affect substrate binding and/or structure of active cen-
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Figure 9. Schematic representation of OsSRT1 actions in repression of gly-
colysis in rice.

ter of the enzyme. Although the cytosolic/nucleic ratio of
GAPDH is lower under H,O, stress, the enzymatic activity
increased (Supplementary Figure S3H).This suggests that
the overall GAPDH activity and/or expression is induced
by stress signals, consistent with higher glycolytic activity
under stress in plants. We hypothesize that in deacetylated
form in cytosol under normal conditions, GAPDH is enzy-
matically active, whereas in acetylated form in the nucleus,
the protein functions as a transcriptional activator to stimu-
late glycolysis, which is inhibited by OsSRT1 in the nucleus.

In conclusion, the present results indicate that rice nu-
clear sirtuin OsSRT1 represses glycolysis by deacetylating
both histones and GAPDH, inhibiting its nuclear accumu-
lation and function as a transcriptional activator of gly-
colytic genes (Figure 9).
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