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Regulation of Glycolytic Enzyme Phosphoglycerate Mutase-1
by Sirt1 Protein-mediated Deacetylation□S �
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William C. Hallows‡, Wei Yu‡§, and John M. Denu‡§1
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Background: Recent proteomic studies suggest that lysine acetylation might regulate many metabolic pathways.
Results: NAD�-dependent deacetylase Sirt1 deacetylates phosphoglycerate mutase-1 (PGAM1) and attenuates catalytic
activity.
Conclusion: Sirt1 directly modulates glycolysis.
Significance: These results advance our understanding of the regulatory impact of reversible acetylation on major metabolic
pathways.

Emerging proteomic evidence suggests that acetylation of
metabolic enzymes is a prevalent post-translational modifica-
tion. In a few recent reports, acetylation down-regulated activity
of specific enzymes in fatty acid oxidation, urea cycle, electron
transport, and anti-oxidant pathways. Here, we reveal that the
glycolytic enzyme phosphoglycerate mutase-1 (PGAM1) is neg-
atively regulated by Sirt1, a member of the NAD�-dependent
protein deacetylases. Acetylated PGAM1 displays enhanced
activity, althoughSirt1-mediateddeacetylation reduces activity.
Acetylation sites mapped to the C-terminal “cap,” a region pre-
viously known to affect catalytic efficiency. Overexpression of a
constitutively active variant (acetylatedmimic) of PGAM1 stim-
ulated flux through glycolysis. Under glucose restriction, Sirt1
levels dramatically increased, leading to PGAM1 deacetylation
andattenuatedactivity.Previously,Sirt1hasbeen implicated in the
adaptation fromglucose to fatburning.This study (i)demonstrates
that protein acetylation can stimulatemetabolic enzymes, (ii) pro-
vides biochemical evidence that glycolysis is modulated by revers-
ible acetylation, and (iii) demonstrates that PGAM1 deacetylation
and activity are directly controlled by Sirt1.

Metabolic processes are regulated by a number of different
mechanisms, including allosteric regulation, enzyme degrada-
tion, and reversible phosphorylation. Recently, reversible
acetylation of protein lysine residues has been shown to directly
regulate enzymatic activity, including acetyl-CoA synthetase 1
and 2, oxidative phosphorylation complex I, glutamate dehy-
drogenase, carbamoyl-phosphate synthase 1 (CPS1), long chain
acyl-CoA dehydrogenase, HMG-CoA synthase 2, isocitrate
dehydrogenase 2 (IDH2), superoxide dismutase 2 (SOD2), and
phosphoenolpyruvate carboxykinase (1–12). Except for yeast
phosphoenolpyruvate carboxykinase (4), acetylation decreased
enzymatic activity, although the molecular mechanism has not
been resolved in the case of phosphoenolpyruvate carboxyki-

nase. Supporting the idea that acetylation is a widespread post-
translational modification, a recent study revealed that most of
the enzymes in glycolysis and gluconeogenesis display acety-
lated lysine residues (13). Although recent proteomic studies
have identified hundreds of acetylated proteins, the cellular and
molecular functions of these acetylations are �99% unknown
(13–15). Understanding the molecular details of acetylation is
essential to uncover the functional importance of these post-
translational modifications and their implication for modulat-
ing a myriad of cellular processes.
One enzyme of particular interest, phosphoglycerate

mutase-1 (PGAM1, EC 5.4.2.1), was identified in three separate
acetyl proteomic screens (13–15). PGAM1 catalyzes the inter-
conversion of 3-phosphoglycerate (3-PGA)2 to 2-phosphoglyc-
erate (2-PGA), which includes the eighth step in glycolysis (16).
PGAM1 becomes activated or “primed” by an intrinsic phos-
phatase activity that converts 2,3-bisphosphoglycerate to
2-PGA, phosphorylating the active site histidine in the process
(16). The phosphohistidine is essential to carryout the mutase
reaction, converting 3-PGA to 2-PGA in glycolysis. Histori-
cally, PGAM1 was not thought to catalyze a rate-determining
step in glycolysis, but interestingly, PGAM1 is the rate-limiting
enzyme of glycolysis in tumor cells, heart tissue, and leukocytes
(17, 18). Inhibition of PGAM1 by novel epoxide inhibitors is
lethal to cancer cells (19, 20). Taken together, these observa-
tions place PGAM at a critical regulatory step in glycolysis and
provide insight into the Warburg effect in cancer cells. The
possibility that PGAM1 and glycolysis are regulated by revers-
ible acetylation has widespread implications in energy metabo-
lism, metabolic syndromes, and cancer.
The sirtuins (NAD�-dependent deacetylases) have emerged

as an important class of enzymes that deacetylates a growing list
of non-histone proteins (1). Sirtuins catalyze theNAD�-depen-
dent deacetylation of protein-acetylated lysines, catabolizing
NAD� in the process. Sirtuins have been implicated as central
regulators in delaying metabolic diseases and the aging process
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(21, 22). The seven mammalian sirtuins (Sirt1–7) display dis-
tinct subcellular localization patterns (23) and regulate metab-
olism and other cellular processes, including genome mainte-
nance and apoptosis (1, 24). Notably, Sirt1 is linked to lipid
metabolism, fat storage, and fatty acid oxidation by regulation
of PPAR�, tomitochondrial biogenesis by PGC-1�, and to insu-
lin secretion by mediating UCP2 and PTP1B expression
(25–28).
In this study, we provide detailed cellular and in vitro evi-

dence for the direct regulation of glycolysis by sirtuin-mediated
deacetylation of PGAM1. Prior to this study, detailed investiga-
tions of several metabolic enzymes indicated that acetylation
inhibits activity. Here, we show that Sirt1-dependent deacety-
lation of PGAM1 reduces the rate of catalysis. The critical
acetylation sites were mapped to the C-terminal regulatory cap
of PGAM. Importantly, these lysines are novel acetylation sites
that were not observed in prior MS studies, likely as a result of
technical limitations detecting very short peptides. Glucose
concentrations were sufficient to regulate Sirt1 protein levels.
Under glucose restriction, Sirt1 proteins levels increase dra-
matically (11 fold), enabling Sirt1-mediated deacetylation of
PGAM1 and restricted flux through glycolysis.

EXPERIMENTAL PROCEDURES

Materials—The plasmid pcDNA3.1 encoding Sirt1–7 with a
FLAG tag was obtained from Dr. E. Verdin at the University of
California (San Francisco). The plasmid pCVM-1 encoding
PGAM1 was purchased from Origene. Antibodies used in the
study were anti-acetyl-lysine polyclonal (Cell Signaling), anti-
PGAM1 (Abcam), anti-�-actin (clone AC-15, Sigma), and anti-
FLAG (M2 Sigma).
Cell Culture and Transfection—HEK293 cells were cultured

as a monolayer in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% (v/v) fetal bovine serum. Co-
transfection of HEK293 cells was performed using 4mg of total
DNA or 50 pmol of siRNA from Dharmacon with Lipo-
fectamine 2000 (Invitrogen) according to the manufacturer’s
protocol and as described in the figure legends. Cell treatments
were carried out as described in the figure legends. Soluble cell
extracts were made in RIPA buffer (Sigma) with 5 mM nicotin-
amide, 100 �M TSA, and HALT protease inhibitor (Pierce).
Protein concentration was quantified by Bradford assay
(Bio-Rad).
Immunoprecipitation and Western Blotting of PGAM1—Im-

munoprecipitations were performed with anti-MYC antibody-
conjugated agarose resin and anti-PGAM1 antibody with pro-
tein G conjugates as described by the manufacturer. Western
blotting and SDS-PAGE were carried out under standard prac-
tice with PVDF membranes (29).
Expression and Purification of Recombinant Sirt1—Sirt1

from mammalian expression vectors was cloned into the bac-
terial expression vector pQE-80 (Qiagen). The plasmid was
transformed into Escherichia coli BL21DE3. The transformed
bacteria were induced with isopropyl D-thiogalactopyranoside,
lysed, and purified by nickel affinity chromatography.
PGAM1 Activity Assay—The forward PGAM1 activity was

determined by coupling the formation of 2-phosphoglycerate
from 3-phosphoglycerate with the enolase-, pyruvate kinase-,

and lactate dehydrogenase-catalyzed reactions. Assays were
performed at 37 °C andmeasured at 340 nm according toWinn
et al. (28). Cell lysates for enzymatic activity were preparedwith
lysis buffer. The reaction mixture contained 100 mM Tris-HCl,
pH 8.0, 0.5 mM EDTA, 2 mM MgCl2, 100 mM KCl, 0.2 mM

NADH, 1.5 mM ADP, 10 �M 2,3-bisphosphoglycerate, lactate
dehydrogenase (0.6 unit/ml), pyruvate kinase (0.5 unit/ml),
enolase (0.3 unit/ml), and 1 mM 3-phosphoglycerate. PGAM1
reverse activity was determined by coupling the formation of
3-phosphoglycerate from 2-phosphoglycerate with the phos-
phoglycerate kinase and glyceraldehyde phosphate dehydroge-
nase-catalyzed reactions. The assay mixture contained 100 mM

Tris-HCl, pH 8.0, 0.5 mM EDTA, 2mMMgCl2, 100mMKCl, 0.2
mMNADH, 1.5mMADP, 10�M2,3-bisphosphoglycerate, 1mM

2-phosphoglycerate, 3.3 units of glyceraldehyde phosphate
dehydrogenase, and 2 units of phosphoglycerate kinase. Assays
were performed at 25 °C andmeasured at 340 nm. PGAMactiv-
ity was measured in the linear range of initial velocity, and no
more than 10%productwas formed.Use of catalytic amounts of
PGAM was established by ensuring that the observed rate was
linear with respect to PGAM levels (in purified form or from
cell extracts). Experiments were performed at least three times
in triplicate.
Sirt1 Deacetylation Assay—Deacetylation of acetylated

PGAM1 by Sirt1 was performed in 100ml of Tris, pH 7.5, 1 mM

NAD�, and 1 mM DTT at 37 °C (30). Specific assay conditions
are indicated in the figure legends.
Metabolite Analysis—Transfected cells were cultured in reg-

ular DMEM with 10% (v/v) FBS lacking pyruvate by standard
methods. Cell culture supernatants were collected and imme-
diately frozen in liquid nitrogen. Glucose, lactate, and alanine
were measured in the thawed supernatants as described previ-
ously (31).

RESULTS

Sirtuin Inhibitor Nicotinamide Promotes PGAM1 Acet-
ylation—To assess the acetylation dynamics of PGAM1,
HEK293 cells transiently expressing PGAM1were treated with
protein deacetylase inhibitors, 10mMnicotinamide (NAM)or 5
�M TSA, or both. Following treatment, PGAM1 was immuno-
precipitated, and the acetylation state was probed using West-
ern blot analysis with an anti-acetyl antibody (Fig. 1A). Cells
treated with NAM, an inhibitor of sirtuin-dependent deacety-
lation, revealed increased acetylation of PGAM1, whereas
treatment with TSA alone led to insignificant changes in acety-
lation compared with mock treatment. Higher levels of acety-
lation were detected when cells were treated with both NAM
and TSA. Examination of endogenous PGAM1 from HE329K
cells revealed that acetylation was increased when cells were
treated with NAM or the combination of NAM and TSA, but
not TSA alone (supplemental Fig. 1). In the case of endogenous
PGAM, NAM and TSA treatment did not lead to more acety-
lation than was detected by NAM alone. In a reciprocal exper-
iment, HEK293 lysates were immunoprecipitated with an anti-
acetyl-lysine antibody and then probed for levels of PGAM1.
Higher levels (3 fold) of acetylated PGAM1were present in cells
treated withNAMandTSA, as comparedwithmock treatment
(Fig. 1B). The ability of NAM to promote increased acetylation
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of PGAM1 suggested that sirtuin deacetylases regulate the
acetylation status of PGAM1.
PGAM1 Acetylation Stimulates Enzymatic Activity—To

assess the functional consequences of PGAM1 acetylation,
HEK293 cells were treated with histone deacetylase inhibitors
NAM,TSA, orNAMandTSA, and protein levels and activity of
PGAM1 were determined (Fig. 1C). After 16 h of histone
deacetylase inhibitor treatment, PGAM1 protein levels were
unaffected (Fig. 1C). However, PGAM1 activity measurements
revealed that NAM alone or combined NAM and TSA treat-
ment led to a significant 30–40% increase (Fig. 1, D and E).
With TSA treatment alone, PGAM1 activity was indistinguish-
able from that of the mock treatment (Fig. 1, D and E). The
observation that both directions (3-PGA versus 2-PGA) of the

PGAM1 reaction were similarly affected under saturating sub-
strate concentrations suggests that catalysis (kcat) is the stimu-
lated step. These results suggest that acetylation of PGAM1
stimulates activity and that deacetylation is controlled by a sir-
tuin deacetylase.
Sirt1-specific Deacetylation of PGAM1—To identify the sir-

tuin(s) responsible for deacetylating PGAM1, we used siRNA
knockdown directed at endogenous Sirt1, Sirt2, and Sirt3.
Transfection of Sirt1, Sirt2, or Sirt3 siRNAs into HEK293 cells
substantially reduced the endogenous protein levels of the indi-
vidual sirtuins (Fig. 2A). When Sirt1 levels were lowered, there
was a dramatic increase in PGAM1 acetylation, but no signifi-
cant changes were observed in the control, Sirt2, or Sirt3
knockdown experiments. These findings indicate that among
Sirt1, Sirt2, and Sirt3, only Sirt1 is capable of promoting
deacetylation of PGAM1 in cultured cells.
To assess the functional role of Sirt1-dependent deacetyla-

tion of PGAM1, the activity of PGAM was determined from
cells treated with siRNAs of a mock control, Sirt1, Sirt2, and
Sirt3 (Fig. 2, B and C). PGAM1 activity was 45% higher in the
Sirt1 knockdown cells, compared with mock-treated, siRNA
control, and Sirt2 and Sirt3 knockdown cells. To corroborate
these findings, co-expressing studies were performed with all
sirtuin proteins (including Sirt1–7). Specifically, HEK293 cells
were transiently co-transfected with PGAM1 and the Sirt1–7
constructs. Cells were then lysed, and PGAM1 was immuno-
precipitated overnight, and acetylation levels were probed
using Western blot analysis. Among all seven sirtuins, cells
expressing Sirt1 or Sirt2 showed a decrease in the acetylation of
PGAM1 (supplemental Fig. 2A). We suspected that the
PGAM1 deacetylation observed in Sirt2-overexpressing cells
might be due to the high levels of Sirt2 overexpression and the
long overnight incubation used for immunoprecipitation. To
examine this, we measured PGAM1 activity immediately after
cell lysis to minimize spurious deacetylation. In this experi-
ment, expression of Sirt1, but not Sirt2 or Sirt3, decreased
PGAM1 activity by 40–50% (supplemental Fig. 2, B and C).
Together, these results suggest that Sirt1 modulates PGAM1
acetylation and activity.
Sirt1 Directly Deacetylates PGAM1 in Vitro—To decipher

whether Sirt1 directly deacetylates PGAM1 or whether
deacetylation of PGAM1 occurs by a secondary mechanism,
acetylated PGAM1 was deacetylated in vitro. Specifically,
hyperacetylation of PGAM1 was induced by treating HEK293
cells with NAM for 16 h. Acetylated PGAM1 was immunopu-
rified and used as a substrate for Sirt1 (Fig. 2D). Addition of
both NAD� and purified recombinant Sirt1 was required for
deacetylation of PGAM1, indicating that Sirt1 acts directly on
PGAM1. Consistent with the cellular studies, deacetylation
induced a decrease in catalytic efficiency of PGAM1 (Fig. 2E).
PGAM1 Is Acetylated at C-terminal Lys-251, Lys-253, and

Lys-254—To determine the functionally important sites of
Sirt1-dependent deacetylation on PGAM1, we evaluated a
number of candidate lysine residues. From high throughput
proteomic studies, the following lysines were reported to be
acetylated: Lys-61, Lys-100, Lys-106, Lys-113, Lys-225, and
Lys-228 (4, 14, 15). Each of these candidate sites was individu-
ally mutated to arginine (a deacetylated lysine mimic) or gluta-

FIGURE 1. PGAM1 is acetylated in vivo, and acetylation increases PGAM1
activity. A, transiently transfected PGAM1 is acetylated in vivo, when treated
with sirtuin-specific inhibitors. MYC-PGAM1 was overexpressed in HEK293
cells and treated overnight with 5 mM NAM, 5 �M TSA, and 5 mM NAM, 5 �M

TSA. MYC-PGAM1 was immunoprecipitated (IP) by anti-MYC conjugated to
agarose at 4 °C for 4 h. These extracts were resolved by SDS-PAGE and
detected by Western blotting (WB) with anti-acetyl-lysine (AcK) and anti-
PGAM1 antibodies, respectively. Input refers to 1% of total lysate and was
detected with anti-PGAM1 antibody. B, endogenous PGAM1 is acetylated in
vivo. Endogenous PGAM1 is immunoprecipitated by anti-acetyl-lysine and
protein G from HEK293 cells incubated overnight with 5 mM NAM, 5 �M TSA.
These extracts (Input � 1% total cell lysate) were resolved by SDS-PAGE and
detected by Western blotting with anti-PGAM1 antibody. C–E, soluble
extracts of HEK293 cells incubated overnight with 5 mM NAM, 5 �M TSA, and 5
mM NAM, 5 �M TSA were resolved by SDS-PAGE and detected by Western
blotting with anti-PGAM1 and anti-actin antibodies (C), respectively; activity
assays measure PGAM1 activity. Input refers to 1% total cellular lysate. For-
ward PGAM reaction (D), coupled to Enolase, pyruvate kinase, and lactate
dehydrogenase, utilized saturating 3-phosphoglycerate measuring absorb-
ance at 340 nm. Reverse PGAM reaction (E), coupled to phosphoglycerate
kinase and GAPDH, utilized saturating 3-phosphoglycerate measuring
absorbance at 340 nm. Error bars represent S.E. (n � 3); *, p � 0.05 compared
with untreated cells.
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mine (an acetyl-lysine mimic), and the mutant proteins were
expressed in cells, and PGAM1 acetylation levels were probed
using Western blot analysis. Surprisingly, the site mutants dis-
played no significant change in the acetylation profile (data not
shown). Based on these findings, it appeared that none of the
residues previously identified by mass spectral proteomics
comprise the regulatory site of PGAM1 acetylation suggested
in this study. We next explored the possibility that the lysine
regulatory site(s)might have beenmissed by proteomic analysis
because the tryptic fragments might be too small for typically
MS detection. The C terminus of PGAM1 harbors several adja-
cent lysine residues that include Lys-251, Lys-253, and Lys-254,
and these would be invisible in the proteomic screens. This
C-terminal region of PGAM has been hypothesized to affect
enzyme efficiency by protecting the phosphohistidine interme-
diatewithin the activated formof the enzyme (32, 33).Mutation
or deletion of this region led to decreased enzyme activity and
increased hydrolysis of the phosphohistidine in the active site.
To determine whether this region is responsible for the acety-
lation-dependent effect on activity, a triplemutant consisting of

the lysine residues (Lys-251, Lys-253, and Lys-254) was con-
structed, and each residue was mutated to glutamine (referred
to as 3KQ). Either wild type or the 3KQ mutant was expressed
in HEK293 cells, and the acetylation status following NAM
treatmentwas assessed byWestern blot analysis (Fig. 3A).With
the 3KQ mutant, there were negligible levels of basal acetyla-
tion, and NAM did not stimulate an increase compared with
wild type PGAM1, which displayed both higher basal acetyla-
tion and a stimulated increase after NAM treatment (Fig. 3A).
These results suggest that Lys-251, Lys-253, and Lys-254 are
the primary acetylation sites, as they constitute �90% of the
acetylation signal in Western analysis. PGAM1 activity assays
were performed to determinewhether the 3KQmutant acted as
partial surrogate for acetylated PGAM1. Indeed, comparison of
catalytic activities indicated that the 3KQ mutant displayed an
�40%higher rate comparedwithwild type PGAM1, suggesting
that the 3KQ mutant, at least partially, mimics the effect of
acetylated PGAM1 and that the C terminus of PGAM1 is the
site of functionally relevant acetylation (Fig. 3, B and C). To
corroborate these results, we constructed a 3KR mutant and

FIGURE 2. SIRT1 specifically deacetylates PGAM1. A, only SIRT1 knockdown significantly increased PGAM1-acetylated levels. HEK293 cells were transiently
transfected with MYC-PGAM1 and siRNA to SIRT1–3. Soluble extracts were resolved by SDS-PAGE and detected through Western blot (WB), with anti-acetyl-
lysine (AcK) and anti-PGAM1 antibodies. Input blots (1% total cellular extract) were detected with antibodies against PGAM1, SIRT1, SIRT2, SIRT3, and tubulin.
B and C, activity was measured at 340 nm by PGAM1-coupled assay. D, acetylation of PGAM1 is decreased in vitro by SIRT1 deacetylation. Immunoprecipitants
(IP) of MYC-PGAM1 from HEK293 cells transiently transfected with PGAM1 were incubated with the combination of NAD� and SIRT1, and the reactions were
resolved by SDS-PAGE and detected through Western blot, with anti-acetyl-lysine and anti-PGAM1 antibodies. E, activity was measured at 340 nm by PGAM1-
coupled assay. Error bars represent S.E. (n � 3); *, p � 0.05 compared with control.
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compared the detailed steady-state kinetics between wild type,
3KQ, and 3KR mutants in vitro (Fig. 3D). The bacterially
expressed and purified versions displayed similar Km values for
3-PGA (�350 �M), but the 3KQ converted 3-PGA to 2-PGA
with the highest kcat value of 563 (s�1), compared with 388
(s�1), for wild type and 318 (s�1) for 3KRmutant. These results
are entirely consistent with the conclusion that acetylation
stimulates PGAM activity through an increase in catalytic rate.
Glucose Concentration Modulates Sirt1 Levels, PGAM1

Acetylation, andGlycolytic Flux—Thepresented data implicate
Sirt1 as a negative regulator of PGAM1 activity, suggesting that
Sirt1 might directly modulate glycolytic flux. To establish a
physiological link between PGAM acetylation and glucose
availability, we compared endogenous PGAM1 activities from
HEK293 cells treated with either 0 or 5 g/liter glucose for 6 h.
PGAM1 activity was nearly two fold higher in 5 g/liter glucose
compared with 0 g/liter glucose (Fig. 4, A–C). To investigate
further the link between glucose levels and PGAM acetylation,
HEK293 cells overexpressing PGAM1 were grown in glucose-
free DMEM supplemented with variable amounts of glucose
and either in the presence or absence of serum (Fig. 4D). West-
ern blot analysis was then used to probe the acetylation state of
PGAM1, revealing that PGAM1 acetylation levels directly cor-

related with glucose concentration. Although the addition of
serum had a slight enhancement of acetylation, serum was not
essential for the general trend of increased acetylation as a func-
tion of glucose. To demonstrate that PGAM1 acetylation levels
are qualitatively linked to activity, PGAM activities were mea-
sured under these six conditions (Fig. 4E). Consistent with our
earlier findings that demonstrated acetylation promotes
PGAM activity (Figs. 1–3), the extent of PGAM acetylation in
response to different [glucose] was mirrored by an increase in
PGAMactivity (Fig. 4E). To provide amechanism for the Sirt1-
dependent regulation of PGAM, the levels of Sirt1 protein were
determined under the six metabolic conditions (Fig. 4D). Dra-
matically, glucose restriction led to an 11-fold increase in Sirt1
protein levels (Fig. 4D), which was largely independent of
serum treatment. The different levels of Sirt1 protein inversely
correlatedwith PGAMacetylation. Collectively, these data sug-
gest that glucose restriction increases Sirt1 protein levels,
which leads to deacetylation and attenuation of PGAMactivity.
To provide evidence that the reversible acetylation of PGAM

modulates glycolytic flux, we utilized the acetylation mimic
3KQ and the deacetylation mimic 3KR variants. We have dem-
onstrated that the 3KQ mutant is more active than either wild
type or the 3KR variant (Fig. 3), and thus it was hypothesized
that overexpression of the 3KQ variant would increase glyco-
lytic flux. Either 3KQ, 3KR, or wild type PGAM was overex-
pressed in HEK293 cells cultured in pyruvate-free media, and
the concentrations of glucose, lactate, and alanine were mea-
sured. Growth in pyruvate-freemedia simplifiesmeasurements
of glycolytic flux (34). Compared with cells expressing PGAM
and the 3KR variant, cells expressing 3KQ exhibited stimulated
glucose consumption and a corresponding increase in lactate
levels (Fig. 5, A–C). No significant changes in alanine levels
were observed (Fig. 5D). These data demonstrate 3KQ can
stimulate glycolysis, and together the results suggest that
reversible acetylation of PGAM1 modulates activity and thus
glycolytic flux.

DISCUSSION

Emerging evidence indicates that reversible protein acetyla-
tion regulates multiple metabolic processes, including acetyl-
CoA synthesis, urea cycle, REDOX status, and fatty acid oxida-
tion (2–12). Here, we provide evidence for the direct
regulation of glycolysis by sirtuin-mediated deacetylation of
PGAM1. Importantly, we show that Sirt1-dependent
deacetylation of PGAM1 reduces its catalytic activity. Prior
to this study, detailed investigations of specific metabolic
enzymes suggested that acetylation inhibits activity, and
therefore deacetylation stimulates activity. Utilizing site-di-
rected mutagenesis, and in vitro and cell-based analyses,
Lys-251, Lys-253, and Lys-254 were identified as the regula-
tory acetylation sites. Furthermore, varied glucose concen-
trations were sufficient to regulate Sirt1 protein levels.
Under glucose restriction, Sirt1 proteins levels increase dra-
matically, allowing Sirt1-mediated deacetylation of PGAM1
and restricted flux through glycolysis (Fig. 6).
The exact molecular details for enhanced catalysis by acety-

lated PGAM is unclear; however, the C-terminal region com-
posed of Lys-251, Lys-253, and Lys-254 was previously pro-

FIGURE 3. C-terminal tail of PGAM1 is acetylated. A, MYC-PGAM1 and MYC-
PGAM1 3KQ mutant (K251Q, K253Q, and K254Q) were transiently transfected
into HEK293 cells following 5 mM NAM treated for 16 h. Cell lysates were
immunoprecipitated (IP) with anti-MYC antibody, resolved by SDS-PAGE, and
then detected with Western blot (WB) analysis with anti-acetyl-lysine (AcK)
and anti-MYC antibodies. B and C, activity was measured at 340 nm by the
PGAM1-coupled assay. D, PGAM1 3KQ shows high catalytic activity against
2-phosphoglycerate. Catalytic amounts of PGAM1 ●, PGAM1 3KQ f, and
PGAM1 3KR � were incubated with the indicated amounts of 3-PGA, and
activity was measured at 340 nm by PGAM1-coupled assay. Data from the
coupled assay were fitted to the Michaelis-Menten equation. Error bars repre-
sent S.E. (n � 3). *, p � 0.05.
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posed to act as a dynamic cap over the active site of PGAM1.
Although PGAM structures are available, the C terminus is not
visible, preventing direct structural insight. Biochemical data
suggest that this cap protects the phosphohistidine intermedi-
ate and prevents hydrolysis, which would short circuit the cat-
alytic cycle of the mutase reaction (32, 33). The C terminus of
PGAM1 was hypothesized to interact with a phosphoglycerate
substrate and position the substrate for catalysis (33). Support-
ing the important function of the cap, removing the C-terminal
tail of PGAM1 in Saccharomyces cerevisiae decreased 10-fold

the conversion of 3-PGA to 2-PGA (33), whereas the phospha-
tase activity (hydrolysis of the phosphohistidine intermediate)
for this mutant was increased. Here, acetylated PGAM1 from
cells displays enhanced catalysis, and in vitro the acetylation
mimic 3KQ displays a similar increased rate of catalysis.
Because the stoichiometry of acetylation on endogenous
PGAM is unknown, and Lys-to-Gln substitutions cannot fully
mimic an acetyl-lysine, the catalytic effect of complete acetyla-
tion might be more dramatic than is attainable under the con-
ditions employed in our studies. Nevertheless, compared with

FIGURE 4. High glucose increases PGAM1 acetylation and activity in vivo. A, HEK293 cells were treated by 5 g/liter glucose (Gluc) � FBS and 0 g/liter
glucose � FBS for 6 h. Endogenous PGAM1 activity assays were measured at 340 nm for both forward (B) and reverse reactions (C). Cell lysates were analyzed
by SDS-PAGE and detected through Western blot (WB) with anti-PGAM1 and anti-actin antibodies. Input refers to 1% total cellular extract (A). D, MYC-PGAM1
was overexpressed in HEK293 cells following incubation for 6 h with 5 g/liter glucose � FBS, 1 g/liter glucose � FBS, and 0 g/liter glucose � FBS. Cell lysates
were resolved by SDS-PAGE, and Western blotting was performed with anti-SIRT1, anti-MYC, and anti-acetylated lysine antibodies. E, MYC-PGAM1 was
immunoprecipitated (IP) with anti-MYC conjugated to agarose, and PGAM1 activity assay was measured. PGAM1 protein levels were normalized using
quantification of the anti-MYC Western as in D. Input refers to 1% cellular extract. Error bars represent S.E. (n � 3); *, p � 0.05 compared with 5 g/liter glucose
with serum.
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wild type PGAM and 3KR, overexpression of the 3KQ was suf-
ficient to increase flux through glycolysis. We hypothesize that
acetylation of the C terminus optimizes the position of the cap
to allow efficient phospho-transfer from the 3-position to the
2-position of glycerate, while protecting the enzyme interme-
diate from hydrolysis (Fig. 6).
Glucose restriction dramatically increases protein levels of

Sirt1, which led to PGAM1 deacetylation and down-regulation
of mutase activity. These findings are consistent with prior
observations that showed Sirt1 protein is stabilized in cultured
cells under nutrient deprivation (35). In addition to protein
stabilization, increased NAD� levels during low energy status
are suggested to stimulate Sirt1 (21, 36). Twomechanisms have

been proposed to explain increased NAD� levels under condi-
tions that promote Sirt1 activity. An increase in nicotinamide
phosphoribosyltransferase expression stimulates synthesis of
NAD� and decreases the levels of nicotinamide, a potent sir-
tuin inhibitor (37, 38). When reducible substrates are scarce
(e.g. low glucose), it has been proposed that nuclear-cytoplas-
mic NADHproduction is diminished, effectively increasing the
pool of NAD� (39). Although low energy input clearly induces
a large increase in Sirt1 protein, the contributions from direct
fluctuations in NAD� and nicotinamide levels remain some-
what elusive.
This study provides the mechanistic evidence for the regula-

tory role of acetylation in glycolysis and the biochemical evi-
dence for the direct involvement of NAD�-dependent protein
deacetylases. Previously, Sirt1 was reported to affect metabolic
pathways at the transcriptional level, promoting �-oxidation
and inhibition of lipogenesis, as well as the modulation of glu-
coneogenesis (21). The function of Sirt1 in gluconeogenesis
remains enigmatic, as there are reports suggesting either posi-
tive or negative regulatory control by Sirt1 (4, 40–43). Overall,
these observations place Sirt1 at an important regulatory node
of glucose homeostasis, and the apparent discrepancies might
be explained through tissue-specific metabolism and differ-
ences in nutrient status of the cells. The emerging picture points
to a modulatory role for Sirt1 during the transition from glucose
utilization to fattyacidoxidation.Thecoordinatedown-regulation
of glycolysiswouldprevent theunnecessary depletionof glycolytic
intermediates that are utilized in other biosynthetic pathways.
Thus, PGAM1 deacetylation and down-regulation by Sirt1 would
restrict the flow-through glycolysis and maintain an available
3-phosphoglycerate pool. 3-Phosphoglycerate is used tomake ser-
ine,which serves as aprecursor for glycine andcysteine, ultimately
feeding into one-carbon metabolism that is essential for nucleic
acid and phospholipid synthesis.

FIGURE 5. Expression of PGAM1 mutant 3KQ (acetylated mimic) stimulates glycolytic flux. WT MYC-PGAM1, 3KQ, and 3KR were overexpressed in HEK293
cells. A, input blots (1% total lysate) were detected with anti-MYC antibody. B, glucose levels in HEK293 cells expressing PGAM1, PGAM1 3KQ, and PGAM1 3KR.
C, lactate levels in HEK293 cells expressing PGAM1, PGAM1 3KQ, and PGAM1 3KR. D, alanine levels in HEK293 cells expressing PGAM1, PGAM1 3KQ, and PGAM1
3KR. Error bars represent S.E. (n � 3); *, p � 0.05.

FIGURE 6. Model of PGAM1 regulation by glucose availability and SIRT1-
dependent reversible deacetylation. Under high glucose, acetylation of
the C-terminal cap of PGAM1 stimulates catalysis. Under glucose restriction,
SIRT1 levels increase, leading to deacetylation of PGAM1 and decreased enzy-
matic activity.
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Examining the role of Sirt1-mediated regulation of PGAM1
in disease states, such as cancer metabolism and the impact on
the Warburg effect, will likely provide novel insight into the
contribution of dynamic acetylation (14). PGAM1 is considered
an important target for developing cancer therapeutics, as
PGAM1 inhibition is lethal to cancer cells in culture (20). Fur-
ther work will be needed to explore whether Sirt1 dysfunction,
which has been linked to many age-related afflictions, is prop-
agated to dysregulation of glycolysis and a contributing factor
to the Warburg effect (44).
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