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Glycolysis is a catabolic process of glucose hydrolysis needed for energy and biosynthetic intermediates, whereas gluconeo-
genesis is a glucose production process important for maintaining blood glucose levels during starvation. Although they share
many enzymes, these two processes are not simply the reverse of each other and are instead reciprocally regulated. Two key
enzymes that regulate irreversible steps in these two processes are pyruvate kinase (PK) and phosphoenolpyruvate carboxy
kinase (PEPCK), which catalyze the last and first step of glycolysis and gluconeogenesis, respectively, and are both regulated
by lysine acetylation. Acetylation at Lys305 of the PKM (muscle form of PK) decreases its activity and also targets it for chap-
erone-mediated autophagy and subsequent lysosome degradation. Acetylation of PEPCK, on the other hand, targets it for
ubiquitylation by the HECT E3 ligase, UBR5/EDD], and subsequent proteasomal degradation. These studies established
a model in which acetylation regulates metabolic enzymes via different mechanisms and also revealed cross talk between
acetylation and ubiquitination. Given that most metabolic enzymes are acetylated, we propose that acetylation is a major post-

translational modifier that regulates cellular metabolism.

Glucose is the major energy supply for most cells. For
example, the brain primarily relies on glucose for energy
production. Moreover, glucose is also the major carbon
source for anabolic synthesis. Glycolysis is a catabolic
process that converts glucose to pyruvate and produces
ATP and NADH, which can be oxidized through oxida-
tive phosphorylation (OXPHO) to produce ATP. Under
anaerobic conditions (i.e., in the absence of O,), pyru-
vate, the last glycolytic metabolite, is reduced to lactate,
whereas under aerobic conditions (i.e., in the presence of
0,), pyruvate is imported into mitochondria where it is
metabolized first through the tricarboxylic acid (TCA)
cycle and then completely oxidized to produce maximal
amounts of ATP as well as CO, and water in most nondi-
viding cells. In growing cells such as in tumor cells, even
in the presence of normal oxygen supply, many glyco-
lytic intermediates are needed for biosynthesis and, as a
result, the flux of glycolysis into TCA and OXPHO is
reduced, leading to the accumulation of lactate. This phe-
nomenon, known as the Warburg effect (Warburg 1956),
is commonly seen in cancer cells. Although the biochem-
ical mechanism and physiological significance underly-
ing the Warburg effect remain incompletely understood,
enhanced glucose uptake has provided the basis for the
development of FDG-PET technology that has been
widely used clinically for detecting tumors by injecting
patients with the radiolabeled glucose analog, 2('*F)-
fluoro-2-deoxy-D-glucose (FDG), followed by positron

emission tomography (PET). The Warburg effect and
the discovery of increasingly more widespread alterations
in the expression and function of glycolytic enzymes
in tumors (Vander Heiden et al. 2009; Koppenol et al.
2011) illustrate the critical importance of understand-
ing the regulation of the enzymes involved in glucose
metabolism.

In contrast to glycolysis, many cells, such as hepato-
cytes, can synthesize glucose from pyruvate, a process
known as gluconeogenesis that is important for maintain-
ing blood glucose levels in tissues such as the brain,
which almost exclusively relies on glucose. Both glycol-
ysis and gluconeogenesis are tightly and reciprocally
regulated in response to the change of energy status and
glucose levels in the cell. Although glycolysis and gluco-
neogenesis share several enzymes that catalyze reversible
reactions, the irreversible key steps are catalyzed by
separate enzymes that are subjected to different regula-
tions. For example, phosphoenolpyruvate carboxy kinase
(PEPCK) is a key regulatory enzyme driving gluconeo-
genesis, whereas pyruvate kinase (PK) is a key enzyme
propelling glycolysis (Fig. 1). The regulation of glycoly-
sis and gluconeogenesis, including in PK and PEPCK,
occurs on multiple levels, such as gene expression, allos-
teric regulation by small metabolites, and posttransla-
tional modification. This chapter discusses one newly
discovered regulation, acetylation, on both PEPCK and
PK. Much of what we have learned on the acetylation
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Figure 1. Acetylation regulates two key enzymes, pyruvate kin-
ase (PK) and phosphoenolpyruvate carboxy kinase (PEPCK)
and controls glycolysis and gluconeogenesis. PKM, Muscle
form of PK.

regulation of these two enzymes pertains to the regulation
of other metabolic enzymes by acetylation and has direct
relevance to tumorigenesis.

LYSINE ACETYLATION IS A MAJOR
POSTTRANSLATIONAL MODIFICATION
IN METABOLIC ENZYMES

Lysine acetylation was first discovered in histone
nearly half a century ago (Phillips 1963; Allfrey et al.
1964). For many years, the investigation of acetylation
focused primarily on histone and other factors associated
with chromatin and transcriptional regulation. Moreover,
many transcriptional coactivators and corepressors are
associated with or are themselves histone acetyltransfer-
ase or deacetylase, respectively. Therefore, acetylation
is a major regulator of gene expression and epigenetic
control. Recent proteomic studies have identified more
than 2000 proteins that are potentially modified by acety-
lation on lysine residues (Kim et al. 2006; Choudhary
et al. 2009; Wang et al. 2010; Zhao et al. 2010; Weinert
et al. 2011), which has significantly expanded the scope
of cellular regulation by acetylation. Lysine acetylation
is found in proteins involved in diverse biological proc-
esses, including in particular metabolism, owing in part
to the use of liver in two of the acetylation proteomic
studies. Notably, virtually all enzymes involved in gly-
colysis and gluconeogenesis were identified by the pro-
teomic analysis as acetylated (Guan and Xiong 2010).
The full scope of this surprising finding is yet to
be appreciated, but subsequent investigations on the reg-
ulation of individual metabolic enzyme by acetylation,
including both PK and PEPCKI1 as discussed below, are
increasingly pointing to critical and broad roles of acety-
lation in metabolic regulation.

ACETYLATION INHIBITS PKM ACTIVITY
AND PROMOTES CHAPERONE-MEDIATED
AUTOPHAGY

Pyruvate kinase catalyzes the transfer of phosphate
from phosphoenopyruvate (PEP) to ADP to produce

ATP and pyruvate. This is the final and irreversible step
in glycolysis and is subjected to multiple regulations.
The inhibition of PK by ATP provides a mechanism to
link glycolysis to cellular ATP levels. Moreover, PK is
activated by fructose bisphosphate (FBP), a glycolytic
intermediate that is upstream of the reaction catalyzed
by PK (Fig. 1). Thus, the activation of PK by FBP main-
tains the rate of PK activity to a similar level to the rate of
the upstream reaction to prevent the accumulation of gly-
colytic intermediates when glycolysis is required primar-
ily for energy production. PK is a family of enzymes
consisting of four isozymes, L, R, M1, and M2, in human
cells (Mazurek et al. 2005). Although the L and R iso-
forms of PK are specifically expressed in liver and blood
cells, respectively, the M1 isoform, PKM1, is commonly
expressed in most adult cells. The M2 isoform, PKM2, is
encoded by the same gene as PKM1 and differs by one
exon as a result of alternative splicing. PKM2 is primarily
expressed during embryonic development, turned off in
adult cells, and reexpressed in many cancer cells, in
part by the oncogene Myc-mediated splicing (David
et al. 2010). Our proteomic analyses have identified
that PKM (the muscle form of PK) is acetylated at multi-
ple sites, including Lsy305 (K305), which is conserved in
all four isoforms of PK. Various assays, including the use
of anti-acetyl-PK(K305) antibody, confirmed that PK
was acetylated. The mutational analysis and enzyme
activity assays showed that acetylation of K305 inhibited
PK activity by increasing its K, toward the substrate PEP
(Lv et al. 2011). Thus, the K305-acetylated PK is expec-
ted to have reduced catalytic activity, which could lead to
an accumulation of glycolytic intermediates upstream of
PEP, a condition that favors cell growth over maintaining
homeostasis of a nondividing state.

PKM2 acetylation is stimulated by high glucose con-
centrations. Interestingly, glucose also decreased PKM?2
protein levels, indicating a possible relationship between
PKM2 acetylation and protein levels. The level of PKM?2
mRNA remained unaltered in response to the changes
in glucose concentrations, and inhibition of proteasome
did not have any effect on the high glucose—induced de-
crease in PKM2 protein level, suggesting a transcription-
and proteasome-independent mechanism in the regula-
tion of PKM2 protein levels. Instead, glucose-induced
PKM2 degradation was blocked by the inhibition of
lysosomal degradation, such as treatment with a protease
inhibitor leupeptin. Mutation of Lys305 to an Arg residue
stabilized PKM2 and pharmacological inhibition of
deacetylases conversely reduced PKM2 protein levels,
linking the acetylation at Lys305 to the down-regulation
of PKM2 protein by the lysosome (Fig. 2).

Our subsequent studies demonstrated that glucose
induced the degradation of PKM2 via a selective lyso-
some-dependent degradation pathway, chaperone-medi-
ated autophagy (CMA), which targets specific proteins
and is different from the macroautophagy that nonselec-
tively sequesters and delivers damaged proteins and
organelles to lysosomes for degradation. We found that
acetylation of K305 in PKM2 increased the binding
between PKM2 and HSC70, a chaperone of the heat
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Figure 2. Acetylation promotes PKM2 degradation by chaper-
one-mediated autophagy. High glucose stimulates PKM?2
acetylation on lysine 305, which decreases PKM2 catalytic
activity. Moreover, K403 acetylation increases its ability to
interact with HSC70, a chaperone that can be recognized by
LAMP2 on the lysosome, thereby bringing K305-acetylated
PKM2 to the lysosome for degradation.

shock protein family that transports target proteins to the
lysosome by binding to the lysosome surface receptor
LAMP?2 for degradation (Fig. 2). These results provide
the first example of acetylation targeting a protein degra-
dation by the lysosome via CMA.

To investigate the physiological significance of K305-
acetylation-targeted PKM2 degradation, endogenous
PKM2 was knocked out in cultured H1299 human non-
small-cell lung carcinoma cells and the acetylation
mimetic K305Q mutant PKM2 was reexpressed in the
knockout cells. The glycolytic intermediates present
before the PKM?2 reaction, such as glucose 6-phosphate
and fructose 6-phosphorylate, were accumulated. In con-
trast, glycolytic metabolites after the PKM2 reaction,
such as pyruvate and lactate, were reduced in these cells.
Furthermore, H1299 cells expressing the K305Q mutant
proliferate more rapidly and form tumors in nude mice
that are larger than those in cells expressing the wild-type
PKM2. These data provide in vivo evidence supporting
an important role of acetylation at Lys305 in the negative
regulation of PKM2 function, which leads to the accumu-
lation of glycolytic metabolites and increased cell growth
and proliferation.

Altered glycolysis is a metabolic hallmark found in
many cancer cells; these cells utilize large amounts of
glucose and only metabolize a small fraction of the glu-
cose via the TCA cycle for energy production. The mech-
anism for the reduction of PKM2 activity in promoting
tumor cell growth is not fully understood. One explana-
tion is that the accumulation of glycolytic intermediates
increases biosynthesis and thus cell growth. Higher activ-
ity of PK is therefore expected to be associated with
reduced accumulation of glycolytic intermediates and
decreased cell growth. This notion is consistent with the
specific expression of PKM2, which has lower basal

activity than PKMI, in fast-growing embryonic cells
and splicing switch from PKM1 to PKM2 in tumor cells.
Our finding that K305 acetylation negatively regulates
PK activity provides a novel mechanism for cells to reg-
ulate the accumulation of glycolytic metabolites and the
rate of cell growth. In theory, such regulation may occur
not only in the cells expressing PKM2 but also in cells
expressing the other isoform of PK, because Lys305 is
conserved in all four isoforms. It will be interesting to
determine whether Lys305 acetylation is increased in
fast-growing cells, such as during embryogenesis or tu-
morigenesis.

ACETYLATION PROMOTES
UBIQUITIN-MEDIATED PEPCK
DEGRADATION

PEPCK catalyzes the key rate-limiting reaction in glu-
coneogenesis, which is opposite to the reaction catalyzed
by PK (Fig. 1). PEPCK has been shown to be the key
regulatory enzyme in gluconeogenesis as well as glycer-
oneogenesis, serine synthesis, and amino acid metabo-
lism (Yang et al. 2009a). Both PEPCK transcription
and enzyme activity are tightly regulated (Yang et al.
2009b). Gluconeogenesis should be inhibited when blood
glucose levels are high, whereas gluconeogenesis should
be high when blood glucose levels are low. Our mass
spectrometry analyses identified four acetylation sites in
human PEPCK (Zhao et al. 2010). We further showed
that PEPCK acetylation is regulated by extracellular
nutrients, such as glucose and amino acids. Glucose
and amino acids should have different effects on PEPCK
function because amino acids can serve as precursors for
gluconeogenesis, whereas glucose is the end product
of gluconeogenesis. Interestingly, they also display op-
posing effects on PEPCK acetylation, with glucose and
amino acids causing a decrease and increase in PEPCK
acetylation, respectively. Although acetylation has no
direct effect on PEPCK enzymatic activity, it is strongly
correlated with a decrease in PEPCK protein level (Zhao
et al. 2010).

Our subsequent studies established that acetylation of
PEPCKI1 promotes its degradation in a proteasome-
dependent manner and induces a significant increase in
PEPCK ubiquitination. When the acetylation-defective
mutant PEPCK was examined, the glucose-induced
PEPCK ubiquitination and destabilization were abol-
ished. To investigate the mechanism behind the PEPCK
regulation, we affinity-purified PEPCK immunocomplex
and identified numerous PEPCK-interacting proteins by
mass spectrometry. Among them are multiple protea-
some subunits, which is consistent with the proteasome-
dependent degradation of PEPCK and, importantly,
UBRS (ubiquitin protein ligase E3 component n-recognin
5), which is a member of the HECT family of R3 ligases
and the only PEPCK-interacting protein with obvious E3
activity. The interaction between PEPCK and UBRS was
stimulated by PEPCK acetylation. Moreover, knocking
out UBRS significantly stabilized PEPCK, especially at
high levels of glucose when PEPCKI is strongly acety-
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Figure 3. Acetylation promotes PEPCK ubiquitination and degradation. P300 and SIRT2 function as an acetyltransferase and a deace-
tylase for PEPCK, respectively. The acetylated PEPCK recruits the UBRS E3 ubiquitin ligase, which then ubiquitinates PEPCK and

leads to its degradation by the proteasome.

lated and destabilized. These results suggest that acetyla-
tion promotes PEPCK ubiquitination and degradation by
increasing its ability to interact with the UBRS E3 ligase
(Fig. 3) (Jiang et al. 2011).

One protein identified from mass spectrometric
analysis of PEPCK immunocomplex is BAT3 (HLA-B-
associated transcripts 3), also known as BAG6 (BCL2-
associated athanogene 6 and Scythe), which has been
previously reported to target the p300 acetyltransferase
to acetylate p53 (Sasaki et al. 2007) and HSP90 (Cer-
chietti et al. 2010). We found that the knockout of either
BAT3 or P300 resulted in a significant decrease in
PEPCK acetylation, whereas the overexpression of
P300 increased PEPCK acetylation. Consistent with the
role of acetylation in promoting PEPCK degradation,
the overexpression of P300 and BATS5 decreased PEPCK
protein levels, whereas knocking out P300 significantly
stabilized PEPCK even in the presence of high
glucose. These data indicate that P300 and BATS are
PEPCK acetyltransferases. We also identified SIRT2 as
a PEPCK1 deacetylase based on the observation that
PEPCKI1 acetylation was increased after treatment of cells
with nicotinamide, a selective inhibitor of the SIRT fam-
ily of deacetylases, but not trichostatin A, an inhibitor of
the HDAC family of deacetylases. We found that coex-
pression of SIRT2, but not the related SIRT1, significantly
decreased PEPCK acetylation, strongly reduced PEPCK
ubiquitination, and stabilized both ectopically expressed
and endogenous PEPCK (Jiang et al. 2011).

The physiological significance of PEPCK acetylation
in glucose metabolism was also investigated. Knocking
down either P300 or BATS in cultured cells increased
glucose synthesis and, conversely, knocking out SIRT2
reduced glucose production. Furthermore, when Sirt2
was knocked out in mouse liver, the major gluconeogen-
esis organ in vivo, the blood glucose level was signifi-
cantly reduced and liver PEPCK protein levels were
reduced. These experiments demonstrate that acetylation
of PEPCK played a major role in physiological glucose
homeostasis. We propose that, in cells with high levels
of glucose, BAT3/BAG6-mediated acetylation of
PEPCK by P300 promotes its interaction with UBRS,
which then ubiquitinates PEPCK to trigger its degrada-
tion by the proteasome. SIRT2 would antagonize the

effect of P300, thereby increasing the stability of PEPCK
and stimulating gluconeogenesis (Fig. 3).

CONCLUSION

Proteomic studies have revealed that most metabolic
enzymes are acetylated in both bacteria and mammalian
liver, and subsequent studies have demonstrated the crit-
ical role of acetylation in regulation of metabolic
enzymes (Kim et al. 2006; Wang et al. 2010; Zhao
et al. 2010). The two examples described above illustrate
the importance of acetylation in the regulation of glucose
metabolism. In both examples, the levels of acetylation in
the substrate metabolic enzymes are changed in response
to the changes in extracellular nutrient conditions, result-
ing in changes in enzymatic activity and protein levels.
More importantly, the acetylation regulation of these
two enzymes has been shown to occur in vivo, to promote
tumorigenesis in the case of Lys305 acetylation of PKM2
or to reduce the levels of PEPCK1 and blood glucose after
knocking out its deacetylase SIRT2. In both PKM2 and
PEPCKI, it appears that acetylation promotes the binding
of acetylated substrate with an additional protein: HSC70
in the case of K305-acetylated PKM2 and URBS E3
ligase for acetylated PEPCK 1. The mechanisms by which
acetylation bridges these interactions are not clear at
present. The bromodomain is well characterized as a pro-
tein motif that selectively recognizes acetylated lysines in
histones (Mujtaba et al. 2007). Neither UBRS5 nor HSC70
contain an apparent bromodomain, leaving it open as to
whether acetylation promoting PKM2-HSC70 and
PEPCK1-URBS association involves an additional factor
or there exists an additional yet-to-be-characterized pro-
tein motif that recognizes acetylated lysine residue.

It should be pointed out that acetylation regulates met-
abolic enzymes, and probably other proteins, by mecha-
nisms in addition to promoting protein degradation.
Examples include inhibition and stimulation of catalytic
activity without affecting the stability and levels of
many acetylated metabolic enzymes (Yu et al. 2009;
Qiu et al. 2010; Tao et al. 2010; Zhao et al. 2010; Chen
et al. 2011). Given the prevalence of acetylation, it is
possible that acetylation may regulate the function of its
substrate proteins by a wide range of mechanisms, as is
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the case for the regulation of protein function by phos-
phorylation.

Although the acetylation of PKM2 and PEPCK is
affected by glucose, the precise mechanisms for how
glucose controls the acetylation levels of these proteins
remain to be determined. Does glucose affect acetyltrans-
ferase or deacetylase to influence the acetylation of
PEPCK and PKM2? Moreover, because only limited
numbers of acetyltransferases and deacetylases have
been identified, whereas the numbers of acetylated
proteins are in thousands, how is the specificity of acety-
lation maintained? Future studies to determine the specif-
icity of acetylation will be important to understand the
mechanism and physiological significance of acetylation
in the regulation of not only metabolism, but also many
other cellular processes.
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