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Abstract

Protein kinases regulate every aspect of cellular activity, whereas metabolic enzymes are
responsible for energy production and catabolic and anabolic processes. Emerging evidence
demonstrates that some metabolic enzymes, such as pyruvate kinase M2, phosphoglycerate kinase
1, ketohexokinase isoform A, hexokinase (HK), and nucleoside diphosphate kinase 1 and 2
(NME1/2), that phosphorylate soluble metabolites can also function as protein kinases and
phosphorylate a variety of protein substrates to regulate the Warburg effect, gene expression, cell
cycle progression and proliferation, apoptosis, autophagy, exosome secretion, T-cell activation,
iron transport, ion channel opening, and many other fundamental cellular functions. The elevated
protein kinase functions of these moonlighting metabolic enzymes in tumor development make
them promising therapeutic targets for cancer.
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Protein kinases are important regulators of intracellular signal transduction pathways that
mediate the development and regulation of both unicellular and multicellular organisms.
They play critical roles in cell growth, division, differentiation, adhesion, motility, and death
(Brognard and Hunter, 2011; Lu and Hunter, 2009). These protein kinases, more than 500 of
which exist in the human genome, can be primarily subdivided into tyrosine (Y)- and serine
(S)/threonine (T)-specific kinases based on their catalytic specificity (Manning et al., 2002).

Correspondence: Zhimin Ludand Tony Hunterb, aTel: 713-834-6231; Fax: 713-834-6230, zhiminlu@mdanderson.org. brel:
858-453-4100; Fax: 858-457-4765, hunter@salk.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lu and Hunter

PKM2

Page 2

Disruption of normal protein kinase functions by mutations, altered expression, or
dysregulation can cause many human diseases, including cancer and diabetes (Lu and
Hunter, 2009).

Cell metabolism comprises the life-sustaining chemical reactions ultimately responsible for
all cellular processes; production of ATP and building blocks for proteins, lipids, nucleic
acids, and some carbohydrates; and elimination of nitrogenous wastes. Metabolic enzymes
catalyze these reactions, facilitating cell growth and proliferation and the response to all
intracellular and extracellular signaling and stimuli. Each metabolic enzyme is known to
catalyze a unidirectional and/or bidirectional reaction in a specific metabolic pathway.
However, recent studies have demonstrated that several metabolic enzymes can also
moonlight as protein kinases and phosphorylate multiple protein substrates. These
phosphorylations are critical for key cellular functions, including the Warburg effect, a
feature of which is a high rate of glycolysis and lactic acid fermentation in the cytosol of
cancer cells regardless of oxygen level (Li et al., 2016b; Li et al., 2016d; Yang and Lu,
2015). This review highlights the roles of the unexpected protein kinase activity of the
metabolic enzymes pyruvate kinase M2 (PKM2), phosphoglycerate kinase 1 (PGK1),
ketohexokinase isoform A (KHK-A, or fructokinase A), hexokinase (HK) and the NME1/2
histidine (H) kinases in regulation of a variety of cellular functions and the impact of this
regulation on tumorigenesis.

Pyruvate kinase regulates the final rate-limiting step of glycolysis by catalyzing the transfer
of a phosphate group from phosphoenolpyruvate (PEP) to adenosine diphosphate (ADP) to
produce pyruvate and adenosine triphosphate (ATP) (Yang and Lu, 2015). This kinase has
four isoforms: PKL, PKR, PKM1, and PKM2. PKL and PKR, which are encoded by the
PKLR gene, are expressed in the liver and erythrocytes, respectively, whereas PKM1 and
PKM2, which are encoded by the PKM gene, are expressed in different types of cells and
tissues. The heterogeneous nuclear ribonucleoproteins A1 (hnnRNPH1) and A2 (hnRNPH2)
and polypyrimidine-tract (PPT) binding protein splicing factors regulate alternative splicing
of PKM pre-mRNA and generate PKM2 via the inclusion of the PKM2-specific exon 10 and
exclusion of the PKM1-specific exon 9 (David et al., 2010; Noguchi et al., 1987). An
isoform switch from PKM1 to PKM2 and enhanced PKM2 expression have been found in
many cancer types (Bluemlein et al., 2011; Desai et al., 2014; Yang et al., 2012a).

Genetic replacement of PKM2 with PKM1 inhibits aerobic glycolysis and tumor growth in
mice, although PKM1 has higher glycolytic activity than PKM2 does (Christofk et al., 2008;
Guminska et al., 1988; Mellati et al., 1992). One of the fundamental functional differences
between PKM1 and PKM2 is that the latter has unique nuclear functions. Specifically,
PKM2 contains a nuclear localization signal (NLS) encoded by exon 10, whereas PKM1
lacks an NLS. Activated extracellular signal-regulated kinase (ERK) 1/2 mitogen-activated
protein kinases bind to an ERK docking groove encoded by PKM2 exon 10 thus allowing
ERK1/2 to phosphorylate PKM2 but not PKM1 at Ser37. Once phosphorylated, the
pSer37.Pro38 bond in PKM2 is subject to cis-trans isomerization by the phospho-specific
peptidyl-proline isomerase protein interacting with never in mitosis A-1 (PIN1), causing a
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conformational change in PKM2, conversion of PKM2 from a tetramer to a monomer, and
exposure of the PKM2 NLS for importin a5 binding and subsequent nuclear translocation
(YYang and Lu, 2013; Yang et al., 2012c). Interaction of PKM2 with JMJD5, a Jumonji C
domain-containing dioxygenase, hinders PKM2 tetrameric assembly and facilitates PKM2’s
nuclear translocation (Wang et al., 2014a). In addition, enhanced nuclear translocation of
PKM?2 is induced by sumoylation of PKM2 mediated by the SUMO-E3 ligase PIAS3 and by
acetylation of PKM2 at Lys433 mediated by the p300 acetyltransferase that prevents the
binding of fructose-1,6-bisphosphate to PKM2 and formation of a PKM2 tetramer (Lv et al.,
2013; Spoden et al., 2009). This evidence supports the possibility that PKM2 translocates
into the nucleus as a monomer.

In the nucleus, PKM2 phosphorylated at Ser37 in the cytosol in response to growth factor
receptor (EGFR) activation, is dephosphorylated by the dual-specificity Cdc25A
phosphatase, thereby forming a complex with p-catenin that has been phosphorylated by c-
Src —at Tyr333, which then binds to p-catenin-regulated target promoter regions of genes,
such as MYCand CCNDI (Liang et al., 2016b; Yang et al., 2011). Using PEP as a
phosphate donor, nuclear PKM2 phosphorylates histone H3 at Thr11 in nucleosomes
associated with gene promoter regions. This phosphorylation is required for the dissociation
of histone deacetylase 3 (HDAC3) from the gene promoter regions and the subsequent
acetylation of histone H3 at Lys9. PKM2-dependent histone H3 phosphorylation is essential
for EGFR-promoted cell proliferation and tumorigenesis as well as expression of specific
genes, including c-Myc-regulated genes such as GLUTI and lactate dehydrogenase A
(LDHAY), and polypyrimidine-tract binding (P7B) protein, which increases PKM2 mRNA
expression levels via alternative splicing of PKM pre-mRNA. Thus, nuclear PKM2 enhances
the Warburg effect by upregulating expression of glycolytic genes, including itself (Yang et
al., 2012b; Yang et al., 2012c). PKM2 also binds to other transcription factors, such as
hypoxia-inducible factor (HIF) 1a, signal transducer and activator of transcription (STAT)3,
and Oct4, and enhances their target gene expression (Gao et al., 2012; Luo et al., 2011; Yang
and Lu, 2015). Notably, PKM2 phosphorylates STAT3 at Tyr705 and promotes STAT3
transcriptional activity (Gao et al., 2012). Although one study of the ability of recombinant
PKM?2 to phosphorylate proteins in PKM2-deficient cell lysates failed to detect PEP-
dependent protein kinase activity, possibly due to insufficient levels of key target substrate
proteins in the cell lysates and the low concentration of 32P-PEP used in the reactions
(Hosios et al., 2015), a later study using similar phosphoproteomic analyses of the proteome
of renal cell carcinoma cells demonstrated that recombinant PKM2 in the presence of PEP
phosphorylated 974 protein substrates (He et al., 2016). In addition, multiple research
groups have demonstrated and validated PKM2’s protein kinase activity using both yeast
and mammalian cells (Keller et al., 2014; Li et al., 2015). Succinyl-5-aminoimidazole-4-
carboxamide-1-ribose-5"-phosphate (SAICA) binds to PKM2 and enhances PKM2-
mediated histone H3 phosphorylation at Thrl11, as well as phosphorylation of ERK1/2 and
more than 100 other proteins (Keller et al., 2014). Another report demonstrated that the
yeast PKM2 homolog PYK1 directly phosphorylates histone H3 at Thrl11 and regulates the
cross-talk between H3 Thrll phosphorylation and H3 Lys4 methylation in autoregulation of
PYK1 expression (Li et al., 2015). Transgenic mouse studies demonstrated that PKM?2 is not
required for breast cancer formation promoted by BRCA1 tumor suppressor deficiency but
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is essential for BCR-ABL — or MLL-AF9-induced leukemia development (Israelsen et al.,
2013; Wang et al., 2014b), suggesting that the roles of PKM2 in tumor suppressor- and
oncogene-induced tumorigenesis can differ.

Besides regulating gene expression, PKM2’s protein kinase activity is instrumental for many
critical cellular activities. PKM2 binds to the spindle checkpoint protein Bub3 during
mitosis and phosphorylates Bub3 at Tyr207 (Jiang et al., 2014a). This phosphorylation leads
to recruitment of the Bub3-Bubl1 complex to the outer kinetochore protein Blinkin and
governs kinetochore-spindle attachment and the mitotic checkpoint, thereby promoting
accurate chromosome segregation and proliferation of tumor cells (Jiang et al., 2014a).
PKM?2 is also involved in cytokinesis. When PKM2 Thr45 is phosphorylated by Aurora B,
PKM2 interacts with myosin light chain 2 (MLC2) in the contractile ring regions of mitotic
cells and phosphorylates it at Tyr118, and MLC2 Tyr118 phosphorylation is greatly
enhanced by EGFR variant I11, K-Ras G12V, and B-Raf V600E oncogenic mutant
expression (Jiang et al., 2014a). This phosphorylation primes MLC2 phosphorylation at
Ser15 mediated by Rho-associated protein kinase 2 (ROCK?2) and is required for contraction
of the actomyosin complex at the cleavage furrow, completion of cytokinesis, and tumor cell
proliferation (Jiang et al., 2014b). In addition, PKM2, whose expression is transcriptionally
enhanced by EGFR-dependent activation of nuclear factor (NF)-xB, promotes hormonal and
nutrient signal-independent activation of mammalian target of rapamycin complex 1
(mTORCY1) via phosphorylation of mMTORC1 inhibitor AKT1 substrate 1 (AKT1S1) at
Ser202/203 and its release from Raptor (He et al., 2016; Yang et al., 2012a). In renal cell
carcinomas and breast cancers, PKM2 overexpression has been correlated with elevated
AKT1S1 phosphorylation at Ser202/203, activated mTORCL1, and reduced autophagy (He et
al., 2016).

The protein kinase activity of PKM2 is also involved in cell apoptosis. In response to
oxidative stress, PKM2 translocates to the outer membrane of mitochondria, where heat
shock protein (HSP)90a 1-mediates a conformational change in PKM2, which then interacts
with and phosphorylates Bcl-2 at Thr69. This phosphorylation prevents the binding of a
Cul3-based BCR (BTB-CUL3-RBX1) E3 ligase to Bcl-2, thereby stabilizing Bcl-2 and
enhancing the resistance of tumor cells to oxidative stress (Liang et al., 2016a). PKM2 also
participates in the remodeling of tumor microenvironments by regulating tumor cell
exosome secretion. PKMZ2 acts as a protein kinase to phosphorylate synaptosome-associated
protein 23 (SNAP-23) at Ser95, which in turn enables the formation of the SNARE complex
to facilitate exosome release (Wei et al., 2017).

In summary, in addition to its originally characterized metabolic function in the glycolytic
pathway, it has now been established that PKM2 also acts as a dual-specificity protein kinase
that can phosphorylate protein substrates at both serine/threonine and tyrosine residues.
PKM2 possesses nonmetabolic functions, acting as a protein kinase and phosphorylating a
variety of protein substrates to regulate the Warburg effect, gene expression, mitosis and
cytokinesis progression, cell proliferation, apoptosis, and exosome secretion (Fig. 1).
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Pyruvate kinase and PGK1 are the only two ATP-generating enzymes in the glycolysis
pathway. PGK1 is the first ATP-generating enzyme in this pathway and is highly expressed
in many types of cancer (Li et al., 2016d). It catalyzes the reversible conversion of 1,3-
diphosphoglycerate and ADP to 3-phosphoglycerate and ATP, respectively (Li et al., 2016d).
Nuclear PKM2 enhances the Warburg effect by upregulating the expression of glycolytic
enzymes, including PKM?2 itself, to increase glucose uptake and lactate production (Yang et
al., 2011), but how this enhanced aerobic glycolysis coordinates with suppression of
mitochondrial pyruvate metabolism is a central question in understanding the Warburg
effect. Our recent work demonstrated that EGFR activation, oncogenic K-Ras G12V and B-
Raf V600E mutant expression, and hypoxic stress all result in ERK activation-dependent
mitochondrial translocation of a small portion of cytosolic PGK1 (Li et al., 2016a).
Activated ERK1/2 phosphorylates PGK1 at Ser203. This phosphorylation recruits the PIN1
prolyl isomerase, leading to isomerization of the Ser203.Pro204 bond and subsequent
exposure of the presequence of PGK1 (38-QRIKAA-43) on its surface. The exposed PGK1
presequence is then recognized by the mitochondrial translocase of the outer membrane
(TOM) complex, leading to translocation of PGK1 into the mitochondria. In the
mitochondria, PGK1, acting as a protein kinase, interacts with and directly phosphorylates
pyruvate dehydrogenase kinase isozyme 1 (PDHK1) at Thr338 using ATP as a phosphate
donor. This phosphorylation activates PDHK1 and enhances PDHK1-mediated pyruvate
dehydrogenase Ela phosphorylation at Ser293, which inactivates the pyruvate
dehydrogenase complex preventing conversion of pyruvate and coenzyme A (CoA) to
acetyl-CoA and CO, in the mitochondria. This PGK1-mediated phosphorylation event
suppresses mitochondrial oxidative phosphorylation and thereby increases extracellular
acidification and lactate production by shunting pyruvate from the mitochondria into the
cytosol, thereby promoting tumorigenesis (Li et al., 2016a). Thus, tumor cells promote the
Warburg effect via nuclear PKM2-dependent upregulation of glycolytic gene expression and
through mitochondrial PKG1-mediated PDHK1 activation and subsequent inhibition of
mitochondrial pyruvate metabolism. Thus, the protein kinase activities of both PKM2 and
PGK1 play critical roles in this regulation.

Rapid tumor growth results in outgrowth of the existing vasculature and ischemia, and the
tumor inevitably encounters metabolic stress, which induces autophagy to maintain cellular
homeostasis (Lin et al., 2012). During the initiation of autophagy, autophagosome nucleation
requires functional Beclinl, which recruits the class I11 phosphatidylinositol (PI) 3-kinase
VPS34 into a complex with VPS15 and ATG14L to generate Pl 3-phosphate (P1(3)P)
(Funderburk et al., 2010). PI(3)P recruits proteins with PI(3)P-binding domains to modulate
intracellular trafficking and autophagosome formation (Kim et al., 2013). Recent studies
demonstrated that PGK1 plays a critical role in initiation of autophagy. In response to
glutamine deprivation and hypoxia, mTOR-mediated phosphorylation of acetyltransferase
ARDL1 at Ser228 is inhibited, leading to an association of ARD1 with PGK1 and subsequent
PGK1 acetylation at Lys388. Acetylated PGK1 interacts with Beclinl and phosphorylates it
at Ser30. This phosphorylation alters VPS34 conformation and dramatically enhances its
ability to bind to PI, thereby significantly increasing VPS34 activity and PI(3)P production.
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As a consequence, PGK1-mediated Beclinl phosphorylation at Ser30 is required for
initiation of autophagy, which is instrumental for tumor development. In addition, Beclinl
phosphorylation at Ser30 positively correlates with poor prognosis for glioblastoma (Qian et
al., 2017).

These studies revealed that PGK1 can function as a protein kinase to regulate mitochondrial
function and cellular stress-induced autophagy initiation and that integrated regulation of
glycolysis, mitochondrial metabolism, and autophagy by PGK1 is instrumental to promotion
of tumor cell proliferation and maintenance of cell homeostasis (Fig. 1).

Like glycolysis, fructose metabolism is a critical component of cell metabolism, with
aberrant fructose metabolism leading to development of liver diseases (Ishimoto et al.,
2012). In the fructose metabolic pathway, KHK, also known as fructokinase, the first rate-
limiting metabolic enzyme, catalyzes the conversion of fructose and ATP to fructose 1-
phosphate (F1P) and ADP, respectively. F1P is metabolized into dihydroxyacetone
phosphate and glyceraldehyde by aldolase and subsequently converges on the glycolysis
pathway (Li et al., 2016b). Mutually exclusive splicing of adjacent exons 3A and 3C in the
KHK precursor RNA results in expression of KHK isoform A (KHK-A) or isoform C
(KHK-C). KHK-A and KHK-C have low and high fructose phosphorylation activity,
respectively, because only KHK-C has high binding affinity for fructose, whereas KHK-A
has low fructose-binding affinity and a high Km for phosphorylation of fructose (~7 mM)
(Asipu et al., 2003; Bonthron et al., 1994).

KHK-C is predominantly highly expressed in the liver, kidneys, and pancreas. In contrast,
KHK-A is ubiquitously expressed at low levels (Ishimoto et al., 2012). In hepatocellular
carcinoma (HCC) cells, KHK-C expression switches to KHK-A expression as a result of c-
Myc—induced high level expression of hnRNPH1 and hnRNPH2, which bind to a motif
located in the intron close to the 3" end of exon 3C resulting in alternative splicing of the
KHK pre-mRNA and expression of KHK-A. KHK-A expression results in much lower
fructose catabolism rates, ATP consumption, and reactive oxygen species production in
HCC cells than in normal hepatocytes (Li et al., 2016c). Importantly, instead of binding
fructose, KHK-A interacts with the rate-limiting enzyme phosphoribosy! pyrophosphate
synthetase 1 (PRPSL1) in the de novo nucleic acid synthesis pathway. This allows KHK-A to
function as a protein kinase and directly phosphorylate PRPS1 at Thr225 (Km, ~0.2 uM),
which lies in the binding region for PRPS1’s allosteric inhibitor ADP. This phosphorylation
abrogates the feedback inhibition of PRPS1 by blocking the binding of ADP to PRPS1,
leading to elevated de novo nucleic acid synthesis via constitutive activation of PRPS1 in
HCC cells, and thereby promotes HCC proliferation and growth in the livers of mice.
Immunohistochemical staining of human HCC specimens demonstrated that KHK-A and
PRPS1 pThr225 were positively correlated with each other and that the levels of KHK-A
and PRPS1 pThr225 staining were inversely correlated with survival duration, supporting a
pivotal role for KHK-A-dependent PRPS1 phosphorylation in HCC progression (Li et al.,
2016b; Li et al., 2016c).
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Thus, in addition to the identified protein kinase activity of PKM2 and PGK1 in the
glycolytic pathway, KHK-A in the fructose metabolic pathway acts as a protein kinase that
plays an instrumental role in de novo nucleic acid synthesis and promotion of HCC
development (Fig. 1).

Hexokinase

Hexokinase (HK) catalyzes the phosphorylation of glucose to produce glucose 6-phosphate,
using ATP as a phosphate donor. Four isoforms of hexokinase (HK 1-4) exist in mammalian
tissues [1]. Incubation of HK-PII, an isoenzyme from Saccharomyces cerevisiae, with y-32P
ATP shows that HK-PII can autophosphorylate itself (Fernandez et al., 1988).
Phosphoamino acid analyses reveal that HK1 purified from rat brain can autophosphorylate
at serine, threonine, and tyrosine residues (Adams et al., 1994). In addition, /n vitro
phosphorylation assays show that HK1 can phosphorylate purified histone H2A, and that
this phosphorylation and the autophosphorylation activity of HK1 is inhibited in the
presence of its normal substrate glucose (Adams et al., 1991). Although HK1 exhibits
protein Kinase activity /n vitro, whether HK1 as well as other HK isoforms can act as protein
kinases /n vivo and the physiological role of such phosphorylation activity in the regulation
of HK and cellular activities remain to be determined.

Histidine Kinases

In prokaryotes and lower eukaryotes (yeast, fungi, and plants), protein-histidine kinase
activity of metabolic enzymes was identified in two-component and multicomponent
signaling systems and this activity plays an important role in sugar phosphorylation (Hess et
al., 1988; Kennelly and Potts, 1996; Swanson et al., 1994). In the PEP/sugar
phosphotransferase system, enzyme I, which converts phosphoenolpyruvate to pyruvate, is
autophosphorylated at His189, with PEP being used as the phosphate donor. The phosphate
group in enzyme | is then transferred sequentially to a histidine in the HPr enzyme and then
to a histidine in enzyme 1A before being transferred to a cysteine residue in enzyme 1B,
which, in complex with enzyme IIC, phosphorylates intracellular glucose (Attwood and
Wieland, 2015). Thus, the histidine kinase activity of enzyme | plays a critical role in
glucose metabolism.

PEP can be used as a phosphate donor to phosphorylate proteins by enzyme I in prokaryotes
and lower eukaryotes and by PKM2 in eukaryotes. The low sequence homology between
enzyme | and PKMZ2 and their different structures suggest that they will have different
substrates for phosphorylation. Moreover, enzyme | is a histidine kinase that
autophosphorylates itself and then transfers this phosphate onto its protein substrates,
whereas PKM2 does not use a phosphoenzyme intermediate, and transfers phosphate from
PEP onto both ADP and protein substrates in a concerted reaction. In addition, although
PKM2 can phosphorylate several different proteins, these phosphorylations are regulated by
posttranslational modification, oligomerization state or alteration of PKIM2’s subcellular
compartmental localization (Jiang et al., 2014a; Yang et al., 2012b; Yang et al., 2012c).
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In mammals, nucleoside diphosphate kinase (NDPK, or NDK) is a ubiquitous enzyme that
catalyzes the conversion of nucleoside diphosphates (NDPs) into nucleoside triphosphates
(NTPs) by transferring terminal y-phosphate groups from 5 -triphosphate-nucleotides to 5’ -
diphosphate-nucleotides. NDPKs are encoded by the NME gene family, which is comprised
of 10 family members (Boissan et al., 2009). Besides their NDPK activity, NDPK-A (also
known as NME1) and NDPK-B (also known as NME?2) function as protein-histidine kinases
(Attwood and Wieland, 2015). Similar to the phosphoenolpyruvate/sugar phosphotransferase
system in lower organisms, the NDPK catalytic mechanism involves NTP (usually ATP)-
dependent autophosphorylation of a highly conserved histidine residue in its active site and
this phosphate group is then transferred from the phosphohistidine either to an NDP
molecule or to the histidine in substrate proteins (Attwood and Wieland, 2015).

Several proteins have been identified as substrates of NDPK-A and NDPK-B protein kinase
activity. Specifically, NDPK-A phosphorylates the histidine at the catalytic site of ATP
citrate lyase (ACLY), a cytosolic enzyme that converts citrate to acetyl-CoA and is critical
for fatty acid synthesis (Attwood and Wieland, 2015). Autophosphorylated NDPK-A
transfers the phosphate group from NDPK-A to ACLY. Citrate then binds to ACLY, and the
phosphate is transferred to citrate to generate citryl-phosphate, an intermediate product of
the reaction that forms acetyl-CoA (Wells, 1991). Like NDPK-A, NDPK-B can also act as a
histidine kinase, forming a complex with G protein By dimers and phosphorylating His266
in the G subunit. The phosphate on His266 is highly energetic and can be transferred onto
guanosine diphosphate (GDP), leading to formation of guanosine triphosphate (GTP) and
contributing to G-protein activation (Cuello et al., 2003). NDPK-B also binds directly to and
activates the Ca2*-activated K* channel KCa3.1 by phosphorylating H358 in the cytoplasmic
C-terminal tail of KCa3.1, thus relieving copper-dependent inhibition of KCa3.1 channel
function, and promoting subsequent activation of CD4* T cells (Srivastava et al., 2006;
Srivastava et al., 2016). In addition, NDPK-B phosphorylates His711 in the C-terminal tail
of transient receptor potential-vanilloid-5 (TRPV5), which regulates urinary Ca%* excretion
by mediating active Ca2* reabsorption in the distal convoluted tubule of the kidney. His711
phosphorylation activates TRPV5 channel activity (Cai et al., 2014).

Histidine phosphorylation, like serine, threonine, and tyrosine phosphorylation, is reversible.
Using monoclonal antibodies that specifically recognize phosphorylated histidine in proteins
(Fuhs et al., 2015), phosphoglycerate mutase family 5 (PGAMDb) was identified as a
phosphohistidine phosphatase that specifically associates with and dephosphorylates the
catalytic pHis118 on NDPK-B and negatively regulates CD4" T cell activity by inhibiting
NDPK-B-mediated histidine phosphorylation and activation of the K* channel KCa3.1,
which is required for T-cell receptor (TCR)-stimulated Ca2* influx and cytokine production
(Panda et al., 2016). On the other hand, NDPK-phosphorylated ACLY, G, and KCa3.1 are
substrates for a phosphohistidine-specific phosphatase, PHPT1, which dephosphorylates the
phosphorylated active site histidine and reverses the functional consequences of NDPK-
dependent phosphorylation (Klumpp et al., 2003; Maurer et al., 2005; Srivastava et al.,
2008). In addition, phospholysine phosphohistidine inorganic pyrophosphate phosphatase
(LHPP), a conserved phosphatase that hydrolyzes P-N bonds in synthetic substrates in vitro,
is potentially a third phosphohistidine protein phosphatase, but LHPP is otherwise poorly
characterized.
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Thus, in addition to regulating nucleoside triphosphate production, NDPK-A and NDPK-B
function as histidine kinases and regulate a spectrum of cellular activities in a cooperative
manner with phosphohistidine phosphatases.

How can one establish unequivocally that a metabolic kinase acts as a
protein kinase?

The recent finding that many metabolic kinases can also act as protein kinases is unexpected
and raises a number of mechanistic questions. The most obvious is how the active site of an
enzyme designed to recognize ATP/ADP and a second small metabolite molecule for
phosphate transfer is also able to recognize a specific Ser, Thr or Tyr residue in a selected
protein substrate and phosphorylates it. This in turn raises the issue of whether the protein
substrate occupies the same binding site as the small molecule substrate that is normally
phosphorylated. One way to answer this is to show that the small molecule substrate can
compete with the protein substrate for phosphorylation /n vitro, which has only been
demonstrated in a few cases. The ultimate way to establish how a protein substrate binds
will be to solve a structure of the protein bound to the metabolic kinase as an enzyme
intermediate complex. So far this has not been achieved for any metabolic kinase and its
proposed protein substrate. Detailed structural analyses will also elucidate how
posttranslational modifications of metabolic enzymes, such as Aurora B-mediated PKM2
Thr45 phosphorylation and ARD1-mediated PGK1 Lys388 acetylation (Jiang et al., 2014a;
Qian et al., 2017), enable these metabolic enzymes to bind to and phosphorylate their protein
substrates.

Another concern is that the observed protein kinase activity could be due to contamination
with an authentic protein kinase, particularly if the metabolic kinase is isolated from a
eukaryotic cell. To address this issue, recombinant forms of the metabolic kinase and its
substrates should be used, and ideally a kinetic analysis of protein substrate phosphorylation
should be carried out to demonstrate that the protein kinase activity has properties consistent
with this activity being of physiological relevance in cells.

To establish unequivocally that the protein kinase activity of a metabolic kinase is an
intrinsic and physiologically activity, we propose a number of criteria that should be met.
Table 1 lists these criteria and indicates which of them have been satisfied for the different
metabolic kinases with reported protein kinase activities that we have reviewed.

Prospective

The original characterization of the human kinome identified more than 500 protein kinases
(Manning et al., 2002). Characterization and demonstration of the protein kinase activities of
metabolic enzymes expands the kinome. Identification of additional metabolic enzymes,
which are able to transfer phosphate groups during their metabolic reactions, as protein
kinases is a reasonable expectation. Demonstration of multiple roles of metabolic enzymes,
such as PKM2, PGK1, KHK-A, HK1, and NDPK-A/B, in plural cellular functions provides
new insights into integrated regulation of cell metabolism and many other important cellular
activities, such as cell growth, proliferation, survival, autophagy, and apoptosis.
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The existence of non-canonical functions for PKM2, PGK1, and KHK-A in tumor
development make these enzymes promising targets for new therapeutic interventions for
human cancer. Structural elucidation of the binding and phosphorylation of protein
substrates of these metabolic enzymes will facilitate identification of specific interventions
that can selectively inhibit their protein kinase activity rather than their metabolic enzymatic
activity. Disruption of processes involved in their subcellular localization will inhibit their
important subcellular compartment-specific protein kinase activity that is critical for tumor
development. In addition, cancer type-specific expression of some of these metabolic
enzymes, such as HCC-specific splicing of the KHK gene and expression of KHK-A (Li et
al., 2016c), afford the possibility of cancer type-specific treatment by targeting the protein
kinase activity of these metabolic enzymes. Advances in understanding the protein kinase
activity of metabolic enzymes could lead to the development of new and specific therapeutic
cancer interventions.

Acknowledgments

We thank Don Norwood in MD Anderson’s Department of Scientific Publications for editing the manuscript and
Jong-Ho Lee and Xinjian Li for preparing the figure.

This work was supported by National Cancer Institute grants 2R01 CA109035, 1R01 CA169603, and 1R01
CA204996 (Z.L.); CA014195, CA080100, CA082683, and CA194584 (T.H.); National Institute of Neurological
Disorders and Stroke grant 1R01 NS089754 (Z.L.); the National Institutes of Health/National Cancer Institute MD
Anderson Support Grant (P30CA016672); and the National Institutes of Health Brain Cancer Specialized Program
of Research Excellence (2P50 CA127001), Z.L. is a Ruby E. Rutherford Distinguished Professor. T.H. is the
Renato Dulbecco Chair in Cancer Research.

References

Adams V, Griffin LD, Gelb BD, McCabe ER. Protein kinase activity of rat brain hexokinase.
Biochemical and biophysical research communications. 1991; 177:1101-1106. [PubMed: 2059200]

Adams V, Schieber A, McCabe ER. Hexokinase autophosphorylation: identification of a new dual
specificity protein kinase. Biochem Med Metab Biol. 1994; 53:80-86. [PubMed: 7531990]

Asipu A, Hayward BE, O’Reilly J, Bonthron DT. Properties of normal and mutant recombinant human
ketohexokinases and implications for the pathogenesis of essential fructosuria. Diabetes. 2003;
52:2426-2432. [PubMed: 12941785]

Attwood PV, Wieland T. Nucleoside diphosphate kinase as protein histidine kinase. Naunyn
Schmiedebergs Arch Pharmacol. 2015; 388:153-160. [PubMed: 24961462]

Bluemlein K, Gruning NM, Feichtinger RG, Lehrach H, Kofler B, Ralser M. No evidence for a shift in
pyruvate kinase PKM1 to PKM2 expression during tumorigenesis. Oncotarget. 2011; 2:393-400.
[PubMed: 21789790]

Boissan M, Dabernat S, Peuchant E, Schlattner U, Lascu I, Lacombe ML. The mammalian Nm23/
NDPK family: from metastasis control to cilia movement. Mol Cell Biochem. 2009; 329:51-62.
[PubMed: 19387795]

Bonthron DT, Brady N, Donaldson IA, Steinmann B. Molecular basis of essential fructosuria:
molecular cloning and mutational analysis of human ketohexokinase (fructokinase). Human
molecular genetics. 1994; 3:1627-1631. [PubMed: 7833921]

Brognard J, Hunter T. Protein kinase signaling networks in cancer. Current opinion in genetics &
development. 2011; 21:4-11. [PubMed: 21123047]

Cai X, Srivastava S, Surindran S, Li Z, Skolnik EY. Regulation of the epithelial Ca(2)(+) channel
TRPVS5 by reversible histidine phosphorylation mediated by NDPK-B and PHPT1. Mol Biol Cell.
2014; 25:1244-1250. [PubMed: 24523290]

Trends Biochem Sci. Author manuscript; available in PMC 2019 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lu and Hunter

Page 11

Christofk HR, Vander Heiden MG, Harris MH, Ramanathan A, Gerszten RE, Wei R, Fleming MD,
Schreiber SL, Cantley LC. The M2 splice isoform of pyruvate kinase is important for cancer
metabolism and tumour growth. Nature. 2008; 452:230-233. [PubMed: 18337823]

Cuello F, Schulze RA, Heemeyer F, Meyer HE, Lutz S, Jakobs KH, Niroomand F, Wieland T.
Activation of heterotrimeric G proteins by a high energy phosphate transfer via nucleoside
diphosphate kinase (NDPK) B and Gbeta subunits. Complex formation of NDPK B with Gheta
gamma dimers and phosphorylation of His-266 IN Gbeta. The Journal of biological chemistry.
2003; 278:7220-7226. [PubMed: 12486123]

David CJ, Chen M, Assanah M, Canoll P, Manley JL. HNRNP proteins controlled by c-Myc deregulate
pyruvate kinase mRNA splicing in cancer. Nature. 2010; 463:364-368. [PubMed: 20010808]

Desai S, Ding M, Wang B, Lu Z, Zhao Q, Shaw K, Yung WK, Weinstein JN, Tan M, Yao J. Tissue-
specific isoform switch and DNA hypomethylation of the pyruvate kinase PKM gene in human
cancers. Oncotarget. 2014; 5:8202-8210. [PubMed: 24077665]

Fernandez R, Herrero P, Fernandez E, Fernandez T, Lopez-Boado YS, Moreno F. Autophosphorylation
of yeast hexokinase PIl. J Gen Microbiol. 1988; 134:2493-2498. [PubMed: 3076185]

Fuhs SR, Meisenhelder J, Aslanian A, Ma L, Zagorska A, Stankova M, Binnie A, Al-Obeidi F, Mauger
J, Lemke G, et al. Monoclonal 1- and 3-Phosphohistidine Antibodies: New Tools to Study
Histidine Phosphorylation. Cell. 2015; 162:198-210. [PubMed: 26140597]

Funderburk SF, Wang QJ, Yue Z. The Beclin 1-VPS34 complex--at the crossroads of autophagy and
beyond. Trends in cell biology. 2010; 20:355-362. [PubMed: 20356743]

Gao X, Wang H, Yang JJ, Liu X, Liu ZR. Pyruvate kinase M2 regulates gene transcription by acting as
a protein kinase. Molecular cell. 2012; 45:598-609. [PubMed: 22306293]

Guminska M, Stachurska MB, Ignacak J. Pyruvate kinase isoenzymes in chromatin extracts of Ehrlich
ascites tumour, Morris hepatoma 7777 and normal mouse and rat livers. Biochimica et biophysica
acta. 1988; 966:207-213. [PubMed: 3401505]

He CL, Bian YY, Xue Y, Liu ZX, Zhou KQ, Yao CF, Lin Y, Zou HF, Luo FX, Qu YY, et al. Pyruvate
Kinase M2 Activates mTORCL1 by Phosphorylating AKT1S1. Sci Rep. 2016; 6:21524. [PubMed:
26876154]

Hess JF, Bourret RB, Simon MI. Histidine phosphorylation and phosphoryl group transfer in bacterial
chemotaxis. Nature. 1988; 336:139-143. [PubMed: 3185734]

Hosios AM, Fiske BP, Gui DY, Vander Heiden MG. Lack of Evidence for PKM2 Protein Kinase
Activity. Molecular cell. 2015; 59:850-857. [PubMed: 26300261]

Ishimoto T, Lanaspa MA, Le MT, Garcia GE, Diggle CP, Maclean PS, Jackman MR, Asipu A, Roncal-
Jimenez CA, Kosugi T, et al. Opposing effects of fructokinase C and A isoforms on fructose-
induced metabolic syndrome in mice. Proceedings of the National Academy of Sciences of the
United States of America. 2012; 109:4320-4325. [PubMed: 22371574]

Israelsen WJ, Dayton TL, Davidson SM, Fiske BP, Hosios AM, Bellinger G, Li J, Yu Y, Sasaki M,
Horner JW, et al. PKM2 isoform-specific deletion reveals a differential requirement for pyruvate
kinase in tumor cells. Cell. 2013; 155:397-409. [PubMed: 24120138]

Jiang Y, Li X, Yang W, Hawke DH, Zheng Y, Xia Y, Aldape K, Wei C, Guo F, Chen Y, et al. PKM2
Regulates Chromosome Segregation and Mitosis Progression of Tumor Cells. Molecular cell.
2014a; 53:75-87. [PubMed: 24316223]

Jiang Y, Wang Y, Wang T, Hawke DH, Zheng Y, Li X, Zhou Q, Majumder S, Bi E, Liu DX, et al.
PKM?2 phosphorylates MLC2 and regulates cytokinesis of tumour cells. Nature communications.
2014b; 5:5566.

Keller KE, Doctor ZM, Dwyer ZW, Lee YS. SAICAR induces protein kinase activity of PKM2 that is
necessary for sustained proliferative signaling of cancer cells. Molecular cell. 2014; 53:700-709.
[PubMed: 24606918]

Kennelly PJ, Potts M. Fancy meeting you here! A fresh look at “prokaryotic” protein phosphorylation.
Journal of bacteriology. 1996; 178:4759-4764. [PubMed: 8759835]

Kim J, Kim YC, Fang C, Russell RC, Kim JH, Fan W, Liu R, Zhong Q, Guan KL. Differential
regulation of distinct Vps34 complexes by AMPK in nutrient stress and autophagy. Cell. 2013;
152:290-303. [PubMed: 23332761]

Trends Biochem Sci. Author manuscript; available in PMC 2019 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lu and Hunter

Page 12

Klumpp S, Bechmann G, Maurer A, Selke D, Krieglstein J. ATP-citrate lyase as a substrate of protein
histidine phosphatase in vertebrates. Biochemical and biophysical research communications. 2003;
306:110-115. [PubMed: 12788074]

Li S, Swanson SK, Gogol M, Florens L, Washburn MP, Workman JL, Suganuma T. Serine and SAM
Responsive Complex SESAME Regulates Histone Modification Crosstalk by Sensing Cellular
Metabolism. Molecular cell. 2015; 60:408-421. [PubMed: 26527276]

Li X, Jiang Y, Meisenhelder J, Yang W, Hawke DH, Zheng Y, Xia Y, Aldape K, He J, Hunter T, et al.
Mitochondria-Translocated PGK1 Functions as a Protein Kinase to Coordinate Glycolysis and the
TCA Cycle in Tumorigenesis. Molecular cell. 2016a; 61:705-719. [PubMed: 26942675]

Li X, Qian X, Lu Z. Fructokinase A acts as a protein kinase to promote nucleotide synthesis. Cell
Cycle. 2016b; 15:2689-2690. [PubMed: 27356213]

Li X, Qian X, Peng LX, Jiang Y, Hawke DH, Zheng Y, Xia Y, Lee JH, Cote G, Wang H, etal. A
splicing switch from ketohexokinase-C to ketohexokinase-A drives hepatocellular carcinoma
formation. Nature cell biology. 2016c; 18:561-571. [PubMed: 27088854]

Li X, Zheng Y, Lu Z. PGK1 is a new member of the protein kinome. Cell Cycle. 2016d; 15:1803—
1804. [PubMed: 27105392]

Liang J, Cao R, Wang X, Zhang Y, Wang P, Gao H, Li C, Yang F, Zeng R, Wei P, et al. Mitochondrial
PKM2 regulates oxidative stress-induced apoptosis by stabilizing Bcl2. Cell research. 2016a

Liang J, Cao R, Zhang Y, Xia Y, Zheng Y, Li X, Wang L, Yang W, Lu Z. PKM2 dephosphorylation by
Cdc25A promotes the Warburg effect and tumorigenesis. Nature communications. 2016b; 7:12431.

Lin TC, Chen YR, Kensicki E, Li AY, Kong M, Li Y, Mohney RP, Shen HM, Stiles B, Mizushima N,
et al. Autophagy: resetting glutamine-dependent metabolism and oxygen consumption. Autophagy.
2012; 8:1477-1493. [PubMed: 22906967]

Lu Z, Hunter T. Degradation of activated protein kinases by ubiquitination. Annual review of
biochemistry. 2009; 78:435-475.

Luo W, Hu H, Chang R, Zhong J, Knabel M, O’Meally R, Cole RN, Pandey A, Semenza GL. Pyruvate
kinase M2 is a PHD3-stimulated coactivator for hypoxia-inducible factor 1. Cell. 2011; 145:732—
744. [PubMed: 21620138]

Lv L, Xu YP, Zhao D, Li FL, Wang W, Sasaki N, Jiang Y, Zhou X, Li TT, Guan KL, et al. Mitogenic
and oncogenic stimulation of K433 acetylation promotes PKMZ2 protein kinase activity and nuclear
localization. Molecular cell. 2013; 52:340-352. [PubMed: 24120661]

Manning G, Whyte DB, Martinez R, Hunter T, Sudarsanam S. The protein kinase complement of the
human genome. Science. 2002; 298:1912-1934. [PubMed: 12471243]

Maurer A, Wieland T, Meissl F, Niroomand F, Mehringer R, Krieglstein J, Klumpp S. The beta-subunit
of G proteins is a substrate of protein histidine phosphatase. Biochemical and biophysical research
communications. 2005; 334:1115-1120. [PubMed: 16039992]

Mellati AA, Yucel M, Altinors N, Gunduz U. Regulation of M2-type pyruvate kinase from human
meningioma by allosteric effectors fructose 1,6 diphosphate and L-alanine. Cancer Biochem
Biophys. 1992; 13:33-41. [PubMed: 1343845]

Noguchi T, Yamada K, Inoue H, Matsuda T, Tanaka T. The L- and R-type isozymes of rat pyruvate
kinase are produced from a single gene by use of different promoters. The Journal of biological
chemistry. 1987; 262:14366-14371. [PubMed: 3654663]

Panda S, Srivastava S, Li Z, Vaeth M, Fuhs SR, Hunter T, Skolnik EY. Identification of PGAMS5 as a
Mammalian Protein Histidine Phosphatase that Plays a Central Role to Negatively Regulate
CDA4(+) T Cells. Molecular cell. 2016; 63:457-469. [PubMed: 27453048]

Qian X, Li X, Cai Q, Zhang C, Yu Q, Jiang Y, Lee JH, Hawke D, Wang Y, Xia Y, et al.
Phosphoglycerate Kinase 1 Phosphorylates Beclinl to Induce Autophagy. Molecular cell. 2017

Spoden GA, Morandell D, Ehehalt D, Fiedler M, Jansen-Durr P, Hermann M, Zwerschke W. The
SUMO-ES3 ligase PIAS3 targets pyruvate kinase M2. J Cell Biochem. 2009; 107:293-302.
[PubMed: 19308990]

Srivastava S, Li Z, Ko K, Choudhury P, Albaqumi M, Johnson AK, Yan Y, Backer JM, Unutmaz D,
Coetzee WA, et al. Histidine phosphorylation of the potassium channel KCa3.1 by nucleoside
diphosphate kinase B is required for activation of KCa3.1 and CD4 T cells. Molecular cell. 2006;
24:665-675. [PubMed: 17157250]

Trends Biochem Sci. Author manuscript; available in PMC 2019 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lu and Hunter

Page 13

Srivastava S, Panda S, Li Z, Fuhs SR, Hunter T, Thiele DJ, Hubbard SR, Skolnik EY. Histidine
phosphorylation relieves copper inhibition in the mammalian potassium channel KCa3.1. eL.ife.
2016:5.

Srivastava S, Zhdanova O, Di L, Li Z, Albaqumi M, Wulff H, Skolnik EY. Protein histidine
phosphatase 1 negatively regulates CD4 T cells by inhibiting the K+ channel KCa3.1. Proceedings
of the National Academy of Sciences of the United States of America. 2008; 105:14442-14446.
[PubMed: 18796614]

Swanson RV, Alex LA, Simon MI. Histidine and aspartate phosphorylation: two-component systems
and the limits of homology. Trends in biochemical sciences. 1994; 19:485-490. [PubMed:
7855892]

Wang HJ, Hsieh YJ, Cheng WC, Lin CP, Lin YS, Yang SF, Chen CC, Izumiya Y, Yu JS, Kung HJ, et
al. IMJD5 regulates PKM2 nuclear translocation and reprograms HIF-1alpha-mediated glucose
metabolism. Proceedings of the National Academy of Sciences of the United States of America.
2014a; 111:279-284. [PubMed: 24344305]

Wang YH, Israelsen WJ, Lee D, Yu VW, Jeanson NT, Clish CB, Cantley LC, Vander Heiden MG,
Scadden DT. Cell-state-specific metabolic dependency in hematopoiesis and leukemogenesis. Cell.
2014b; 158:1309-1323. [PubMed: 25215489]

Wei Y, Wang D, Jin F, Bian Z, Li L, Liang H, Li M, Shi L, Pan C, Zhu D, et al. Pyruvate kinase type
M2 promotes tumour cell exosome release via phosphorylating synaptosome-associated protein
23. Nature communications. 2017; 8:14041.

Wells TN. ATP-citrate lyase from rat liver. Characterisation of the citryl-enzyme complexes. European
journal of biochemistry/FEBS. 1991; 199:163-168.

Yang W, Lu Z. Nuclear PKM2 regulates the Warburg effect. Cell Cycle. 2013; 12:3154-3158.
[PubMed: 24013426]

Yang W, Lu Z. Pyruvate kinase M2 at a glance. Journal of cell science. 2015; 128:1655-1660.
[PubMed: 25770102]

Yang W, Xia Y, Cao Y, Zheng Y, Bu W, Zhang L, You MJ, Koh MY, Cote G, Aldape K, et al. EGFR-
induced and PKCepsilon monoubiquitylation-dependent NF-kappaB activation upregulates PKM2
expression and promotes tumorigenesis. Molecular cell. 2012a; 48:771-784. [PubMed: 23123196]

Yang W, Xia Y, Hawke D, Li X, Liang J, Xing D, Aldape K, Hunter T, Alfred Yung WK, Lu Z. PKM2
phosphorylates histone H3 and promotes gene transcription and tumorigenesis. Cell. 2012b;
150:685-696. [PubMed: 22901803]

Yang W, Xia'Y, Ji H, Zheng Y, Liang J, Huang W, Gao X, Aldape K, Lu Z. Nuclear PKM2 regulates
beta-catenin transactivation upon EGFR activation. Nature. 2011; 480:118-122. [PubMed:
22056988]

Yang W, Zheng Y, Xia Y, Ji H, Chen X, Guo F, Lyssiotis CA, Aldape K, Cantley LC, Lu Z. ERK1/2-
dependent phosphorylation and nuclear translocation of PKM2 promotes the Warburg effect.
Nature cell biology. 2012c; 14:1295-1304. [PubMed: 23178880]

Trends Biochem Sci. Author manuscript; available in PMC 2019 April 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Lu and Hunter

Page 14

Highlights

. In addition to their originally identified metabolic enzymatic activities,
PKM2, PGK1, KHK-A, HK, and NDPK-A/B can act as protein kinase.

. The protein kinase activity of metabolic enzymes phosphorylates a variety of
protein substrates and regulates critical cellular activities.

. Metabolic enzymes are often posttranslationally modified, which changes
their subcellular localization and allows them to phosphorylate protein
substrates.

. The protein kinase functions of metabolic enzymes make them promising

therapeutic targets for cancer.
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Outstanding Questions

In addition to PKM2, PGK1, KHK-A, HK1, and NDPK-A/B, are there any other
metabolic enzymes that function as protein kKinases?

How is the active site of a metabolic enzyme designed to recognize ATP/ADP and
a second small metabolite molecule for phosphate transfer also able to recognize a
specific Ser, Thr or Tyr residue in a selected protein substrate and phosphorylate
it?

How can specific targeting of the protein kinase activity of key metabolic enzymes
be achieved without affecting their metabolic kinase activity?
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Figure 1.
PKM2, PGK1, and KHK-A possess both metabolic enzyme functions and protein kinase

functions.
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