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Mammalian pyruvate kinase catalyzes the final step of glycolysis, and its M2

isoform (PKM2) is widely expressed in proliferative tissues. Mutations in

PKM2 are found in some human cancers; however, the effects of these muta-

tions on enzyme activity and regulation are unknown. Here, we characterized

five cancer-associated PKM2 mutations, occurring at various locations on the

enzyme, with respect to substrate kinetics and activation by the allosteric

activator fructose-1,6-bisphosphate (FBP). The mutants exhibit reduced max-

imal velocity, reduced substrate affinity, and/or altered activation by FBP.

The kinetic parameters of five additional PKM2 mutants that have been used

to study enzyme function or regulation also demonstrate the deleterious

effects of mutations on PKM2 function. Our findings indicate that PKM2 is

sensitive to many amino acid changes and support the hypothesis that

decreased PKM2 activity is selected for in rapidly proliferating cells.
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Mammalian pyruvate kinase isoforms function as

homotetramers to catalyze the final step of glycolysis,

which is the transfer of phosphate from phospho-

enolpyruvate (PEP) to ADP to produce pyruvate and

ATP. There are four mammalian pyruvate kinase iso-

forms, and the activity of each isoform is regulated in a

manner that suits its physiological role [1–3]. The muscle

(PKM1) isoform is found in nonproliferating and highly

catabolic tissues such as the heart, brain, and skeletal

muscle, where it functions as a highly active, constitutive

tetramer with few regulatory inputs [1,2,4–7]. The liver

(PKL) and red blood cell (PKR) isoforms are subject to

allosteric feed-forward activation by an upstream gly-

colytic intermediate, fructose-1,6-bisphosphate (FBP)

[8,9]. Both of these enzymes are also inhibited by phos-

phorylation, with the liver isoform regulated to minimize

futile cycles during gluconeogenesis [10]. The M2 isoform

of pyruvate kinase (PKM2) is expressed in most other
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tissue types, including the developing embryo and virtu-

ally all cancers and proliferative tissues studied to date

[1,2,4,11]. In proliferating tissues, PKM2 catalytic activ-

ity is tightly regulated to balance the catabolic and

anabolic needs of proliferating cells [12,13].

PKM2 activity is modulated by a host of regulatory

inputs. Like PKL and PKR, FBP is a major allosteric

activator of PKM2 [14,15], and its activity is also

affected by other allosteric effectors, including thyroid

hormone T3, serine, phenylalanine, and select other

amino acids [7,16–19]. FBP binding increases affinity of

PKM2 for one of its substrates, PEP, and stabilizes the

PKM2 tetramer in a fully active conformation [15,20].

The PKM2 tetramer assembles as a dimer of dimers,

and the enzyme exists in a tetramer-dimer-monomer

equilibrium with the less-active, FBP-free, tetramer con-

formation prone to dissociation to inactive dimers and

monomers. Tetramer dissociation significantly reduces

enzyme activity, while the binding of FBP favors tetra-

mer assembly and results in an increase in Vmax due to

an apparent increase in concentration of functional

enzyme [7,16]. This association–dissociation phe-

nomenon is also observed in vivo [20–22].

Release of FBP, and subsequent downregulation of

enzyme activity, is stimulated by interaction of the

enzyme FBP-binding pocket with tyrosine-phosphory-

lated proteins generated by growth signaling [23]. Addi-

tional mechanisms can also reduce pyruvate kinase

activity in proliferating cells including lysine acetylation,

cysteine oxidation, and degradation of the enzyme in

nutrient-replete conditions [24,25]. Reduction of PKM2

activity via intracellular signaling may facilitate biosyn-

thesis [26], and genetic or pharmacologic activation of

pyruvate kinase disrupts proliferative metabolism and is

detrimental to tumor growth [20,27,28]. Decreased pyru-

vate kinase activity seems particularly important for

nucleobase synthesis [28], and genetic experiments using

mouse cancer models suggest that loss of pyruvate kinase

activity can be selected for in tumors [11,29].

We reported heterozygous mis-sense mutations in

PKM2 that were found in human cancers [29]. Here,

we consider mutations in PKM2 reported in The Can-

cer Genome Atlas (TCGA) affecting 23 amino acids

throughout the tertiary structure of the enzyme

(Fig. S1). Each PKM2 subunit contains three main

domains: the A domain, a TIM barrel that hosts the

active site; the B domain, which closes down on the

active site during substrate binding and catalysis; and

the C domain, which comprises most of the dimer-

dimer interface and contains the FBP-binding site

[30,31] (Fig. S1C). Pyruvate kinase is highly conserved,

and PKM2 function appears to be sensitive to amino

acid substitutions, even in solvent-exposed residues

[32], suggesting that the PKM2 mutations occurring in

human tumors may affect the enzyme activity. Given

that a reduction in intracellular pyruvate kinase activ-

ity supports proliferative metabolism [2,20,24,28,29],

we hypothesized that these cancer-associated mutations

may reduce or abolish PKM2 pyruvate kinase activity.

Nonglycolytic signaling functions of PKM2 have also

been proposed as an alternative explanation for PKM2

selection in cancer [12,33,34]. In this context, amino

acid substitutions in PKM2 have been used to experi-

mentally separate the proposed nonglycolytic functions

from the role of the enzyme in glycolysis [35,36], or to

alter the response of the enzyme to other allosteric

inputs [17,23]. While some pyruvate kinase enzyme

activity is retained in these mutants, the effects of these

mutations on enzyme kinetics have not been well char-

acterized. To understand how these mutations affect

PKM2 function in proliferating cells, kinetic characteri-

zation is necessary, particularly in light of controversy

surrounding the proposed functions of PKM2 [3,37].

Experimental procedures

PCR mutagenesis

PCR mutagenesis was used to generate mutations in the

coding sequence of the human PKM2 (hPKM2) cDNA

cloned into pET-28a with an in-frame N-terminal 6x-His

tag [23]. The conditions for PCR mutagenesis were: 90 s at

98 °C, followed by 16 cycles of 10 s at 98 °C, 30 s at

55 °C, and 10 min at 72 °C, with an additional 10 min

final elongation step at 72 °C. The forward primers used

were as follows (50-30, underlined bases indicate mutations):

S37A: CGCCTGGACATTGATTACCCACCCATCAC

AGCC;

P117L: CTAGACACTAAAGGACTTGAGATCCGAAC

TGGG;

R246S: TTTGCGTCATTCATCAGCAAGGCATCTGA

TGTC;

K367M: TCTGGAGAAACAGCCATGGGGGACTAT

CCTCTG;

R399E: TTATTTGAGGAACTCGAACGCCTGGCGC

CCATT;

G415R: GAAGCCACCGCCGTGCGTGCCGTGGAGG

CCTCC;

K433E: ATAATCGTCCTCACCGAGTCTGGCAGGT

CTGCT;

R455Q: ATCATTGCTGTGACCCAGAATCCCCAG

ACAGCT;

H464A: ACAGCTCGTCAGGCCGCCCTGTACCGTG

GCATC;

R516C: GTGCTGACCGGATGGTGCCCTGGCTCCG

GCTTC.
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The reverse primer sequences are the reverse complement

of the forward primers. Successful mutagenesis was verified

by sequencing the coding region of the plasmid using T7

promoter and terminator primers.

Native protein expression

Wild-type and mutant PKM2 6x-His-tagged proteins were

expressed in Escherichia coli BL21(DE3) and the soluble pro-

tein was purified from the cell lysates. A 50-mL starter culture

was inoculated with a colony of freshly transformed E. coli

and grown at 37 °C overnight in LB broth containing

50 lg�mL�1 of kanamycin (LB-kan). The starter culture was

diluted 1/40 into 1 L of LB-kan containing 2 mM MgCl2. The

expression culture was grown at 37 °C till an OD600 of 0.7 was

obtained and induced for 6 h at 25 °C with 0.5 mM isopropyl-

D-1-thiogalactopyranoside (IPTG). Following centrifugation,

the cell pellet was snap-frozen using liquid nitrogen and stored

at �80 °C prior to subsequent purification.

Protein preparation 1: One-column PKM2

purification

Escherichia coli BL21(DE3) cells were transformed, induced,

pelleted, and frozen as described in the section ‘Native pro-

tein expression’ above. All protein purification steps were

performed on ice or at 4 °C. The cell pellet was resuspended
in buffer C (50 mM Tris, pH 8.5; 10 mM MgCl2; 300 mM

NaCl; 10% glycerol; 5 mM imidazole), lysed by sonication,

and clarified prior to supernatant collection and addition of

b-mercaptoethanol (BME) to 0.1% (v/v) final concentration.

Recombinant protein was batch-bound to nickel-ni-

triloacetic acid (Ni-NTA) agarose beads (Qiagen 30210,

4 mL bead volume per 1 L of culture; Germantown, MD,

USA). Beads were batch-washed four times with 30 mL of

buffer D (50 mM Tris, pH 8.5, 10 mM MgCl2, 300 mM

NaCl, 10% glycerol, 30 mM imidazole) and packed into a

gravity flow column at 4 °C. Protein was eluted with buffer

E (50 mM Tris, pH 8.5, 10 mM MgCl2, 250 mM NaCl, 10%

glycerol, 250 mM imidazole) and collected in 1-mL fractions.

The three fractions containing the peak of eluted protein

were identified using the Bradford assay, pooled, and dia-

lyzed against 1 L of buffer F (50 mM Tris, pH 7.5, 10 mM

MgCl2, 25 mM NaCl, 20% glycerol, 21 mM BME) for a

total 24 h at 4 °C, with one change of buffer after 12 h.

Protein preparation 2: Inclusion body production

and on-column refolding

Escherichia coli strain BL21(DE3) transformed with

pET28a-hPKM2 was grown in 1 L of LB-kan containing

5% (w/v) sucrose at 37 °C. The culture was induced at

OD600 of 0.4 with 1 mM IPTG and shaking continued for

3 h at 37 °C. Following centrifugation, the cell pellet was

resuspended in buffer G (50 mM Tris, pH 7.5, 100 mM

KCl, 20% glycerol; 60 mL per 1 L culture) and lysed by

sonication. Inclusion bodies were isolated by centrifugation

at 15 000 g for 15 min, washed twice with inclusion body

wash buffer 1 (50 mM Tris, pH 7.5, 10 mM EDTA, 2% Tri-

ton X-100, 500 mM NaCl, 5 mM DTT), once with inclusion

body wash buffer 2 (50 mM Tris pH 7.5), and collected in a

preweighed tube. The inclusion body pellet was resolubi-

lized overnight at 4 °C in 1 mL of resuspension buffer

(50 mM Tris, pH 8.0, 6 M guanidinium, 40 mM imidazole,

5 mM DTT) per 30 mg of wet pellet weight. A gravity flow

column was packed with Ni-NTA beads (2 mL) at 22 °C
and washed with four column volumes (CV) of resuspen-

sion buffer. Resolubilized protein was applied to the col-

umn and the column was washed with 15 CV of column

wash buffer (50 mM Tris pH 8.0, 4 M urea, 40 mM imida-

zole, 1 mM DTT). To initiate refolding, the column was

washed with 4 CV of refolding buffer (50 mM bis-tris pro-

pane, pH 8.0, 100 mM KCl, 20% glycerol, 2 mM MgCl2).

The column outlet was stopped and refolding continued at

22 ° C for 1 h. Protein was eluted using buffer H (50 mM

bis-tris propane, pH 8.0, 100 mM KCl, 20% glycerol, 2 mM

MgCl2, 250 mM imidazole, 1 mM DTT). Fractions (1 mL)

containing protein were pooled and DTT was added to a

final concentration of 25 mM.

Protein preparation 3: Two-column purification of

native proteins

Escherichia coli BL21(DE3) cells were transformed,

induced, pelleted, and frozen as described in section ‘Native

protein expression’ above. All protein purification steps

were performed on ice or at 4 °C. The cell pellet from 1 L

of culture was resuspended in a total of 60 mL buffer A

(50 mM Tris, pH 7.5, 10 mM MgCl2, 300 mM KCl, 10%

glycerol, 5 mM imidazole) with protease inhibitors (Roche,

Basel, Switzerland, 11836170001). Resuspended cells were

lysed by sonication and the lysate was clarified by centrifu-

gation at 20 000 g for 45 min. The supernatant was filtered

using a 0.22-lm filter and applied to a Ni2+-charged IMAC

column (GE Healthcare HisTrap 1 mL; Chicago, IL, USA)

using an €Akta FPLC system. The column was washed with

15 CV of wash buffer (50 mM Tris, pH 7.5, 10 mM MgCl2,

300 mM KCl, 20 mM imidazole), then with 20 CV of wash

buffer containing 20% elution buffer (50 mM Tris, pH 7.5,

10 mM MgCl2, 250 mM KCl, 250 mM imidazole), and the

protein was eluted with a 6 CV linear gradient from 20%

to 100% elution buffer. Fractions containing the protein of

interest were pooled and concentrated using Amicon Ultra

centrifugal filters (Millipore, Burlington, MA, USA,

UFC903024) and further purified by size-exclusion chro-

matography (GE Healthcare HiPrep 16/60, Sephacryl

S-200) with buffer B (25 mM bis-tris propane, pH 7.5,

10 mM MgCl2, 25 mM KCl) as the mobile phase. Fractions

of interest were again pooled and spin-concentrated. Glyc-

erol was added to the concentrated protein to 20% v/v,
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concentration of purified PKM2 was determined by absor-

bance at 280 nm using an extinction coefficient of

29 910 M
�1�cm�1, and stored at �80 °C.

SDS/PAGE

Purified proteins were analyzed by SDS/PAGE using 8%

polyacrylamide gels and visualized by Coomassie blue

staining. Images of stained gels were obtained using a LI-

COR Biosciences Odyssey imager.

Kinetic assays

A lactate dehydrogenase (LDH)-linked spectrophotometric

assay was used to determine pyruvate kinase activity by

measuring the oxidation of NADH via absorbance at

340 nm. The reaction buffer consisted of 50 mM bis-tris

propane, pH 7.5, 200 mM KCl, 15 mM MgCl2, 100 units

per mL LDH, 2 mM ADP (or PEP), 180 lM NADH, and

PEP (or ADP) concentrations from 0 to 2 mM as indicated.

Enzymes were preincubated with or without 50 mM FBP

prior to the start of the assay, and the reaction was initi-

ated by adding reaction buffer to enzyme to a final volume

of 100 lL in a well of a 96-well plate. Final FBP concen-

tration was 5 mM when present in the assay. Final pyruvate

kinase concentrations were chosen to allow measurement of

initial rates; for example, wild-type enzymes were assayed

at concentrations near 1 lg�mL�1. The reaction was moni-

tored using a Tecan Infinite M200 Pro plate reader (Tecan

Group Ltd., M€annedorf, Switzerland). Km and Vmax values

were calculated by fitting the initial rate data using GRAPH-

PAD PRISM software (GraphPad Software Inc., San Diego,

CA, USA). One unit is defined as the amount of pyruvate

kinase activity causing oxidation of one lmole of NADH

per minute at 25 °C in the LDH-linked assay.

FBP activation assay

Enzymes were preincubated in various concentrations of

FBP as indicated and the reaction initiated by the addition

of reaction buffer containing the same FBP concentration.

PEP concentrations were chosen to be insufficient to induce

co-operativity. Apparent half-maximal effective concentra-

tion (EC50) values for FBP binding were determined by fit-

ting the data to a sigmoid dose–response curve with

variable slope using GRAPHPAD PRISM software.

Size-exclusion chromatography

About 5 lg of wild-type and mutant PKM2 proteins in a

volume of 10 lL were subjected to HPLC separation on a

Yarra SEC-3000 size-exclusion column (Phenomenex, Tor-

rance, CA, USA) with an aqueous mobile phase containing

25 mM bis-tris propane, pH 7.1, 25 mM KCl, and 10 mM

MgCl2 at a flow rate of 1 mL�min�1. The proteins used in

this assay were prepared using Protein Preparation 3 and

were assayed in the absence of FBP.

Results

Kinetic characterization of PKM2 and PKM1

Including a 6x-histidine tag on proteins facilitates

purification using Ni-affinity chromatography, and the

kinetic parameters of PKM2 are not altered by a 6x-

histidine tag [15]. To determine whether single-step Ni-

affinity could be used to prepare recombinant PKM2

proteins for kinetic analysis, 6x-His-PKM2 expressed

in E. coli was isolated from bacterial lysates via bind-

ing to Ni-NTA beads, single-step elution with imida-

zole, and followed by dialysis as reported previously

[20,29,38]. 6x-His-PKM2 prepared using this one-step

protocol (Protein Preparation 1 in Experimental Meth-

ods; hereafter ‘Prep 1’) was active and exhibited hyper-

bolic kinetics with respect to PEP substrate; however,

addition of the allosteric activator FBP to the reaction

did not substantially increase affinity for PEP or

increase the maximal velocity of the enzyme (Fig. 1A).

These results suggested that most of the enzyme was

already bound to FBP from the bacteria despite purifi-

cation as previously reported [19,23,39]. Independent

preparations of PKM2 using this approach occasion-

ally produced enzyme that showed some FBP activa-

tion; however, this variability in FBP activation

complicated detailed kinetic analysis. Ammonium sul-

fate precipitation has been previously used to remove

allosteric effectors from liver pyruvate kinase prepara-

tions [40,41], as sulfate ions appear to interfere with

the interaction between FBP and the liver enzyme [41].

The inclusion of 300 mM ammonium sulfate in the

kinetic assay allowed for the observation of FBP acti-

vation when PKM2 prepared in this manner was stud-

ied (Fig. 1B). In the presence of ammonium sulfate,

FBP increased the affinity of the enzyme for PEP with-

out affecting Vmax, suggesting that the PKM2 tetramer

is incompletely saturated with bacterially derived FBP

under these conditions. In order to analyze PKM2 that

was not bound to bacterial FBP, unfolded 6x-his-

tidine-tagged PKM2 was isolated in the form of bacte-

rial inclusion bodies, washed extensively in a

denatured state incapable of binding FBP, and then

refolded in the absence of FBP using an on-column

refolding protocol (Protein Preparation 2 in Experi-

mental Methods; hereafter ‘Prep 2’). PKM2 prepared

using Prep 2 exhibited activation by FBP, as evidenced

by a decrease in apparent Km for PEP and an increase

in Vmax (Fig. 1C). The observed increase in Vmax is

consistent with an FBP-induced assembly of fully
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active PKM2 tetramers and is consistent with previous

studies [7,16]. An activity-based determination of FBP

activation of refolded PKM2 protein yielded an AC50

value of ~ 2 lM (Fig. 1D), which is also comparable to

previously reported values for PKM2 activation [7]

and binding of FBP to nonphosphorylated PKL [41],

although somewhat higher than a more recently

reported AC50 of 118 nM [19]. Despite the kinetic

behavior of the refolded PKM2 in response to FBP

being more consistent with past studies, Prep 2 was

laborious and we sought an alternative preparation of

native, bacterially expressed PKM2 that is largely free

of bacterial FBP.

Ni-affinity chromatography followed by size-exclu-

sion chromatography of soluble 6x-His-tagged PKM2

allowed the isolation of FBP-responsive PKM2 with

high specific activity (Fig. S2). PKM2 protein prepared

via this method (Protein Preparation 3 in Experimental

Methods; hereafter ‘Prep 3’) retained the ability to be

activated by FBP, and similar to refolded FBP-free

PKM2 generated using Prep 2, FBP caused an increase

in Vmax and a reduction in Km with respect to PEP

(Fig. 2A). FBP had little effect on Km with respect to

ADP for protein produced in this manner (Fig. 2B).

The qualitative similarity between kinetics of refolded

PKM2 (Prep 2) and PKM2 that was prepared using

two-column purification (Prep 3) suggests that the

addition of size-exclusion chromatography is sufficient

to separate PKM2 from the FBP present in the

bacterial lysate. We also observed little variation in

enzyme qualities when PKM2 was independently puri-

fied using the two-column Prep 3 (Fig. S3). As expected,

PKM1 protein prepared using Prep 3 exhibited hyper-

bolic kinetics with respect to PEP and was not activated

by FBP (Fig. 2C,D). These results are summarized in

Table 1, and the kinetic behavior of PKM2 and PKM1

is consistent with that reported previously, including a

requirement for FBP to improve PKM2 catalytic func-

tion [7,15]. Of note, the slightly lower Vmax observed for

PKM1 compared to FBP-activated PKM2 should not

be interpreted as PKM1 being an inferior enzyme.

These results also establish Prep 3 as a method for

preparing mutant enzymes to study how mutations

affect the kinetic parameters of PKM2.

Mutations in PKM2 found in human cancer

Mis-sense mutations throughout the coding sequence

of PKM2 were found from sequencing of primary

human cancers [29]. To determine whether cancer-as-

sociated mutations found in the TCGA occurred in

conserved residues, the protein sequences of pyruvate

kinase isoforms from various species were aligned and

the locations of all 23 mutations identified in human

cancers were compared to residues found in other

pyruvate kinase proteins (Fig. 3). More than half (13/

23) of the mutations were found in residues that were

identical across all pyruvate kinase proteins
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Fig. 1. Steady-state kinetics and FBP

activation of 6x-His-PKM2 prepared using

different approaches. Individual data points

are plotted, and assays were conducted

using a saturating ADP concentration

(5 mM) and the indicated concentration of

FBP. (A) PKM2 reaction rate (V) with

respect to PEP concentration for the

enzyme purified using one-step Ni-NTA

affinity chromatography (Prep 1). (B)

Reaction rate (V) with respect to PEP

concentration for Prep 1 PKM2 in the

presence of 300 mM ammonium sulfate.

(C) Reaction rate (V) with respect to PEP

concentration for PKM2 isolated from

inclusion bodies and refolded in the

absence of FBP (Prep 2). (D) Activation of

refolded Prep 2 PKM2 by FBP in the

presence of subsaturating (0.125 mM) PEP

and saturating (5 mM) ADP.
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considered, suggesting that many of these residues may

be important for enzyme function.

The P117L, R246S, G415R, R455Q, and R516C can-

cer mutants were selected for study because they were

examples of mutations from a variety of enzyme loca-

tions (Fig. S4). These mutations were among the first

identified by the TCGA in the human PKM gene, and

they occurred at low frequency in a variety of tumors,

including uterine, kidney, and lung adenocarcinoma

(Table S1). These PKM2 mutants were prepared using

the two-column purification (Prep 3) procedure, and

enzyme kinetics were determined with respect to PEP

and ADP (Figs 4 and 5). A functional FBP activation

assay was also used to determine FBP AC50 values for

WT, P117L, R246S, G415R, and R455Q (Fig. 6A–E).
Given the relatively low enzyme concentrations required

for activity-based assays, the response to FBP during

AC50 determination is likely a factor of both FBP bind-

ing affinity and the tetramer-monomer equilibrium in

solution [18], either of which may be affected by muta-

tions. The location of the mutations and the effects on

PKM2 function are described below.

P117 is found in the ‘hinge’ region of the protein

between the A and B domains that allows closure of

the active site upon substrate binding (Fig. S5); P117

is conserved from humans to E. coli. Despite a reduc-

tion in overall velocity, the P117L mutant retains near

wild-type affinity for PEP in the presence and absence

of FBP, and the enzyme appears capable of forming

stable tetramers in response to FBP binding as addi-

tion of FBP increases enzyme Vmax (Fig. 4A,B). The

main effect of the P117L substitution is to greatly

reduce the affinity of the enzyme for ADP (Fig. 5A).

The Km with respect to ADP increased by a factor of

4 to 5, to 1.84 mM in the absence of FBP and 1.93 mM

in the presence of FBP (Table 2). These data suggest

that FBP acts on this PKM2 mutant to stabilize a tet-

rameric form of the enzyme despite its reduced ADP

affinity. The P117L mutation has some effect on

apparent FBP activation, as the AC50 for FBP is

increased relative to wild-type PKM2 (Fig. 6A,B).

Interestingly, a large selective reduction of ADP bind-

ing affinity has been observed in the R119C mutant of

PKM1 [42]. R119 also lies near the hinge region and

the active site cleft; however, the positive side chain of

R119 is exposed in the active site and may play a more

direct role in ADP binding than does P117.

R246 is partially solvent-exposed and is part of the

TIM barrel of the enzyme A domain, and is located

within 14 angstroms of the active site (Fig. S6). In the

wild-type protein, the R246 side chain appears to

hydrogen bond with the backbone oxygen of F244 and

form an electrostatic interaction with the negatively

charged side chain of D250. The R246S mutant dis-

plays a reduction in overall specific activity and a

decrease in affinity for PEP relative to wild-type
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Fig. 2. Steady-state kinetics of 6x-His-

PKM2 and 6x-His-PKM1 prepared using

two-column purification (Prep 3). All

conditions were performed in duplicate

using proteins prepared with Prep 3, and

individual data points are shown. (A)
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(Fig. 4B). The disruption of catalytic efficiency of the

enzyme is likely due to changes in active site confor-

mation caused by disruption of the tertiary structure

through the loss of structural interactions in the A

domain. This mutation had little effect on ADP and

apparent FBP activation (Figs 5B and 6C).

G415 is located at the dimer-dimer interface of the

tetramer. This glycine is located on an a-helix at the

subunit interface and positioned such that the G415 of

one subunit is in contact with the G415 of the subunit

on the opposite side of the interface (Fig. S7). The

lack of a bulky side chain allows tight packing of the

a-helices at the interface. The G415R substitution

introduces a large, charged residue at this interface

and appears to abolish FBP activation of the enzyme

(Figs 4C, 5C and 6D). PKM2 G415R exhibits co-oper-

ativity with respect to PEP binding in the absence of

FBP (nH = 1.4), and this co-operativity is reduced in

the presence of FBP (nH = 0.99). The reduction of co-

operativity and Vmax increase caused by FBP suggest

that FBP does indeed bind to the enzyme, but the

G415R mutation blunts FBP activation to levels that

may not be physiologically meaningful.

R455 is located near the FBP-binding pocket and

forms intrachain electrostatic contacts with D476 and

D485 (Fig. S8). Loss of charge due to the R455Q sub-

stitution might be expected to disrupt the tertiary

structure and affect FBP binding. This mutation

appears to slightly decrease affinity for ADP and

increase the apparent FBP AC50 to 693 nM, but the

R455Q mutant otherwise retains near wild-type activ-

ity (Figs 4D, 5D and 6E).

R516 is located on the FBP binding loop of the

enzyme, but this residue is solvent-exposed and does

not make contact with other parts of the protein or

bound FBP (Fig. S9). Interestingly, the R516C

Table 1. Kinetic parameters for PEP in the presence and absence of 2 mM FBP for wild-type and mutant PKM2.

Enzyme FBP Km (lM) Vmax (U�mg�1) Vmax Normalized nH Fita/R2 FBP AC50 (95% CI)

PKM2 Prep 1 � 254.5 � 18.02 111%b (1.0) M/0.9934

+ 155.8 � 12.80 100%b (1.0) M/0.9908

PKM2 Prep 1 +

300 mM (NH4)2 SO4

� 360.2 � 33.56 110%b (1.0) M/0.9904

+ 74.08 � 6.798 100%b (1.0) M/0.9862

PKM2 Prep 2 � 202.7 � 17.49 94.82 � 2.466 68.5%b (1.0) M/0.9898

+ 109.5 � 14.38 138.4 � 4.694 100%b (1.0) M/0.9739 1.98 lM (0.207–18.9)

PKM1 Prep 3 � 126.6 � 13.76 73.45 � 2.134 90.8%b (1.0) M/0.9813

+ 191.2 � 19.46 80.74 � 2.441 100%b (1.0) M/0.9849

PKM2 Prep 3 � 109.1 � 3.787 36.92 � 0.3305 (1.0) M/0.9981 48.7 nM (8.46–281)

+ 141.4 � 9.801 129.5 � 2.472 (1.0) M/0.9929

PKM2 P117L � 171.0 � 18.34 30.07 � 1.260 1.4 � 0.56 H/0.9837 2.37 lM (0.567–9.77)

+ 173.2 � 21.34 74.84 � 3.275 0.97 � 0.11 H/0.9898

PKM2 R246S � 517.8 � 90.46 57.13 � 6.216 2.1 � 0.56 H/0.9514 788 nM (102–6111)

+ 194.2 � 33.39 94.74 � 5.651 0.97 � 0.11 H/0.9858

PKM2 G415R � 1124 � 140.3 82.68 � 6.323 1.4 � 0.10 H/0.9977

+ 3170 � 2219 234.8 � 94.16 0.99 � 0.12 H/0.9915

PKM2 R455Q � 404.6 � 75.60 172.7 � 11.91 0.93 � 0.08 H/0.9927 693 nM (398–1208)

+ 129.3 � 4.126 161.3 � 1.837 1.2 � 0.004 H/0.9988

PKM2 R516C � 128.7 � 18.62 10.51 � 0.4431 0.72 � 0.06 H/0.9953

+ 177.5 � 17.98 10.91 � 0.3963 1.1 � 0.09 H/0.9928

PKM2 S37A � 853.1 � 377.6 148.4 � 21.71 0.71 � 0.08 H/0.9917

+ 144.6 � 9.667 159.4 � 3.964 1.3 � 0.09 H/0.9940

PKM2 K270M � 101.5 � 37.25 5.144 � 0.6810 1.5 � 0.70 H/0.7595

+ 68.01 � 17.26 6.253 � 0.5325 1.2 � 0.40 H/0.8954

PKM2 K367M � 299.2 � 71.17 43.72 � 3.717 0.94 � 0.12 H/0.9832

+ 85.89 � 6.838 33.03 � 0.8520 1.4 � 0.15 H/0.9893

PKM2 R399E � 503.8 � 97.94 84.90 � 6.284 0.93 � 0.08 H/0.9936

+ 158.8 � 13.71 115.8 � 3.784 1.3 � 0.12 H/0.9905

PKM2 K433E � 739.5 � 338.8 94.12 � 14.63 0.75 � 0.09 H/0.9881

+ 137.1 � 9.522 85.26 � 2.071 1.1 � 0.07 H/0.9958

PKM2 H464A � 804.8 � 69.91 139.2 � 8.135 1.9 � 0.17 H/0.9947

+ 88.53 � 4.996 113.8 � 2.243 1.3 � 0.10 H/0.9937

a Substrate-velocity data were fit using Michaelis–Menten (M) or Hill (H) models.; b Maximum velocities relative to the FBP condition.
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mutation greatly reduces the catalytic efficiency of the

enzyme for unclear reasons (Figs 4E and 5E).

A summary of kinetic parameters is provided in

Tables 1 and 2. Overall, the PKM2 mutants identified

in human cancers that were evaluated exhibited either

lowered maximal activity or reduced affinity for sub-

strates and/or FBP when compared to wild-type

PKM2.

Fig. 3. Multiple sequence alignment of pyruvate kinase isoforms from different species. The locations of mutations found in human tumors

[29] are marked with blue or red boxes. The red boxes indicate the mutations characterized in this study. Green boxes mark residues

mutated in past studies of PKM2 function [17,23,35,36,43] that were characterized in this study.
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Mutations in PKM2 generated to study enzyme

functions

Several studies have introduced mutations into PKM2

in an attempt to abolish nonglycolytic aspects of pro-

tein function, or to alter the response of the enzyme to

allosteric effectors [17,23,35,36]. The effects of these

mutations on the kinetic parameters of PKM2 as a

glycolytic enzyme have not been extensively character-

ized. The substitutions considered here include S37A,

K367M, K270M, R399E, K433E, and H464A

[17,23,35,36,43,44]. These mutant enzymes were pre-

pared using two-column purification (Prep 3), and all

enzymes were assayed for kinetics with respect to PEP

and ADP in the absence and presence of FBP (Figs

7A–F and 8A-F).

Phosphorylation of PKM2 on S37 is reported to

facilitate translocation of PKM2 to the nucleus for a

role in oncogenic signaling [36]. The S37A mutation

eliminates phosphorylation at S37 and reduces ortho-

topic xenograft growth of glioblastoma cells in mice.

In the absence of added FBP, PKM2 S37A exhibited

an increase in the Km for PEP (Table 1) and a reduc-

tion in Vmax with respect to ADP (Table 2) when com-

pared to wild-type PKM2, indicating that the S37A

mutation may affect activity of the enzyme despite

being solvent-exposed and relatively far from ligand-

binding sites (Fig. S10).

The K367M mutation was generated in an effort to

disrupt the predicted ADP-binding site of PKM2 and

generate a kinase-inactive mutant [43]; however, the

functional effect of this amino substitution was never

assessed for the human enzyme. Inspection of the

ADP-bound PKM2 crystal structure shows that K367

is indeed near the active site (Fig. S11), but the side

chain does not make direct contact with the bound

substrate (Fig. S12). While the K367M mutation does

decrease specific activity and affinity for both PEP and
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Fig. 4. Steady-state kinetics of PKM2

cancer mutants with respect to PEP

concentration. All proteins were prepared

using Prep 3. For each indicated mutant,

the ADP concentration was held constant

at 2 mM. Assays were performed in

duplicate and all data points are shown

with allosteric sigmoidal (Hill) fit lines.
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ADP, the mutant still retains some activity with Vmax

about 30% that of the wild-type enzyme (Figs 7B and

8B). These findings are similar to those reported for

this mutation at a single set of substrate conditions

[45]. Because the K367M substitution does not fully

abolish PKM2 enzymatic activity, caution is advised in

interpreting studies that rely on this mutation as com-

pletely disrupting PKM2 catalytic function for the

pyruvate kinase reaction [43,45–48].

An alternative catalytically dead mutant of PKM2

can be generated by introducing a K270M mutation

[44]. K270 is a catalytic lysine in the enzyme active site

(Fig. S11) that serves to stabilize the pentacoordinate

transition state that forms during the transfer of phos-

phate between reactant and product [15]. Substitution

of the analogous lysine in Saccharomyces cerevisiae

(K240) and Bacillus stearothermophilus (K221) with

methionine results in properly folded enzymes with

severely reduced catalytic activity [49,50]. The activity

of the yeast K240M mutant is reduced by approxi-

mately 1000-fold when using Mg2+ as a cofactor [49].

Testing the effect of introducing this mutation into the

human enzyme demonstrates that a K270M mutation

reduces the overall activity of hPKM2 to less than 5%

of the wild-type enzyme (Figs 7C and 8C). Both the

K270M and K367M mutants can be produced via

Prep 3 with similar yield and purity when compared

with wild-type PKM2 (Fig. S13).

The R399E mutation results in the loss of intersub-

unit contacts across the dimer-dimer interface

(Fig. S14), and has been reported to be a constitutive

dimer with enhanced protein kinase activity [35],

although a later study suggested that the R399E

mutant can indeed form tetramers [51]. PKM2 R399E

exhibits increased co-operativity with respect to PEP

(nH = 1.3) in the absence of FBP when compared to
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Fig. 5. Steady-state kinetics of PKM2

cancer mutants with respect to ADP

concentration. All proteins were prepared

using Prep 3. For each indicated mutant,

the PEP concentration was held constant

at 2 mM. Assays were performed in

duplicate and all data points are shown

with Michaelis–Menten fit lines.
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wild-type PKM2 (Table 1). FBP increases affinity of

the R399E mutant enzyme for PEP but not ADP, as

evidenced by a large decrease in the Km for PEP

(Tables 1 and 2; Figs 7D and 8D). In addition to the

effect of FBP on PEP binding affinity, Vmax for PEP

increases somewhat during FBP activation (Fig. 7D,

Table 1), suggesting tetramer assembly or stabilization

in the active state.

K433 is located on a loop that forms part of the

FBP-binding pocket (Fig. S15). This positively charged

residue is reported to interact with phosphotyrosine

residues on other proteins during intracellular signal-

ing and facilitate the inactivation of PKM2 by causing

the release of the allosteric activator FBP [23]. The

K433E substitution has been reported to interfere with

phosphotyrosine-based FBP release, but not with FBP

activation of the protein. PKM2 K433E was

responsive to activation by FBP (Figs 6F, 7E and 8E).

FBP increased affinity for PEP as evidenced by a

decrease in Km with respect to PEP; however, the

mutant enzyme shows a somewhat reduced Vmax with

FBP as compared to the wild-type enzyme (Table 1).

Additionally, the affinity of the enzyme for FBP

appears to be reduced relative to wild-type PKM2, as

shown by the effect of FBP titration on enzyme activ-

ity (Fig. 6F).

Serine acts as an allosteric activator of PKM2 with

a reported AC50 of 1.3 mM [17], and H464 is found in

the serine/alanine/phenylalanine binding pocket

(Fig. S16) [7,17,52]. Substitution of H464 with alanine

is reported to abolish serine binding without affecting

FBP activation [17]. Our results confirm that PKM2

H464A is activated by FBP (Figs 7F and 8F). When

compared to wild-type enzyme, the H464A mutation
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Fig. 6. Activation of PKM2 and PKM2

cancer mutants by FBP. All proteins were

prepared using Prep 3. For each indicated

mutant, activity was assessed with 2 mM

ADP and 0.125 mM PEP and data points

are means of duplicate measurements.

Data were fit to a sigmoid dose–response

curve with variable slope, except that

G415R was fit with linear regression.
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reduces Vmax in the FBP-bound state and increases the

co-operativity of PEP binding in the absence of FBP.

A summary of kinetic parameters for the engineered

mutants studied is also provided in Tables 1 and 2.

While each cancer mutation and engineered mutant

has a unique effect on enzyme kinetics, one theme that

emerges is that these amino acid substitutions often

reduce the apparent affinity of PKM2 for PEP com-

pared to wild-type enzyme, especially in the absence of

FBP. This pattern is evident in Table 1, as 7 of 11

mutants exhibit a twofold or greater increase in the

Km for PEP compared to wild-type when FBP is

absent.

Effect of mutations on tetramer-monomer

equilibrium

We sought to determine the effect of mutations on the

ability of PKM2 mutants to form stable tetramers

when prepared via Prep 3 and assayed without exoge-

nous FBP. HPLC-based size-exclusion chromatogra-

phy showed that wild-type PKM2 formed stable

tetramers under our separation conditions (Fig. 9).

This HPLC separation method allows injection of

enzyme at a relatively high concentration of

0.5 mg�mL�1, which is approximately 500-fold more

concentrated than enzyme concentrations used for the

kinetic assays. This provides an equivalent concentra-

tion of monomers (~ 86 lM) that is almost two orders

of magnitude greater than the recently reported tetra-

mer-dimer and tetramer-monomer dissociation con-

stants of around 1 lM for wild-type PKM2 [18,39].

The nondilutive HPLC assay conditions should thus

favor PKM2 tetramer formation and provide a more

direct measure of tetramer stability than the functional

AC50 determinations. Interestingly, most mutants sepa-

rated on size-exclusion chromatography as tetramers

using this assay, with the exception of G415R and

R399E. The G415R mutation is expected to disrupt

the packing of a-helices at the dimer-dimer interface of

the tetramer (Fig. S7), and this mutant protein eluted

at a time consistent with it being predominantly a

monomer. The R399E mutant enzyme mostly eluted as

a tetramer; however, some protein eluted at a volume

consistent with a dimer, consistent with the loss of

intersubunit contacts across the dimer-dimer interface

in this mutant (Fig. S14) only partially disrupting tet-

ramer formation in these relatively concentrated condi-

tions. Taken together, these results imply that most

PKM2 mutations studied may have less effect on the

Table 2. Michaelis–Menten kinetic parameters for ADP in the presence and absence of 2 mM FBP for wild-type and mutant PKM2.

Enzyme FBP Km (lM) Vmax (U�mg�1) R2

PKM2 (Prep 3) � 364.6 � 33.20 209.6 � 6.740 0.9909

+ 453.6 � 29.40 189.8 � 4.630 0.9957

PKM1 � 744.4 � 62.40 153.1 � 5.628 0.9940

+ 623.7 � 37.24 168.4 � 4.168 0.9967

PKM2 P117L � 1836 � 132.7 94.74 � 4.013 0.9978

+ 1932 � 109.0 169.6 � 5.699 0.9987

PKM2 R246S � 406.4 � 90.97 124.0 � 10.12 0.9511

+ 302.9 � 26.98 133.5 � 3.987 0.9905

PKM2 G415R � 294.1 � 20.84 83.96 � 1.891 0.9949

+ 558.6 � 81.54 103.2 � 5.989 0.9820

PKM2 R455Q � 495.7 � 87.61 161.0 � 10.99 0.9683

+ 426.7 � 32.36 208.7 � 5.848 0.9938

PKM2 R516C � 45.75 � 6.187 11.64 � 0.3176 0.9718

+ 50.34 � 9.253 12.82 � 0.4903 0.9492

PKM2 S37A � 338.0 � 36.89 87.31 � 3.294 0.9858

+ 459.4 � 61.19 157.1 � 7.904 0.9816

PKM2 K270M � 275.7 � 47.84 6.063 � 0.3438 0.9644

+ 185.7 � 72.53 5.909 � 0.7172 0.8012

PKM2 K367M � 274.7 � 30.90 45.47 � 1.670 0.9844

+ 297.4 � 24.85 28.31 � 0.7892 0.9911

PKM2 R399E � 513.1 � 34.49 172.5 � 4.515 0.9956

+ 657.1 � 71.43 166.4 � 8.336 0.9903

PKM2 K433E � 444.0 � 80.40 113.8 � 7.702 0.9656

+ 713.5 � 31.26 191.6 � 3.632 0.9984

PKM2 H464A � 456.9 � 36.59 138.6 � 4.185 0.9933

+ 612.2 � 42.74 213.1 � 6.132 0.9957

12 FEBS Letters (2019) ª 2019 Federation of European Biochemical Societies

Enzyme kinetics of pyruvate kinase mutants V. M. Liu et al.



tetramer-monomer equilibrium in vivo than suggested

by the steady-state kinetics or FBP AC50 values.

Discussion

Single amino acid substitutions affecting PKM2 are

found in human cancers, and the mutations considered

in this study tended to lower affinity of the enzyme for

substrate, reduce its maximal activity, or alter activa-

tion by FBP. That these mutations have functional

effects is not surprising for two reasons. First, these

mutations affect residues that are highly conserved,

and many of the cancer mutations considered here are

located near functional sites on the enzyme. Second,

PKM2 activity was found to be sensitive to amino acid

substitution when SNPs in the human population that

lead to PKM2 mis-sense mutations were studied and

found to result in reduced enzyme activity, reduced

thermal stability, or altered allosteric regulation [32].

Characterization of mis-sense PKM2 mutations in

patients with Bloom syndrome, the underlying cause

of which is defective DNA damage repair, revealed

that the mutations studied also negatively affect

PKM2 function [53–55].

The high affinity of PKM2 for FBP is shared by

other mammalian pyruvate kinase isoforms such as

PKL, but not by the pyruvate kinase isoforms of uni-

cellular organisms. The values reported elsewhere for

half-maximal binding or half-maximal activation of

mammalian pyruvate kinases are in the sub- to low-

micromolar range (0.34–7.5 lM) [7,39,41], with the

most recent work reporting KD = 25.5 nM for direct

binding of FBP to PKM2 (after correction for copuri-

fied FBP) and AC50 = 118 nM for FBP activation of

wild-type PKM2 [19]. While the FBP AC50 value

reported in the present study for WT PKM2 (48.7 nM,

0.0 0.5 1.0 1.5 2.0
0

60

120

180

[PEP] (mM)

Sp
ec

ifi
c 

ac
tiv

ity
 (u

ni
ts

 p
er

 m
g)

S37A PEP

0 mM FBP
2 mM FBP

0.0 0.5 1.0 1.5 2.0
0

60

120

180
K270M PEP

[PEP] (mM)

Sp
ec

ifi
c 

ac
tiv

ity
 (u

ni
ts

 p
er

 m
g)

0 mM FBP
2 mM FBP

0.0 0.5 1.0 1.5 2.0
0

60

120

180
K433E PEP

[PEP] (mM)

Sp
ec

ifi
c 

ac
tiv

ity
 (u

ni
ts

 p
er

 m
g)

0 mM FBP
2 mM FBP

0.0 0.5 1.0 1.5 2.0
0

60

120

180
K367M PEP

[PEP] (mM)

Sp
ec

ifi
c 

ac
tiv

ity
 (u

ni
ts

 p
er

 m
g)

0 mM FBP
2 mM FBP

0.0 0.5 1.0 1.5 2.0
0

60

120

180
R399E PEP

[PEP] (mM)

Sp
ec

ifi
c 

ac
tiv

ity
 (u

ni
ts

 p
er

 m
g)

0 mM FBP
2 mM FBP

0.0 0.5 1.0 1.5 2.0
0

60

120

180

[PEP] (mM)

Sp
ec

ifi
c 

ac
tiv

ity
 (u

ni
ts

 p
er

 m
g)

H464A PEP
0 mM FBP
2 mM FBP

A B

C D

E F

Fig. 7. Steady-state kinetics of PKM2

‘Literature’ mutants with respect to PEP

concentration. All proteins were prepared

using Prep 3. For each indicated mutant,

activity was assessed with ADP

concentration held constant at 2 mM.

Assays were performed in duplicate and

all data points are shown with allosteric

sigmoidal (Hill) fit lines.
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Fig. 6A and Table 1) compares favorably to those val-

ues, the FBP AC50 values we observe for refolded

PKM2 is higher (1.98 lM), although still within the

range of previously reported results. While this dis-

crepancy may be an artifact of the preparation meth-

ods, there is greater imprecision in the AC50 parameter

for refolded PKM2. A reported value for the intracel-

lular FBP concentration in mammalian cells is 80 lM
[56], which is at least one order of magnitude greater

than the concentration required for half-maximal acti-

vation of PKM2. Thus, in the absence of other inputs,

FBP binding to mammalian pyruvate kinases may be

saturated in many cellular conditions in vivo [19]. In

contrast, the K0.5 values for FBP activation are around

45 lM for S. cerevisiae pyruvate kinase [57] and 70 lM
for E. coli pyruvate kinase [58], making the yeast and

E. coli pyruvate kinase isoforms better suited to

respond to changes in intracellular FBP occurring in

the physiological concentration range. Estimates of

FBP concentration in E. coli and yeast can be higher

than those found in mammalian cells [59,60], arguing

that FBP concentrations can be high enough to satu-

rate the microbial enzymes under some conditions.

The mammalian isoforms appear to have traded some

allosteric control based on FBP concentration for reg-

ulation by intracellular signaling to control metabolism

in different specialized tissue contexts. Inactivation of

PKL by phosphorylation during gluconeogenesis in

the liver is one example, and inactivation of PKM2

due to FBP release caused by growth signaling in pro-

liferating cells is another.

Most wild-type and mutant PKM2 protein eluted at

a volume consistent with tetramers during HPLC size-

exclusion chromatography, despite the observation

0.0 0.5 1.0 1.5 2.0
0

60

120

180

[ADP] (mM)

Sp
ec

ifi
c 

ac
tiv

ity
 (u

ni
ts

 p
er

 m
g) S37A ADP

0 mM FBP
2 mM FBP

0.0 0.5 1.0 1.5 2.0
0

60

120

180
K270M ADP

[ADP] (mM)

Sp
ec

ifi
c 

ac
tiv

ity
 (u

ni
ts

 p
er

 m
g)

0 mM FBP
2 mM FBP

0.0 0.5 1.0 1.5 2.0
0

60

120

180
K433E ADP

[ADP] (mM)

Sp
ec

ifi
c 

ac
tiv

ity
 (u

ni
ts

 p
er

 m
g)

0 mM FBP
2 mM FBP

0.0 0.5 1.0 1.5 2.0
0

60

120

180
K367M ADP

[ADP] (mM)

Sp
ec

ifi
c 

ac
tiv

ity
 (u

ni
ts

 p
er

 m
g)

0 mM FBP
2 mM FBP

0.0 0.5 1.0 1.5 2.0
0

60

120

180
R399E ADP

[ADP] (mM)

Sp
ec

ifi
c 

ac
tiv

ity
 (u

ni
ts

 p
er

 m
g)

0 mM FBP
2 mM FBP

0.0 0.5 1.0 1.5 2.0
0

60

120

180
H464A ADP

[ADP] (mM)

Sp
ec

ifi
c 

ac
tiv

ity
 (u

ni
ts

 p
er

 m
g)

0 mM FBP
2 mM FBP

A B

C D

E F

Fig. 8. Steady-state kinetics of PKM2

‘Literature’ mutants with respect to ADP

concentration. All proteins were prepared

using Prep 3. For each indicated mutant,

activity was assessed with PEP

concentration held constant at 2 mM.

Assays were performed in duplicate and

all data points are shown with Michaelis–

Menten fit lines.
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that maximal enzyme activity (Vmax) from the same

protein preparations could be increased by FBP, con-

sistent with formation of active tetramers in a tetra-

mer-dimer or tetramer-monomer equilibrium. These

seemingly contradictory observations may be explained

by the enzyme concentrations used in the respective

assays. HPLC size-exclusion chromatography evaluates

relatively concentrated samples (0.5 mg�mL�1) that are

a better approximation of cellular conditions than is

the kinetic assay, which requires significant dilution of

this highly active enzyme (to approximately 1 lg�mL�1

or 17 nM) to allow determination of initial rates. The

in vivo concentration of pyruvate kinase has been

reported as 172 µM or 10 mg�mL�1 [56], a value well

above the reported KD of 1 lM for tetramer-monomer

and tetramer-dimer equilibria [18,39]. The HPLC size-

exclusion results were thus obtained from samples at

concentrations above the KD for tetramer dissociation,

while the kinetic assays can only be conducted with

samples at concentrations below the KD which favors

tetramer dissociation. The kinetic assays employed by

us and others for determining AC50 values for FBP

activation of PKM2 are thus limited in that they mea-

sure the enzyme in an artificially dilute state, absent of

the molecular crowding present in the cytosol. Our

size-exclusion results differ from a recent report [18] in

that we observe almost exclusively the tetramer form

of PKM2 in the absence of FBP; this may be due to a

number of factors in the current study, including a 5-

fold greater concentration of protein, high flow rates

allowed by HPLC that limit time-dependent dissocia-

tion of PKM2 tetramers, and the presence of Mg2+

available during separation to bind the active site and

stabilize the protein. These data suggest that the

majority of PKM2 in cells may exist in a tetrameric

state rather than as mixture of inactive monomers/

dimers and active tetramers.

The mutations that have been used to study non-

canonical PKM2 functions were found to alter some

aspect of PKM2 function as a glycolytic enzyme. The

effect exhibited by these disparate mutations on

enzyme kinetics suggests that generation of PKM2

mutations that abolish or alter specific protein func-

tions is challenging. Therefore, interpretation of data

relying on PKM2 mutants to study aspects of cell biol-

ogy linked to cell proliferation also requires considera-

tion of the metabolic consequences of those mutants.

The determination of kinetic parameters in this

study was restricted to the analysis of PKM2 homo-

multimers. The cancer mutations reported are all

heterozygous, suggesting that the mutated form of the

enzyme is coexpressed with wild-type enzyme in the

affected cancer cells. A similar situation has been

found in individuals with Bloom syndrome, where

heterozygous mis-sense mutations occur in PKM2 [53].

Like the mutations studied here, the single amino acid

substitutions found in Bloom syndrome patients alter

enzyme kinetics [54], despite the mutant subunits being

capable of heterotetramerization with wild-type PKM2

[55]. PKM2 has been observed to form heterotetramers

with PKM1 and PKL [20,61], and heterotetrameriza-

tion is likely to occur between wild-type PKM2 and

PKM2 mutants, as even chicken PKM1 and bovine

PKL can form functional heterotetramers [62]. The

kinetic parameters of heterotetramers containing wild-

type and cancer mutant subunits remain to be deter-

mined, but they are likely to be intermediate between

the kinetics of homotetramers of the two isoforms

[63,64]. Because PKM2 and PKM1 differ by only one

exon, they share significant sequence identity and four

of the five cancer mutations studied here (P117L,

R246S, R455Q, and R516C) would also occur in the

M1 isoform if expressed in the cancer cell.

Fig. 9. HPLC size-exclusion chromatography of PKM2 and PKM2

mutants. PKM2 proteins were prepared using Prep 3, and then

separated by HPLC size-exclusion chromatography in the absence

of FBP to determine the effect of mutations on tetramer-monomer

equilibrium. This separation method accommodates a high

concentration of enzyme (0.5 mg�mL�1) relative to the kinetic

assays. An elution volume of ~ 8.25 mL is consistent with

tetramers while an elution volume of ~ 9.25 mL is consistent with

monomer. Only the G415R and R399E mutants showed significant

amounts of protein eluting at a volume consistent with the enzyme

being a dimer or monomer.
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The presence of PKM2 mutations in human cancers

demonstrates that some tumor cells tolerate, and per-

haps select for, reduced PKM2 activity. PKM2 is not

required for growth of many cancers [11,29,65–70], and

loss-of-function mutations may be advantageous for

cancer cells since decreased pyruvate kinase activity

promotes a proliferative metabolic program

[11,20,28,29]. Retention of one wild-type copy of

PKM2 may provide metabolic flexibility by allowing

upregulation of PKM2 activity to promote cancer cell

survival under nutrient stress conditions [29]. Mutations

in PKM2 are therefore not oncogenic, but may play a

part in creating a metabolic state in the cancer cell that

is permissive for proliferation. Regardless, this analysis

demonstrates that the kinetic properties of PKM2 are

sensitive to amino acid substitution and informs our

understanding of how PKM2 impacts cancer biology.
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Fig. S1. Structural location of cancer mutations.

Fig. S2. PKM2 prepared via a Two-Column Method

(Prep 3) and Refolding (Prep 2) have comparable

specific activities.

Fig. S3. Prep 3 allows reproducible kinetic results from

independent batches of WT PKM2.

Fig. S4. Structural location of cancer mutations

addressed in this study.

Fig. S5. The P117L mutation affects the “Hinge”

allowing active site closure.

Fig. S6. The R246S mutation putatively disrupts struc-

tural contacts near the active site.

Fig. S7. The G415R mutation putatively disrupts tight

packing at the Dimer-Dimer interface.

Fig. S8. The R455Q mutation putatively disrupts

structural contacts near the FBP binding site.

Fig. S9. The R516C mutation is located on the FBP

binding loop.

Fig. S10. S37 is solvent exposed.

Fig. S11. Residues K270 and K367 lie in the active

site.

Fig. S12. K367 is near the ADP binding site but does

not contact bound substrate.

Fig. S13. PKM2 mutants with reduced activity are

effectively prepared via Prep 3.

Fig. S14. The R399E mutation disrupts favorable ionic

contacts at the Dimer-Dimer interface.

Fig. S15. The K433E mutation disrupts the FBP-K433

interaction.

Fig. S16. H464 is located in the binding pocket of ser-

ine, alanine, and phenylalanine.

Table S1. Missense cancer mutations of PKM2 exam-

ined in this study.
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