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Abstract

An increased flux through glycolysis supports the proliferation of cancer cells by pro-
viding additional energy in the form of ATP as well as glucose-derived metabolic inter-
mediates for nucleotide, lipid, and protein biosynthesis. Thus, glycolysis and other
metabolic pathways that control cell proliferation may represent valuable targets for
therapeutic interventions and diagnostic procedures. In this context, the measurement
of glucose uptake and lactate excretion by malignant cells may be useful to detect shifts
in glucose catabolism, while determining the activity of rate-limiting glycolytic enzymes
can provide insights into points of metabolic regulation. Moreover, metabolomic stud-
ies can be used to generate large, integrated datasets to track changes in carbon flux
through glycolysis and its collateral anabolic pathways. As discussed here, these
approaches can reveal and quantify the metabolic alterations that underlie malignant
cell proliferation.
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1. INTRODUCTION

Glycolysis is the intracellular biochemical conversion of one molecule

of glucose into twomolecules of pyruvate with the concurrent generation of

two molecules of ATP. Pyruvate is a metabolic intermediate with several

potential fates including entrance into the tricarboxylic acid (TCA) cycle

within mitochondria to produce NADH and FADH2. These reducing

agents subsequently donate electrons to the mitochondrial electron transport

chain (ETC), which when fully coupled to the complex V ATP synthase of

the mitochondrial inner membrane generates an additional 34 molecules of

ATP per glucose. Alternatively, pyruvate can be converted into lactate in the

cytosol by lactate dehydrogenase with concurrent regeneration of NAD+

fromNADH.Conversion of pyruvate to lactate blocks further ATP produc-

tion, but the resultant increase in NAD+ drives the first biochemical step in

glycolysis (DeBerardinis, Lum, Hatzivassiliou, & Thompson, 2008). An

increase in the flow of carbon metabolites through the glycolytic pathway,

or glycolytic flux, can increase the rate of ATP production within cells

despite being markedly less efficient at generating ATP compared to oxida-

tive phosphorylation (Pfeiffer, Schuster, & Bonhoeffer, 2001).

In addition to generating ATP, glycolysis also supplies biosynthetic

intermediates for cell growth and proliferation. For example, glucose-

6-phosphate, the first cytosolic product of glucose metabolism, can shunt into

the pentose phosphate pathway to drive NADPH generation from NAPD+.

NADPH reduces reactive oxygen species produced mainly by respiration to

maintain cellular redox balance and to protect the genome from mutations.

Carbon flux through the pentose phosphate pathway supplies metabolites for

nucleotide biosynthesis that is required for DNA replication and RNA

transcription. Another example is 3-phosphoglycerate, a glycolytic metabo-

lite used to synthesize serine, glycine, and cysteine, which in turn supplies

one carbon metabolism. Folate and methionine cycles, the components of

one carbon metabolism, provide metabolites that support diverse cellular

processes including methylation reactions, antioxidant defenses, lipid head

group modifications, and nucleotide metabolism (Locasale, 2013).

Warburg (1956) first observed that proliferating tumor cells augment

aerobic glycolysis, the conversion of glucose to lactate in the presence of

oxygen, in contrast to nonmalignant cells that mainly respire when oxygen

is available. This mitochondrial bypass, called the Warburg effect, occurs in

rapidly proliferating cells including cancer cells, activated lymphocytes, and
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pluripotent stem cells. While the Warburg effect is energy inefficient, it

is offset by an increased glycolytic flux to provide additional biosynthetic

precursors to support rapid cancer cell proliferation (DeBerardinis et al.,

2008). This energy compromise supports higher rates of nucleotide synthesis

for DNA replication and RNA transcription, phospholipids for membrane

production, and amino acids for protein translation to support increased cell

division. The Warburg effect has been exploited for clinical diagnostic tests

that use positron emission tomography (PET) scanning to identify increased

cellular uptake of fluorinated glucose analogs such as 18F-deoxyglucose.

Not all tumors, however, shift to glycolysis for energy production. Some

diffuse large B cell lymphomas and glioblastomas remain dependent on oxi-

dative phosphorylation for energy production (Caro et al., 2012; Marin-

Valencia et al., 2012). Metabolic enzyme activity is heterogeneous between

different tumors even within tumor classes, and glycolytic enzymes can be

either increased or decreased in their expression (Hu et al., 2013). Glutamine

and fatty acids can also be used by cancers as alternative sources of fuel to make

ATP through oxidative phosphorylation (Le et al., 2012; Zaugg et al., 2011).

Although Warburg made his observations over 75 years ago, the detailed

mechanisms and consequences of shifting metabolism toward glycolysis are

only starting to be revealed. Pyruvate kinase isoformM2 (PKM2), an embry-

onic splice variant of the glycolytic enzyme pyruvate kinase (PK), is highly

expressed in several types of cancer (Christofk, Vander Heiden, Harris,

et al., 2008;Limet al., 2012).PKM2shows adecreasedkinase activity thathelps

shunt glycolytic intermediates through biosynthetic pathways at the expense of

respiration to CO2 (Christofk, Vander Heiden, Harris, et al., 2008; Hitosugi

et al., 2012). Phosphorylation of Tyr-105 of PKM2 causes the release of the

allosteric activator of PKM2, 1,6-bisphosphate, which decreases its activity

(Hitosugi et al., 2012).Anotherglycolyticenzyme,phosphoglyceratedehydro-

genase, is amplified inhuman tumors anddirects glycolytic carbon flux into ser-

ine biosynthesis instead of continued catabolism to pyruvate (Locasale et al.,

2011; Possemato et al., 2011). An increased carbon flux through the serine bio-

synthesis pathway also supports glycine production, which is used for nucleo-

tide biosynthesis and regulates cell proliferation ( Jain et al., 2012).

2. MEASURING GLUCOSE UPTAKE AND LACTATE
PRODUCTION

For cells in culture, glycolytic flux can be quantified bymeasuring glu-

cose uptake and lactate excretion. Glucose uptake into the cell is through
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glucose transporters (Glut1–Glut4), whereas lactate excretion is through

monocarboxylate transporters (MCT1–MCT4) at the cell membrane.

A caveat to relatively straightforward measurements of extracellular fluid

concentrations of glucose and lactate is that they do not provide information

on other possible fates for glucose-derived carbons (Fig. 5.1). Extracellular

measurements of glucose and lactate in cell culture media are relatively sim-

ple to perform, cell nondestructive, and provide a reasonable estimate of gly-

colytic flux (Table 5.1).

Glucose uptake into cells provides an intracellular estimate of glycolytic

flux and can be quantified through detection of entrapped glucose analogs.

This approach can quantify glucose uptake at the level of a single cell, but is

cell destructive.

2.1. Extracellular glucose and lactate
Commercially available kits and instruments are available to quantify glucose

and lactate levels within cell culture media. When using these methods, cell

number must be considered as this can greatly affect results. Kit detection

methods are usually colorimetric or fluorometric and are compatible with

standard lab equipment such as spectrophotometers.

BioProfile Analyzers (Nova Biomedical) or Biochemistry Analyzers (YSI

Life Sciences) can measure levels of both glucose and lactate in cell culture

media. GlucCell (Cesco BioProducts) can measure only glucose levels in cell

culture media. While each commercial method has a different detection

protocol, the collection of culture media for analysis is the same. Generally

for both extracellular glucose and lactate measurements, cells should be

plated at equal densities with the culture media changed 24 h prior to col-

lection. To account for differences in the rates of cell proliferation or death,

Glucose

Lactate

Figure 5.1 Glucose uptake and lactate excretion approximate glycolytic flux. Additional
metabolic processes that siphon or add metabolic intermediates to the glycolytic path-
way remain undefined, whichmay impact glycolytic flux measurements and complicate
data interpretations.
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Table 5.1 Methods to detect glucose uptake and lactate excretion

Method

Detectable
metabolite

Equipment
Cell
destructive? Radioactive?

Advantages and
disadvantagesGlucose Lactate

Extracellular glucose or

lactate kit

Y Y Spectrophotometer N N Simple, standard equipment

Extracellular bioanalyzer Y Y Bioanalyzer N N Simple

ECAR measurement N Y Seahorse XF analyzer N N Coupled with oxygen

consumption

[3H]-2-DG or

[14C]-2-DG uptake

Y N Scintillation counter Y Y Expensive tracers

18FDG uptake Y N Scintillation counter/

cyclotron

Y Y Short half-life

2-NBDG uptake Y N Flow cytometer

or fluorescent

microscopy

Y N Single cell analysis



cells should be counted at the time of media collection for normalization of

results to cell number.

2.1.1 Extracellular acidification rate by Seahorse XF analyzer
The Seahorse extracellular flux (XF) analyzer (Seahorse Bioscience) is a pow-

erful tool for measuring glycolysis and oxidative phosphorylation (through

oxygen consumption) simultaneously in the same cells. Glycolysis is deter-

mined through measurements of the extracellular acidification rate (ECAR)

of the surrounding media, which is predominately from the excretion of lactic

acid per unit time after its conversion from pyruvate (Wu et al., 2007). How-

ever, additional metabolic processes in cells, such as CO2 production by the

TCA cycle, can change the pH of the media complicating this analysis.

Because ECAR is essentially a measurement of pH, a buffering agent, such

as sodium bicarbonate, is not included in the assaymedium. In addition, bicar-

bonate and media pH can play a role in regulating glycolysis, which can con-

foundmeasurements of ECAR. To increase measurement accuracy, chemical

inhibitors can be used to determine pH changes that are from lactate excretion

versus other sources of media acidification (Fig. 5.2). The Seahorse XF ana-

lyzer requires only small cell numbers per assay condition and has injection

ports for the addition of up to four inhibitors in each experiment. Available

detectors use either a 24-well (XF24) or a 96-well (XF96) assay plate format.

To obtain reproducible data within the linear detection range of the XF

analyzer, optimization of the cell number and inhibitor concentration is

required. The XF24 analyzer has a two-step cell seeding protocol and gen-

erally requires 2�104–1�105 cells per well. Experimental cell density

should be chosen based on three main factors: (1) an ECAR value of at least

20 mpH/min, which is the low end of a potential linear detection range, (2)

retained morphology of the plated cells by visual inspection, and (3) a cell

density that lies within the linear range of a graph of cell seeding density ver-

sus ECAR values (Fig. 5.3A). Metabolic inhibitors used in assays should be

titrated to obtain the optimal concentration for maximal response for each

cell type without toxicity, as assessed by ECAR and oxygen consumption

rate (OCR) measurements (Fig. 5.3B). Loosely adherent and suspension

cells can be attached to XF V7 cell culture assay plates by coating these plates

with Cell-Tak (BD Bioscience). The example protocol below is for adher-

ent cells used with the XF24 format.

To probe glycolysis, an assay called the glycolysis stress test is often used. In

this assay, glucose, oligomycin, and 2-deoxyglucose (2-DG) are inserted

through injection ports sequentially while measurements are being made.
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Glucose is supplied to feedglycolysis, and thedifferencebetweenECARbefore

and after addition of glucose is a measure of the glycolytic rate. Oligomycin

inhibits ATP synthase in the ETC, which decreases the ATP/ADP ratio and

drives glycolysis. The difference between ECAR before and after oligomycin

addition is equal to the glycolytic reserve capacity of cells. 2-DG inhibits gly-

colysis and therefore provides a baseline ECAR measurement. ECAR after

2-DG addition accounts for the nonglycolytic ECAR of cells (Fig. 5.3C).

2.1.1.1 Protocol for ECAR measurement by Seahorse XF analyzer
Day 1: Seed cells and prepare a sensor cartridge

For adherent cells, wash cells with 1� PBS, pH 7.4, and add 1� trypsin

until cells begin to visually detach. Add culture media with serum to

Glucose

Plasma membrane

Glucose

Glucose transporters
(GLUT1, GLUT2, GLUT3, GLUT4)

Phloretin

Glucose-6-phosphate

Hexokinase
(HK1, HK2, HK3, HKDC1, HK4, ADPGK)

2-Deoxy-D-glucose
3-Bromophyruvic acid

Ribose-5-phosphate

Glucose-6-phosphate
dehydrogenase

6-Aminonicotinamide

Fructose-6-phosphate

Glucose-6-phostphate isomerase

Phoshofructokinase
(PFKL, PFKM, PFKP)

Fructose-1,6-bisphosphate

Aldolase
(ALDOA, ALDOB, ALDOC)

Glyceraldehyde-3-phosphate

Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH, GAPDHS)

Glycerate-1,3-diphosphate

Phosphoglycerate kinase
(PGK1, PGK2)

Iodoacetate

3-Phosphoglycerate Serine

2-Phosphoglycerate

Phosphoglycerate mutase
(PGAM1, PGAM2, PGAM4, BPGM)

Enolase
(ENO1, ENO2, ENO3)

Phosphoenolpyruvate

Fluoride

Pyruvate kinase
(PKLR, PKM)

Pyruvate

Lactate dehydrogenase
(LDHA, LDHB, LDHC)

Lactate

Oxamate

Mitochondrial membrane

Mitochondrial pyruvate carrier
(MPC1, MPC2)

Ploglitazone

Cysteine

Cystathionine-beta
-synthase

Aminooxyacetic acid

Pyruvate

Acetyl-CoA

Pyruvate dehydrogenase 
complex

(PDHA1, PDHA2, PDHB,
 DLD, DLAT,)

Pyruvate dehydrogenase 
kinase 

(PDK1, PDK2, PDK3, PDK4)

Dichloroacetic
acid

Glycine

Lactate

Monocarboxylate
transporter

(MCT1, MCT2, MCT3, MCT4)

TCA

cycle

Electron

transport

chain

Oligomycin
rotenone

Pentose

phosphate

pathway

Figure 5.2 Chemical inhibitors of glycolysis. Inhibitors of glycolytic enzymes are used to
quantify metabolite fluxes within the glycolytic pathway. Inhibition of glycolysis with
2-dexoxy-D-glucose (2-DG) is a common tool for measuring glycolysis (e.g., glycolysis
stress test).
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deactivate trypsin and pipette up and down to create a uniform cell sus-

pension. Count cells (e.g., hemocytometer) and resuspend the total so that

the number of desired cells per well is within 100 ml (e.g., for 5�104 cells

per well, suspend cells at a concentration of 5�105 cells per ml). Pipette

100 ml of cell suspension into each well of 24-well V7 plate (Seahorse Bio-
science #100777-004). For accurate reproducible measurements, pipette

up and down to make sure that cells are uniformly spread throughout the

well. Onewell in each V7 plate row or column should lack cells to be used

as a blank control. Put the seeded plate into a 37 �C, 5%CO2 incubator to

allow cells to adhere for 1–5 h. Add an additional 150 ml of media and

allow cells to grow overnight in a 37 �C, 5% CO2 incubator.

The XF24 and XF96 sensor cartridges (Seahorse Bioscience #100850-

001) must be hydrated overnight for consistent results. Add XF calibrant,

pH 7.4 (Seahorse Bioscience #100840-000) to each well of a Seahorse

24-well or 96-well plate. Put a sensor cartridge on top of the plate with

sensors submerged in calibrant solution. Hydrate at 37 �C without CO2

for up to 72 h. Turn on the Seahorse XF Analyzer to allow the instru-

ment to warm to 37 �C before an assay.

Day 2: Prepare a cell plate for analysis

WarmXFDMEMmedia (Seahorse Bioscience # 102353-100) to 37 �C
in a water bath, add L-glutamine to a final concentration of 2 mM and
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Figure 5.3 ECAR measurements with a Seahorse XF analyzer. (A) Cell number optimiza-
tion for XF assays. Circle identifies region with acceptable cell densities. (B, C)
Oligomycin optimization for glycolysis stress test. Shown are ECAR (B) and OCR (C) with
an oligomycin drug titration. 1 mM is the optimal oligomycin concentration in this case
because it stimulates the maximum ECAR (arrow) and inhibits OCR (arrow). (C) Glycol-
ysis, glycolytic capacity, glycolytic reserve, and nonglycolytic acidification can be mea-
sured with the glycolysis stress test.
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adjust the pH of the media to 7.4. Remove all but 50–100 ml of media

from each well and add 1 ml of 37 �C XF DMEM media, pH 7.4. It is

important during this process to always leave a small amount of media in

each well so that cells do not dry out and the cell monolayer is not

disrupted. Then remove all but 50 ml of media from each well again

and add the desired volume of 37 �C XF DMEM media. Place a

24- or 96-well plate in a 37 �C incubator without CO2 for 1 h before

running an assay. CO2 will alter the pH of the media and disrupt ECAR

measurements.

Inhibitors should be adjusted to the proper concentration in the XF

DMEM media. Since inhibitors will be added through injection ports

in the cartridge, they should be at a concentration of 10� higher than

the final dilution. Prepare 2 ml stocks of 100 mM glucose, 1 M 2-DG,

and the optimized oligomycin concentration chosen by titration. Pipette

61.5 ml of glucose stock solution, 67.5 ml of oligomycin stock solution,

and 75 ml of 2-DG stock solution into injection ports A, B, and C,

respectively. Make sure to fill all A, B, and C injection ports including

blank wells.

The XF24 and XF96 analyzers require the input of a protocol command

sequence. Important parameters of this protocol are mix time, wait, and

measure time. Cell lines with higher metabolic activity require shorter mea-

surement times than cells with less metabolic activity. A good protocol to

start with is a 3-min mix time, 3-min wait, and 3-min measure time. If

OCR or ECAR values are too low, a protocol of 2-min mix time,

2-min wait, and 4- or 5-min measure time can improve the data quality.

After running the glycolysis stress test, normalize ECAR data to cell

number or protein concentration and plot ECAR against time. Glycolysis,

glycolytic capacity, and glycolytic reserve can be calculated with normalized

ECAR values using the equations given below (Fig. 5.3C):

Glycolysis¼ECARafter addition of glucose�ECARafter 2

�DGtreatment

Glycolytic capacity¼ECARafter oligomycin treatment�ECARafter 2

�DGtreatment

Glycolytic reserve¼ECARafter oligomycin treatment

�ECARafter addition of glucose

Nonglycolytic acidif ication¼ECARafter 2�DGtreatment
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2.2. Glucose analog uptake
To determine the glucose uptake rate by cells, a labeled isoform of glucose can

be added to the cell culture media and then measured within cells after a given

period of time. Two types of glucose analogs are typically used for these stud-

ies: radioactive glucose analogs, such as 2-deoxy-D-[1,2-3H]-glucose,

2-deoxy-D-[1-14C]-glucose, or 2-deoxy-2-(18F)-fluoro-D-glucose (18FDG),

or fluorescent glucose analogs, such as 2-[N-(7-nitrobenz-2-oxa-1,3-dia-

xol-4-yl)amino]-2-deoxyglucose (2-NBDG). Measurements of radioactive

glucose analog uptake require a scintillation counter, whereas 2-NBDG

uptake is usually measured by flow cytometry or fluorescent microscopy.

In contrast to extracellular approaches, these techniques require cell harvest

and termination of the cell culture.

2.2.1 2-Deoxy-D-[1,2-3H]-glucose or 2-deoxy-D-[1-14C]-glucose
Glucose analog, 2-DG, is brought into cells by a glucose transporter and is

phosphorylated within the cytosol by hexokinase ( Jenkins, Furler, &

Kraegen, 1986). Further metabolism of 2-DG is slow and phosphorylation

by hexokinase traps 2-DG within a cell (Hansen, Gulve, & Holloszy, 1994).

By using radioactive 2-deoxy-D-[1,2-3H]-glucose or 2-deoxy-D-[1-14C]-

glucose, the accumulation of 2-DG can be measured to quantify glucose

uptake.

2.2.1.1 Protocol for 2-deoxy-D-[1,2-3H]-glucose
or 2-deoxy-D-[1-14C]-glucose uptake

Plate approximately 5�104 cells per well in a 24-well plate. Allow time for

the cells to attach and spread on the plate and switch to glucose-free or glu-

cose low media. Add 1 mCi 2-deoxy-D-[1,2-3H]-glucose (MP Biomedicals

#0127088) or 2-deoxy-D-[1-14C]-glucose (MP Biomedicals #0111012)

and incubate for at least 20 min. Wash cells with 1� PBS, pH 7.4 (Life

Technologies #10010-023), and lyse cells with 1% SDS lysis buffer (1%

sodium dodecyl sulfate, 10 mM Tris, pH 7.5). Use a scintillation counter

to quantify [3H] or [14C] and normalize readings to cell number.

2.2.2 2-Deoxy-2-(18F)-fluoro-D-glucose
18FDG PET scanning has been used in clinical cancer diagnostics since the

1990s, but use of 18FDG for in vitro research protocols has beenmore limited,

likely because of the short half-life of the radioactive fluorine (109.7 min)

and limited access to a cyclotron for its manufacture for most research labs.

Like other 2-DG analogs, 18FDG is phosphorylated after transport into the
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cell and cannot be exported (Smith, 2000). 18FDG accumulation occurs in

many tumors, or other rapidly dividing cells, due to theWarburg effect, and

increased analog trapping contrasts with surrounding normal tissues to pro-

vide signal discrimination for in vivo PET imaging. Use of 18FDG for in vitro

experiments requires consideration of factors that can influence metabolism

including cell density and growth media (Mertens, Mees, Lambert, Van de

Wiele, & Goethals, 2012). 18FDG requires instrumentation to measured

gamma radiation and increased safety procedures for working with radiation.

Because the measurement 18FDG uptake in vitro is uncommon and an alter-

nate method involving fluorescent detection of glucose uptake is available, a

detailed work protocol for 18FDG uptake measurements is not

provided here.

2.2.3 2-[N-(7-Nitrobenz-2-oxa-1,3-diaxol-4-yl)amino]-2-deoxyglucose
2-NBDG is taken into cells through glucose transporters and phosphory-

lated by hexokinase. However, 2-NBDG can be dephosphorylated, which

can result in efflux from cells, but this analog still provides a good approx-

imation of glucose uptake (O’Neil, Wu, & Mullani, 2005). Because

2-NBDG and glucose are both imported by glucose transporters, unlabeled

glucose in the media will impact 2-NBDG uptake (O’Neil et al., 2005; Zou,

Wang, & Shen, 2005). Therefore, the use of low-glucose media is optimal

when tolerated by cells and available. 2-NBDG can be excited to fluoresce

by 465 nm wavelength light and yields a 540-nm wavelength emission,

which can be detected using a fluorescence detector channel or filter typi-

cally used for green fluorophores. A negative control sample should be

included that is not incubated with 2-NBDG to set flow cytometer gating

of negative and positive events and compensation when necessary (Fig. 5.4).

2.2.3.1 Protocol for 2-NBDG uptake
Approximately 5�104 cells should be plated per well. Cell confluence can

affect metabolism and should be considered and adjusted appropriately. For

each condition to be examined, count and plate cells at equal densities and

allow time for cells, if they are adherent, to fully attach to the plate surface or

substrate. Wash cells with 1� PBS, pH 7.4, followed by the addition of cul-

ture media (low glucose when possible) supplemented with 10–100 mM
2-NBDG (Life Technologies #N13195), and incubate for 1–12 h at

37 �C with 5% CO2. A negative control should be incubated with the same

culture media without adding 2-NBDG. The cell density, concentration of

2-NBDG, and time of incubation can be adjusted for optimal results.
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For analysis by flow cytometry, add 1� trypsin (Life Technologies

#25300054), harvest cells, wash twice with ice cold 1� PBS, pH 7.4, at

4 �C, and keep on ice. Keep the samples on ice to inhibit dephosphorylation

and export of 2-NBDG from cells. Analyze the collected cells by flow cyto-

metry within 30 min of harvest. A control sample lacking 2-NBDG should

A

B

c

Figure 5.4 Measurement of 2-NBDG uptake by flow cytometry. (A) A negative control that
has not been cultured with 2-NBDG. (B) A sample cultured with 2-NBDG.
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be used to set the flow cytometer compensation and gate parameters for

2-NBDG positive and negative events (Fig. 5.4).

3. MEASURING THE ACTIVITY OF RATE-LIMITING
GLYCOLYTIC ENZYMES

While the activity of any single glycolytic enzyme is not a proxy for

carbon flux through the entire pathway, specific enzymes limit the rate of

glycolysis, and therefore, their activities control the maximum possible flux.

Hexokinase, phosphofructokinase, and PK are the main rate-limiting

enzymes in glycolysis.

Conversion fromNAD+ toNADHorNADP+ toNADPH is often used

in enzymatic assays because NADH and NADPH absorb light at 340 nm,

while NAD+ and NADP+ lack absorbance at this wavelength (McComb,

Bond, Burnett, Keech, & Bowers, 1976). By coupling the enzyme of inter-

est with an NAD+/NADH- or NADP+/NADPH-dependent enzyme, the

activity of the enzyme can be measured by the change in absorbance at

340 nm over time. Hexokinase, phosphofructokinase, and PK can be

coupled with NAD+/NADH- or NADP+/NADPH-dependent enzymes

by using enzymes that react with their products.

3.1. Hexokinase
Hexokinases phosphorylate the 6-hydroxyl of hexose using the g-PO4 of

ATP as a donor group (Wilson, 1995). In humans, hexokinase 4 (HK4) is

more specific to glucose than other hexoses and is referred to as glucokinase.

An ADP-dependent glucokinase (ADPGK) has been recently discovered in

mouse and human genomes, which transfers a phosphoryl group from ADP

to glucose (Richter et al., 2012). Hexokinase 1 (HK1), hexokinase 2 (HK2),

and hexokinase 3 (HK3) are allosterically inhibited by their product,

glucose-6-phosphate, but HK4 is not sensitive to glucose-6-phosphate con-

centrations (Wilson, 1995). Hexokinase is the first key enzyme in glycolysis

because it traps glucose within cells.

High expression ofHK2 is associatedwith poor prognosis in hepatocellular

carcinoma and brain metastasis (Palmieri et al., 2009; Peng, Lai, Pan, Hsiao, &

Hsu, 2008). HK2 is required for tumor growth in multiple mouse models of

cancer and is a potential target for therapeutics (Patra et al., 2013). Breast cancer

cells regulate HK2 through miR-155, which increases expression of HK2

through multiple mechanisms ( Jiang et al., 2012). To measure hexokinase

activity, glucose is provided as a substrate, and glucose-6-phosphate
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dehydrogenase (G6PD) furthermetabolizes glucose-6-phosphate in aNADP+

dependent manner. The absorbance of NADPH at 340 nm will increase as

G6PD converts glucose-6-phoshate to fructose-6-phosphate.

3.1.1 Protocol for hexokinase activity assay
Wash cells with 1� PBS, pH 7.4, and incubate in lysis buffer (50 mM

Tris–HCl, pH 7.5, 1 mM EDTA, 150 mM NaCl, 1% NP-40, 1 mM

DTT, protease inhibitor cocktail) for 30 min on ice to lyse cells. Prepare

reaction buffer (50 mM Tris–HCl, pH 7.5, 10 mM MgCl2, 0.6 mM

ATP (Sigma #A2383), 100 mM glucose (Sigma #G8270), 0.2 mMNADP+

(Sigma #0505), and 0.1 units of glucose-6-phosphate dehydrogenase (Sigma

#G4134)) per ml. Add 20 mg of fresh cell lysate to 1 ml of reaction buffer.

A negative and positive control should be included without cell lysate and

with 0.05 units of hexokinase (Sigma #H5000) added. Mix, incubate at

37 �C, and measure optical absorbance of the reaction at 340 nm with a

spectrophotometer every 15 s for 10 min (Yi et al., 2012). Enzyme activity

can be represented as the change in absorbance per minute, which should be

calculated on a linear portion of the obtained curve.

3.2. Phosphofructokinase
Glucose-6-phosphate can enter the pentose phosphate pathway or continue

through the glycolytic pathway. Phosphofructokinase 1 (PFK1) provides the

first enzymatic step at which a glucose molecule becomes committed to gly-

colysis and therefore is subject to regulation (Nelson & Cox, 2008). PFK1

activity depends on the concentrations of AMP, ADP, and ATP with allo-

steric activation by AMP and ADP and allosteric inhibition by ATP. Addi-

tional allosteric inhibition is provided by citrate and activation by fructose

2,6-bisphosphate (Nelson & Cox, 2008).

PFK1 activity has been linked to the Warburg effect through the p53

target protein, TP-53-induced glycolysis and apoptosis regulator

(TIGAR). TIGAR inhibits glycolysis and promotes the pentose phosphate

pathway by reducing levels of fructose-2,6-bisphosphate, thereby reducing

PFK1 activity (Bensaad et al., 2006). Glycosylation of the fructose-2,6-

bisphosphate binding site on PFK1 also inhibits glycolytic flux which

decreases cell proliferation, thereby reducing cancer aggressiveness

(Yi et al., 2012). Measurement of phosphofructokinase activity can be

achieved by providing other glycolytic enzymes, aldolase, triosephosphate

isomerase, and glyceraldehyde 3-phosphate dehydrogenase, which are
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NAD+ dependent. An increase of NADH absorbance at 340 nm can be

observedas fructose 1,6-bisphosphate is converted to1,3-bisphosphoglycerate.

3.2.1 Protocol for phosphofructokinase activity assay
Wash cells with 1� PBS, pH 7.4, and incubate in lysis buffer (50 mM Tris–

HCl, pH 7.5, 1 mM EDTA, 150 mM NaCl, 1% NP-40, 1 mM DTT, pro-

tease inhibitor cocktail) for 30 min on ice to lyse cells. Prepare reaction

buffer (50 mM Tris–HCl, pH 7.5, 5 mM MgCl2, 5 mM ATP (Sigma

#A2383), 0.2 mM NADH (Sigma #N4505), 100 mM KCl, 5 mM

Na2HPO4, 5 mM MgCl2, 0.01 AMP (Sigma #01930), 5 mM fructose-6-

phosphate (Sigma #F3627), 5 units of triosephosphate isomerase (Sigma

#T2507) per ml, 1 unit of aldolase (Sigma #A2714) per ml, and 10 units

of glyceraldehyde-3-phosphate dehydrogenase (Sigma #G2267)) per ml.

Add 20 mg of fresh cell lysate to 1 ml of reaction buffer. A negative and pos-

itive control should be included without cell lysate and with 0.05 units phos-

phofructokinase (Sigma #F0137) added. Measure optical absorbance of the

reaction at 340 nm at room temperature every 15 s for 10 min with a spec-

trophotometer (Yi et al., 2012). Activity can be represented as the change in

absorbance per minute, which should be calculated in a linear portion of the

obtained curve.

3.3. Pyruvate kinase
PK catalyzes the final step in glycolysis by transferring a phosphoryl group

from phosphoenolpyruvate (PEP) to ADP to form pyruvate and ATP.

PK is active as a tetramer protein and is allosterically inhibited by ATP,

acetyl-CoA, and long-chain fatty acids (Nelson & Cox, 2008). There are

four PK isoforms including PKL, PKR, PKM1, and PKM2. PKL and

PKR, the dominant PK isoforms in the liver and red blood cells, undergo

allosteric activation by fructose-1,6-bisphosphate (Carbonell, Marco,

Felı́u, & Sols, 1973). Fructose-1,6-bisphosphate is also an allosteric activator

of PKM2, which is a splice variant of the constitutively active PKM1

enzyme isoform (Dombrauckas, Santarsiero, & Mesecar, 2005). The prod-

uct of PK, pyruvate, can be converted to lactate by lactate dehydrogenase,

which is NADH dependent. The activity of PK can then be detected by a

loss of absorbance at 340 nm.

3.3.1 Protocol for PK activity assay
Wash cells with 1� PBS, pH 7.4, and incubate in lysis buffer (50 mM Tris–

HCl, pH 7.5, 1 mM EDTA, 150 mM NaCl, 1% NP-40, 1 mM DTT,
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protease inhibitor cocktail) for 30 min on ice to lyse cells. Prepare reaction

buffer (50 mM Tris–HCl, pH 7.5, 100 mM KCl, 5 mM MgCl2, 0.6 mM

ADP (Sigma #A2754), 0.5 mM PEP (Sigma #860077), 0.18 mM NAD+

(Sigma #N1636), 10 mM fructose-1,6-bisphosphate (Sigma #F6803), and

10 units of lactate dehydrogenase (Sigma #59747)) per ml. Add 10 mg of

fresh cell lysate to 1 ml of reaction buffer. Measure optical absorbance of

the reaction at 340 nm every 15 s for 10 min with a spectrophotometer

(Christofk, Vander Heiden, Wu, Asara, & Cantley, 2008; Yi et al., 2012).

A positive and a negative control should be run with no cell lysate and

0.05 units of PK (Sigma #P7768) added. Activity can be represented as

the change in absorbance per minute, which should be calculated in a linear

portion of the obtained curve.

4. METABOLITE MEASUREMENTS AND
GLUCOSE TRACING

Unlabeledmetabolites or 13C-labeledmetabolites can be quantified by

mass spectrometry (MS) or nuclear magnetic resonance (NMR) spectrom-

etry. Measurements of unlabeled metabolites provide steady-state data on

the levels of all detectable metabolites within the cell. Using metabolite con-

centrations for extrapolation of flux information is difficult, however,

because changes in the steady-state level of a metabolite can be due to

increased or decreased flux through any of its associated metabolic pathways.

Absolute quantification of an unlabeled metabolite is possible by adding a

labeled standard for the metabolite of interest beforeMS analysis. Metabolite

profiling was used to identify decreased serine biosynthesis as a result of

PKM2 silencing (Chaneton et al., 2012).

The use of 13C-labeled glucose provides glycolytic flux data by quanti-

fying 13C glucose-derived carbons in downstream metabolites. However,

labeled substrates are costly and the label can be diluted by other carbon

sources, making measurements challenging for some metabolites. However,

detection of 13C-glucose-derived carbons in glycolytic intermediates is

robust; making it is a good method for analyzing glycolysis.

While chromatography combined withMS is becoming the most widely

used approach for metabolomics, NMR spectroscopy also has advantages for

detecting and quantifying metabolites. NMR spectroscopy is quantitative,

fast, and reproducible but has a detection limit in the micromolar range

(Pan & Raftery, 2007; Want, Cravatt, & Siuzdak, 2005). By contrast, MS
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is exceedingly sensitive in the nanomolar range, making it useful for com-

plex biosamples. MS analysis, however, requires metabolite separation with

gas chromatography (GC) or liquid chromatography (LC), which reduces

the speed of data acquisition. GC/MS combines the separation of complex

biosamples with the retained sensitivity ofMS (Want et al., 2005). However,

GC/MS has an additional derivatization step of sample preparation that is

required for detecting nonvolatile or large, polar macromolecules

(Dietmair, Timmins, Gray, Nielsen, & Kr€omer, 2010; Want et al., 2005).

By contrast, LC/MS detects a broad range of metabolites with simple sample

preparation. Following the separation of metabolites by LC, they must be

ionized for analysis by MS. Liquid chromatography electrospray ionization

mass spectrometry (LC/ESI-MS) combines an automated ionization

method, electrospray ionization, with the simplicity of LC and the sensitiv-

ity of MS. Therefore, we provide metabolomics protocols that are suitable

for use with LC/ESI-MS. Fourier transform ion cyclotron resonance MS

(FT-ICR-MS), orbitrap MS, and multipass time of flight MS (multipass

TOF-MS) have all be used for metabolomic analysis (Aharoni et al.,

2002; Lei, Huhman, & Sumner, 2011). FT-ICR-MS has ultrahigh resolu-

tion andmass accuracy below 1 ppm,while orbitrapMS also has high resolv-

ing power and mass accuracy between 1 and 5 ppm (Lei et al., 2011).

4.1. Metabolite measurements
Metabolite extraction must be performed to obtain metabolites

from cultured cells for LC/ESI-MS analysis. Metabolite extraction generally

has two parts: quenching and extraction. Quenching first limits further met-

abolic activity and removes contaminants, which is then followed by a

metabolite extraction step (Sellick, Hansen, Stephens, Goodacre, &

Dickson, 2011). Metabolites with a high turnover rate, such as ATP, depend

on complete and quick quenching methods for accurate detection. Chem-

ical and physical properties of each metabolite require different methods of

quenching and different extraction solutions making it challenging to find

one method that works for all metabolites (Dietmair et al., 2010). Glu-

cose-6-phosphate is particularly unstable and requires effective quenching

for accurate measurements. Enzymatic assays to measure glucose-6-

phosphate can be used to check on the success of quenching and extraction

steps. For optimization of extraction, temperature and solvent can be

adjusted in both the quenching and extraction step.
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4.1.1 Protocol for metabolite extraction of adherent cells
for LC/ESI-MS analysis

Approximately 1�106 cells are minimally required for detection of metabo-

lites by LC/ESI-MS.Cells can be grown in six-well plates for direct extraction

from eachwell. For normalization to cell number or protein concentration, an

extra well of each condition should be plated in parallel for cell counting or

protein quantification. Add fresh media to cells 24 h prior to metabolite

extraction. Place the six-well plate on ice and wash cells with ice cold 1�
PBS, pH 7.4. Add 400 ml of ice cold HPLC grade methanol (Fisher

#A454-4). To maximize quenching speed, methanol can be cooled on dry

ice to achieve a temperature as low as �40 �C. Add an equal volume of Milli

Q water and gently shake the plate to ensure mixing. Scrape cells off the plate

and transfer to a 1.5-ml eppendorf tube. For separation of polar from nonpolar

metabolites, add 400 ml of HPLC grade chloroform (Fisher C607-4). Briefly

vortex each sample every 5 min for 15–30 min. Transfer the top layer, which

is the aqueous phase containing polar molecules, to a new tube. The

remaining bottom layer contains nonpolar metabolites, which can also be

transferred into a fresh tube. Glycolytic intermediates are polar molecules

and should be in the top layer. Dry the contents of both tubes with a vacuum

concentrator. Samples can then be stored at �80 �C until analysis. Alterna-

tively, samples can be suspended in 50 ml of initial LC mobile phase solution

for immediate LC/ESI-MS analysis. MS measurements should be performed

according to the methods described in the instrument documentation.

4.2. Metabolic flux analysis with stable glucose isotopes
13C can replace any of the six carbons within a glucose molecule. [U-13C6]-

glucose is 13C labeled at all six carbons and is often used to trace the glucose

contribution to the TCA cycle. [1,2-13C2]-glucose is the best tracer for gly-

colytic pathway metabolite measurements (Metallo, Walther, &

Stephanopoulos, 2009). In addition, carbon flux through the pentose phos-

phate pathway is not well defined by [U-13C6]-glucose. Instead, [1,2-
13C2]-

glucose will lose one 13C when it goes through the pentose phosphate path-

way, which distinguishes metabolites that have gone through this pathway

from those that have gone directly through glycolysis (Fig. 5.5).

Labeled glucose will compete for uptake into the cell with unlabeled glu-

cose within the media. Therefore, glucose-free or low-glucose media is used

for labeled glucose tracing flux experiments. Regular culture media should

be replaced with [U-13C6]-glucose (Cambridge Isotope Labs #CLM-1396)

or [1,2-13C2]-glucose (Cambridge Isotope Labs #CLM-504) supplemented
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media 24 h prior to metabolite extraction. The same protocol can be used

for extraction of metabolites for metabolic flux analysis as for measurement

of unlabeled metabolites. Data analysis, however, is more complex and

requires specialized software. Fiatflux, an open source software for use with

isotopic tracer experiments, is an enabling tool for data analysis (Zamboni,

Fischer, & Sauer, 2005). OpenFLUX and 13CFlux are also software pack-

ages available for use for with 13C metabolic flux analysis (Quek, Wittmann,

Nielsen, & Kr€omer, 2009; Weitzel et al., 2013).

4.3. Release of 3H2O from [5-3H]-glucose
The release of 3H2O from [5-3H]-glucose is a method to quantify glycolytic

flux (Neely, Denton, England, & Randle, 1972). A single tritium at the C5
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Figure 5.5 Glycolytic pathway metabolite flux analysis with [1,2 13C2]-glucose. Metabo-
lites derived from the pentose phosphate pathway (gray boxes) can be distinguished
from metabolites derived directly from glycolysis (black boxes). For simplicity, not all
possible permutations of 12C and 13C are provided.
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of glucose is removed by a condensation reaction in the ninth step of gly-

colysis, which is catalyzed by enolase (Fig. 5.6). The resulting 3H2O diffuses

freely into the cell culture media and is quantified by scintillation counting.

The complete conversion of glucose to pyruvate is not measured by this

reaction.

For detection of 3H2O using a liquid scintillation counter, the [5-3H]-

glucose must be removed from the cell supernatant. One method for sepa-

ration is to allow 3H2O to diffuse into a cold H2O solution while inhibiting

the diffusion of [5-3H]-glucose (Vander Heiden et al., 2011). An alternative

method is to use ion chromatography to remove the glucose from the cell

supernatant (Støttrup et al., 2010).

4.3.1 Protocol for measuring the release of 3H2O from [5-3H]-glucose
Wash 1�106 cells with 1� PBS, pH 7.4, and resuspend in 1 ml Krebs buffer

(126 mM NaCl, 2.5 mM KCl, 25 mM NaHCO3, 1.2 mM NaH2PO4,

1.2 mM MgCl2, and 2.5 mM CaCl2). Incubate at 37 �C, 5% CO2 for

30 min and then replace with Krebs buffer containing 10 mCi [5-3H]-

glucose (Perkin Elmer #NET531005MC) and 10 mM unlabeled glucose.

H

H

H

H-O-H

[5-3H]-glucose

[5-3H]-fructose
6-phosphate

[2-3H]-glyceraldehyde
3-phosphate

[2-3H]-phosphoglycerate
H

phosphoenolpyruvate

pyruvate

Enolase

Figure 5.6 Glycolytic flux measurements with [5-13H]-glucose. A single tritium present on
5C of glucose is released as water in the ninth step of glycolysis catalyzed by enolase.
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Incubate at 37 �C, 5% CO2 for 1 h. Spin down the sample and remove

500 ml of cell supernatant. Add 500 ml of 0.2 N HCl. Pack a 2-ml Poly-Prep

chromatography column (Biorad #731-1550) with 2 ml of AG 1-X8 resin,

200–400 mesh, formate form (Biorad #140-1454). Wash the resin with

20 ml of 1 N NaOH and then with 10 ml of distilled water. Add 1 ml of

supernatant solution to the column and collect the sample after glucose

removal. Dissolve 3H2O into scintillation solution and quantify by beta-

scintillation counting (Støttrup et al., 2010; Vander Heiden et al., 2010).

5. SUMMARY

Each of the discussed methods provides data on the glycolytic flux in

mammalian cells, including cancer. Selecting which technique or combina-

tions of techniques are appropriate for a given study depends on equipment

availability, budget, and the type of information required. Extracellular glu-

cose and lactate measurements and enzymatic activity assays can be per-

formed with standard laboratory equipment but provide a limited amount

of insight. Metabolomics approaches provide data on glycolysis as well as

its offshoot pathways but require expensive equipment and laborious data

analyses (Table 5.2). All of these methods can be used in combination to

obtain a comprehensive assessment of glycolytic flux and downstream met-

abolic pathways in cancer cells.
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Table 5.2 Glucose tracers used to measure glycolysis and related metabolic pathways

Glucose tracer Detection method

Detection precision

Glycolysis PPP TCA cycle Price

[U-13C6]-glucose Mass spectrometry Low Low High $

[1,2-13C2]-glucose Mass spectrometry High High Ok $$

[2-13C1]-glucose Mass spectrometry High High Ok $$

[5-3H]-glucose Scintillation counter High No No $$$

PPP, pentose phosphate pathway.
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