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Background: The rate at which cells acidify the extracellular medium is frequently used to report glycolytic rate,
with the implicit assumption that conversion of uncharged glucose or glycogen to lactate™ + H* is the only
significant source of acidification. However, another potential source of extracellular protons is the production
of CO, during substrate oxidation: CO, is hydrated to H,COs, which then dissociates to HCO3 + H™.
Methods: O, consumption and pH were monitored in a popular platform for measuring extracellular acidification
(the Seahorse XF Analyzer).
Results: We found that CO, produced during respiration caused almost stoichiometric release of H* into the
medium. With C2C12 myoblasts given glucose, respiration-derived CO, contributed 34% of the total extracellular
acidification. When glucose was omitted or replaced by palmitate or pyruvate, this value was 67-100%.
Analysis of primary cells, cancer cell lines, stem cell lines, and isolated synaptosomes revealed contributions of
CO,-produced acidification that were usually substantial, ranging from 3% to 100% of the total acidification rate.
Conclusion: Measurement of glycolytic rate using extracellular acidification requires differentiation between
respiratory and glycolytic acid production.
General significance: The data presented here demonstrate the importance of this correction when extracellular
acidification is used for quantitative measurement of glycolytic flux to lactate. We describe a simple way to
correct the measured extracellular acidification rate for respiratory acid production, using simultaneous
measurement of oxygen consumption rate.
Summary statement: Extracellular acidification is often assumed to result solely from glycolytic lactate produc-
tion, but respiratory CO, also contributes. We demonstrate that extracellular acidification by myoblasts given
glucose is 66% glycolytic and 34% respiratory and describe a method to differentiate these sources.

© 2014 Elsevier B.V. All rights reserved.
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1. Introduction

Assessing metabolic flux is essential to understanding cellular me-
tabolism, and the measurement of oxygen consumption and extracellu-
lar acidification by adherent cells is now routine using instruments such
as the Seahorse XF Analyzer [1-4]. The rate of mitochondrial oxygen
consumption is reliably calculated as total cellular oxygen consumption
rate minus any oxygen consumption that is insensitive to specific
inhibitors of mitochondrial electron transport [5-7]. In small wells in
polystyrene plates, the oxygen diffusion between the wells, the polysty-
rene, and the atmosphere is considerable and must be accounted for [4].

Abbreviations: RQ, respiratory quotient (CO, produced/O, consumed); OCR, oxygen
consumption rate; ECAR, extracellular acidification rate; PPR, proton production rate;
FCCP, carbonylcyanide 4-(trifluoromethoxy)-phenylhydrazone; KRPH, Krebs-Ringer phos-
phate HEPES medium
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With these constraints, oxygen consumption rate is a direct and quanti-
tative measure of mitochondrial electron transport rate.

Extracellular acidification is an equally accessible measurement of
metabolic activity. A major component of extracellular acidification is
the glycolytic production of lactate [8]. At physiological pH around 7,
glucose is uncharged, whereas lactate (pK, 3.86) exists primarily as
the carboxylate anion. Net conversion of glucose to lactate™ at neutral
pH necessarily releases protons and acidifies the medium, so extracellu-
lar acidification rate is commonly used as a direct and quantitative mea-
sure of glycolytic rate [1,2,8-11]. However, the relationship between
extracellular acidification and glycolytic rate is confounded by other
acidification mechanisms. Specifically, CO, generated in the tricarboxyl-
ic acid cycle can be spontaneously or enzymatically hydrated to carbon-
ic acid, H,CO3, which dissociates to HCO3 + H™ in aqueous media at
physiological pH. Conversion of one glucose molecule to lactate yields
2 lactate™ 42 H™, whereas complete oxidation of one glucose to CO,
yields 6 HCO3 +6 H™, so the extracellular acidification when a glucose
molecule is oxidized to CO, is three times greater than the extracellular
acidification when it is converted to lactate.


http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbabio.2014.10.005&domain=pdf
http://dx.doi.org/10.1016/j.bbabio.2014.10.005
mailto:shona.mookerjee@tu.edu
http://dx.doi.org/10.1016/j.bbabio.2014.10.005
http://www.sciencedirect.com/science/journal/00052728

172 S.A. Mookerjee et al. / Biochimica et Biophysica Acta 1847 (2015) 171-181

Here, we show that CO, produced by respiration in the wells of a
polystyrene multiwell plate is completely retained in the wells, causing
almost stoichiometric acidification. The acidification can be calculated
from the rate of respiration, the respiratory quotient, the net H" pro-
duction per CO, generated, and the pH buffering power of the medium.
Analysis of extracellular acidification by C2C12 myoblasts reveals that
CO,, production accounts for most or all of the extracellular acidification
by cells given no substrate or with added pyruvate or palmitate, and 34%
of the total extracellular acidification by cells oxidizing added glucose. In
other cell lines, CO, also contributes substantially to extracellular acidi-
fication, even in many of those reported to be highly glycolytic.

2. Materials and methods
2.1. Reagents

Chemicals were from Sigma. Cell culture reagents and consumables
were from Corning. Seahorse XF consumables were from Seahorse
Bioscience.

2.2. Mitochondria

Rat skeletal muscle mitochondria were isolated according to [12].
Rats were used in accordance with [ACUC standards under a protocol
approved by the Buck Institute Animal Care and Use Committee.
Rates of oxygen consumption and acidification were measured
using a Seahorse XF24 Extracellular Flux Analyzer (Seahorse Bioscience)
[13] in MAS-1 medium (2 mM HEPES, 10 mM KH,PO4, 1 mM EGTA,
70 mM sucrose, 220 mM mannitol, 5 mM MgCl,, 0.2% fatty-acid-free bo-
vine serum albumin (Sigma A3803)) containing 4 uM carbonylcyanide
4-(trifluoromethoxy)-phenylhydrazone (FCCP), 2.5 pug/mL oligomycin,
5 mM dichloroacetate, 5 mM aminooxyacetate, 5 mM fluoroacetate,
and 2 uM atpenin A5. Oxygen consumption was corrected for
rotenone-insensitive rates. Extramitochondrial acidification rate was
corrected for background by subtraction of rates in sample-free wells.

2.3. Cells

Mouse C2C12 myoblasts [14] were cultured in Dulbecco's modified
Eagle medium (DMEM) with 11.1 mM glucose, 2 mM glutamine, 10%
v/v fetal bovine serum (FBS), 100 U/mL penicillin, and 100 pg/mL strep-
tomycin. Twenty-four hours prior to assay, cells were plated in 100 pL
culture medium at 20,000 cells/well in a 24-well polystyrene Seahorse
V7-PS Flux plate with no additional coating. 25 min prior to assay,
cells were washed three times with and then incubated in a final vol-
ume of 500 puL Krebs-Ringer phosphate HEPES (KRPH) medium
(2 mM HEPES, 136 mM NaCl, 2 mM NaH,PO,4, 3.7 mM KCI, 1 mM
MgCl,, 1.5 mM CaCl,, 0.1% w/v fatty-acid-free bovine serum albumin,
pH 7.4 at 37 °C). At assay start, medium was replaced with fresh
KRPH containing 500 U/mL carbonic anhydrase (Sigma C2624) and ei-
ther pyruvate (10 mM), glucose (10 mM), carnitine and palmitate
(0.5 mM each), or no substrate. Cell respiratory control was assayed
by stepwise addition of A: 2 pug/mL oligomycin; B: 0.5 pM FCCP; C:
1 uM rotenone, 1 UM myxothiazol, 5 mM 2-deoxyglucose; D: HCl. Two
measurement cycles of 2 min mix, 1 min wait, and 5 min measure
were carried out after each addition, with three cycles following the
final addition. Following the assay, samples were removed for lactate
analysis, and wells were washed three times with 250 puL BSA-free
KRPH. Twenty-five microliters of RIPA lysis buffer (150 mM Nadl,
50 mM Tris, 1 mM EGTA, 1 mM EDTA, 1% v/v Triton X-100, 0.5% w/v so-
dium deoxycholate, 0.1% v/v SDS, pH 7.4 at 22 °C) was added. Cells
were incubated on ice for 30 min and agitated on a plate shaker at
1200 rpm for 5 min. Protein concentration was measured by BCA
assay. Protein content was ~4 pg/well.

ZR75 mammary ductal carcinoma [15] and SJSA-1 osteosarcoma
[16] cells were cultured in RPMI 1640 with 10% v/v FBS; MCF7

mammary adenocarcinoma cells [17] were cultured in low-glucose
(5.5 mM) DMEM with 10% v/v FBS. All lines were assayed in a minimal
TES buffer containing 3.5 mM KCl, 120 mM Nacl, 1.3 mM CaCl,, 0.4 mM
KH,PO4, 1.2 mM NayS04, 2 mM MgCl,, 15 mM glucose, 20 mM TES, and
0.3% w/v BSA at pH 7.4 at 37 °C. 16 embryonic stem cells and neural
stem cells were cultured and assayed as described [18]. Primary rat cor-
tical neurons prepared as in [19] were assayed in minimal TES as above
modified with 1 mM MgCl, and 0.4% w/v BSA. Dispersed rat islets pre-
pared as in [20] were assayed in RPMI medium devoid of phenol red,
riboflavin and folic acid, containing 3 mM glucose, 2 mM glutamine,
5 mM NaHCOs3, 1.5 mM CaCl,, 1 mM MgCl,, 20 mM TES, and 1% v/v
FBS, pH 7.4 at 37 °C. INS1E pancreatic insulinoma cells [21] were cul-
tured in RPMI 1640 with 11 mM glucose, 10% v/v FBS, 10 mM HEPES,
2 mM glutamine, 50 uM p-mercaptoethanol, 100 U/mL penicillin,
100 pg/mL streptomycin at 37 °C, 5% CO,, and assayed in minimal TES
as above modified with 1 mM MgCl,, 0.5 mM KH,PO,4, 5 mM NaHCOs3,
10 mM Na-TES, 2 mM glucose, and 2 mM glutamine. Mouse cortical
synaptosomes were isolated and assayed as in [22].

24. Lactate measurement

End point lactate concentration was determined in a 96-well plate
by measuring the initial velocity (2 min) of NAD*— NADH by lactate
dehydrogenase. Immediately following the extracellular flux assay,
100 pL of assay medium was diluted 1:1 with 2x hydrazine buffer
(1x composition 500 mM Tris, 10 mM EDTA, 200 mM hydrazine,
2 mM NAD™, 20 U/mL lactate dehydrogenase, pH 9.8 at 22 °C). NADH
fluorescence at 340 nm excitation/460 nm emission was monitored in
a BMG Pherastar FS microplate reader and calibrated against known
lactate concentrations from 0 to 50 M. Lactate in glucose-containing
wells was ~40 uM.

2.5. Calculations

The respiratory quotient (RQ; CO, produced/O, consumed) for
complete or partial oxidation of a substrate is reaction pathway-
independent and can be calculated from the relevant balanced equation.
Similarly, the maximum H™ released per O, consumed by respiration
can be calculated (if all of the CO, generates HCO3 in the well, see
Results):

For conversion of pyruvate™ plus malate™2 entirely to citrate
(Fig. 1A):

-3

C3H3057 + C4H,05 2 + 0,—CgHs0, > +CO, + H,0  RQ =1/1 =1.00
€O, + H,0—~HCO;~ +H" maxH"/0,=1/1 =100
For complete oxidation of glucose
CgH;,06 + 60,—6C0O, + 6H,0  RQ =6/6 =1.00
6CO, + 6H,0—~6HCO; +6H" maxH" /0, =6/6 =1.00
For complete oxidation of glycogen
[C4Hy505¢]0 + 24n0,—24nC0, + 21nH,0 RQ = 24n/24n =1.00

24nC0, + 24nH,0—24nHCO; ~ + 24nH" maxH'/0, = 24n/24n =1.00

For complete oxidation of pyruvate™

C3H;03” +H' +250,-3C0, +2H,0 RQ =3/25 =120

3C0, + 3H,0—3HCO;  +3H" maxH"/0, = (3-1)/25 =080
For complete oxidation of palmitate™

Ci6H3;0,” +H" +230,—16C0, + 16H,0  RQ =16/23 =0.70

16C0, + 16H,0—16HCO;~ + 16H" maxH'/0, = (16-1)/23  =0.65
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For complete oxidation of glutamine

CsHyoN, 05 + 4.50,—5C0, + 2H,0 + 2NH;
5C0, + 2NH; + 5H,0—5HCO; ™ +2NH, " +3H"

RQ = 5/4.5
max H' /0, = 3/4.5

=111
=0.67

Some dissolved CO, (~5% at pH 7.4) is not hydrated at equilibrium.
Net H*/0, is calculated as max H*/0, multiplied by the fraction of
CO, converted, HCO3 /(CO, + HCO3) = 10PHPK) /(1 4 10(PH-PK)
where pK; is the overall pK for COy(,q) + HO0 — HCO3 + HT =
6.093 at 37 °C [23, p. 45].

3. Results

3.1. CO» produced in a polystyrene multiwell plate causes almost
stoichiometric acidification

We established and validated a convenient model system to quantify
the rate of CO, generation in individual wells of a polystyrene Seahorse
24-well plate then used it to determine what proportion of the generat-
ed CO, was retained in the well, hydrated to H,COs3, and dissociated to
form HCO3 and H™ to acidify the medium.
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Fig. 1. Reactions of the model CO,-generating system. (A) Metabolic reactions involved in CO, generation by isolated rat skeletal muscle mitochondria respiring on pyruvate plus malate
and generating citrate. MDH, malate dehydrogenase; PDH, pyruvate dehydrogenase; CS, citrate synthase. (B) Oxygen consumption rate of mitochondria in the presence of 4 uM FCCP,
2.5 pug/mL oligomycin, 5 mM dichloroacetate, 5 mM aminooxyacetate, 5 mM fluoroacetate, and 2 pM atpenin A5 measured in the Seahorse XF24. 10 mM pyruvate plus 2 mM malate
and 1 pM rotenone were added as indicated. Data are means 4 SEM of n = 6 independent biological replicates. (C) Efficacy of fluoroacetate and atpenin A5. Respiration caused by addition
of citrate (black axis and symbols) or succinate (red axis and symbols) was inhibited by subsequent addition of fluoroacetate or atpenin A5, respectively. Data are means 4- SEM of n = 3
independent biological replicates. Horizontal bars: the mean of this range was used for subsequent calculations.
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3.1.1. Model CO,-generating system with known RQ

To generate CO, at a rate that could be measured easily and accu-
rately, we used isolated skeletal muscle mitochondria running defined
metabolic reactions (Fig. 1A). Addition of pyruvate plus malate initiated
the following overall reaction:

Pyruvate™ + malate™2 + O, — citrate™> + H,0 + CO,

Oxidation of one pyruvate yields one CO, and one NADH + H*
(shown as NADH,). Oxidation of malate yields a second NADH,. The
4 e~ donated to electron transport reduce one O, to 2H,0. RQ is there-
fore 1, and the rate of CO, production exactly equals the rate of O,
consumption.

This system was pharmacologically constrained to the reactions in
Fig. 1A. To maximize the measured rates, dichloroacetate was added
to activate pyruvate dehydrogenase. Mitochondria were uncoupled
using FCCP to ensure no limitation by respiratory control. ATP synthesis
was inhibited by uncoupling and by adding oligomycin. Metabolism of
pyruvate or oxaloacetate by aminotransferases was inhibited by adding
aminooxyacetate. Metabolism of endogenous substrates in the tricar-
boxylic acid cycle upstream of malate was restricted by adding atpenin
A5 to inhibit succinate dehydrogenase. Metabolism downstream of
citrate was limited by adding fluoroacetate to inhibit aconitase. FCCP
also inhibits conversion of pyruvate to oxaloacetate by pyruvate carbox-
ylase, by preventing ATP production.

Fig. 1B shows that oxygen consumption by this model system was
initially negligible (therefore no endogenous substrates contributed sig-
nificantly to respiration). After addition of pyruvate plus malate, oxygen
consumption reached a high, stable rate that was strongly inhibited by
rotenone.

Separate experiments confirmed that succinate dehydrogenase and
aconitase were inhibited under our conditions. Fig. 1C shows that
atpenin A5 fully inhibited succinate oxidation and fluoroacetate
substantially decreased citrate oxidation. These controls confirm the
accuracy of Fig. 1A and therefore that CO, production rate is equal to
0, consumption rate in this model system.

A
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3.1.2. CO, production causes almost stoichiometric acidification

Having established the model system to generate CO, at measurable
rates with an unambiguous RQ of 1.0 (Fig. 1), we used it to determine
the proportion of the generated CO, that was retained in the well and
led to extracellular acidification.

Fig. 2A shows the pH measured simultaneously with the oxygen
consumption in Fig. 1B. Acidification of the medium was initially negli-
gible (therefore no endogenous substrates or reactions contributed
significantly to acidification). After addition of pyruvate plus malate,
acidification reached a high, stable rate. This rate was caused by the
hydration of CO, to produce H,CO3 and then HCO3 + H™ as in
Fig. 1A, and as expected was strongly inhibited by rotenone.

In control experiments, we compared the acidification rate in the
presence and absence of added carbonic anhydrase (up to 500 U/mL)
and found no difference. Similarly, oxygen consumption rate was not
different (data not shown), showing either the presence of sufficient en-
dogenous carbonic anhydrase in our crude mitochondrial preparations
or a sufficient rate of spontaneous CO, hydration. Therefore, it was
unnecessary to make routine additions of carbonic anhydrase to this
model system.

To enable conversion of the measured acidification rate from mpH
units/min/ug protein to pmol H*/min/ug protein, we measured the
buffering power of the medium. We added different known amounts
of HCl after each experiment and recorded the change in pH from pre-
addition to 5 min after addition (Fig. 2B, horizontal bars). Fig. 2C
shows that pH responded pseudo-linearly to H' in the measuring vol-
ume over the small pH range monitored in Fig. 2A. Linear regression
gave a slope (buffering power) of —0.018 mpH/pmol H" in MAS-1 me-
dium. The value was confirmed by recording the changes in pH caused
by adding known amounts of HCI to bulk samples of the medium using a
pH meter. Using this value we calculated the proton production rates
(Fig. 2D).

To determine how much of the respiratory CO, remained in the
wells as HCO3', we compared the measured acidification rate with the
rate of CO, production calculated from the rotenone-sensitive oxygen
consumption rate (Fig. 3). If the CO, all remained in the assay medium
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Fig. 2. Changes in pH and proton production rate caused by CO, production in the model system. (A) pH of the medium measured in the same experiments as Fig. 1B. Horizontal bar: pH
values used to calculate acidification rate. (B) Acid calibration of buffering power. Different amounts of HCl were added from port C where indicated, in continuations of the experiment in
A. Data were normalized to the mean of the last three points measured before acid addition. Values for HCl added are given relative to the 7 L measuring volume, i.e., 1 mM added HCI
corresponded to 7 nmol HCl in the measuring volume. Horizontal bars indicate initial and final data used to calculate the changes in pH. (C) Change in pH as a function of H* added to the
7 UL measuring volume (data from B). The slope is the buffering power, used to calibrate the rates of pH change shown in (A). (D) Proton production rate (PPR) calculated using the pH
trace (A), calibration (B, C) and mitochondrial protein loaded per well. Horizontal bar: values used for proton production rate in Fig. 3. Data are means + SEM of n = 6 independent

biological replicates.
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Fig. 3. Proton production rates calculated from oxygen consumption rate and measured
using calibrated pH changes. The calculated proton production rate was determined
from the rotenone-sensitive oxygen consumption rate in Fig. 1B (see Materials and
Methods). The measured proton production rate was taken from Fig. 2D. Data are
means + SEM of n = 6 independent biological replicates. n.s.: p = 0.58, two-tailed paired
Student’s t-test.

as HCO3', the measured proton production rate would exactly equal the
rate calculated using the oxygen consumption rate. If some CO, diffused
into the polystyrene or the atmosphere or was lost in some other way,
the measured rate would be proportionately less than the rate calculat-
ed from oxygen consumption. This design enabled quantitative calcula-
tion of any potential CO, loss from the wells. The rate calculated from
oxygen consumption after correction for unhydrated CO, was 94.3 +
5.1 pmol H*/min/ug protein (n = 6), whereas the rate measured by
extracellular acidification was 90.2 + 5.1 pmol H"/min/ug protein
(n = 6), which is 96% + 7% of the rate calculated from oxygen consump-
tion. The measured and calculated values were not significantly differ-
ent. These experiments show that essentially all CO, generated by
respiration in the wells of a Seahorse V7-PS Flux plate remains in the
wells as HCO3™ and causes almost stoichiometric acidification of the me-
dium. The rate of acidification caused by CO, production can therefore
be quantitatively determined from the oxygen consumption rate if the
overall metabolic reaction is known.

3.2. Sources of extracellular acidification by cells

3.2.1. Theoretical considerations

Fig. 4A shows the pathways expected to cause extracellular acidifica-
tion with different substrates in cells. The overall reactions, RQs, and
max H*/0, values are given in Materials and Methods.

When extracellular glucose (or endogenous glycogen) is used, it
forms pyruvate™ + H™. The pyruvate has two possible major fates. It
may complete anaerobic glycolysis and generate lactate through
lactate dehydrogenase (using the NADH generated by glyceraldehyde
3-phosphate dehydrogenase), followed by export with H* to the
medium. The total extracellular acidification will be 1 HY per lactate
produced (and pyruvate consumed). Alternatively, it may enter the tri-
carboxylic acid cycle where, if the pyruvate is fully oxidized, 1 H will be
consumed and 3 CO, will be released, one each at pyruvate dehydroge-
nase, isocitrate dehydrogenase, and 2-oxoglutarate dehydrogenase. The
total extracellular acidification from this pathway will be 3 H™ per
pyruvate oxidized; 1 H* per CO, generated. Since the RQ for complete
oxidation of glucose or glycogen is 1.0 (see Materials and Methods),
a maximum of 1.0 H* will be generated per O, consumed by the
mitochondria.

When extracellular pyruvate is used, cells take up pyruvate™ + H"
[24]. Conversion to lactate will cause no net acidification of the extracel-
lular medium and will be very limited by rapid depletion of cytosolic
NADH. Instead, most of the pyruvate will be oxidized in the mitochon-
dria as above. In this case, the total extracellular acidification will be

2 H™ per pyruvate oxidized (3 H" produced from H,CO3 and 1 H™
consumed during pyruvate catabolism); 2/3 H™ per CO, generated.
Since the RQ for complete oxidation of pyruvate is 1.2 (see Materials
and Methods), respiration on pyruvate will generate a maximum of
2/3%x 1.2 = 0.8 H* per O, consumed.

When extracellular palmitate is used, cells will take up palmitate™
+ H* and generate palmitoyl-CoA [25]. This will enter the mitochon-
dria through the carnitine shuttle and, if fully oxidized, generate 16
CO,. The total acidification will be 15 H" per palmitate oxidized
(16 H* produced from CO, and 1 H* consumed at palmitoyl CoA
synthase). Overall, since the RQ for complete oxidation of palmitate is
0.7 (see Materials and Methods), respiration on palmitate will generate
a maximum of '°/;5 x 0.7 = 0.65 H™ per O, consumed.

Complete oxidation of glutamine will yield 5 CO, and consume
4.5 0,. The total acidification will be 3 H* per glutamine oxidized;
5 H™ produced from CO, and 2 H' consumed by conversion of NH3
to NHZ (see Materials and Methods), so respiration on glutamine
will generate a maximum of /4.5 = 0.67 H' per O, consumed

In the absence of added substrate, cells will metabolize endogenous
substrates, and we assume a respiratory quotient of 1.0, based on
mixed substrate usage (glycogen, proteins and fats), and a maximum
of 1.0 H™ per O, consumed.

Because essentially all the CO, remains in the well (Fig. 3), the acid-
ification caused by HCO3 + H™ production can be calculated from the
mitochondrial oxygen consumption rate (OCR) multiplied by the max-
imum H*/0, (1.0 for glucose and glycogen, 0.8 for pyruvate, 0.65 for
palmitate, see Calculations) and by the fraction of CO, that is converted
to HCO3 + H at the experimental temperature and pH. Glycolytic rate
is therefore the proton production rate (PPR) remaining after subtrac-
tion of the PPR caused by CO, production, where PPR is the extracellular
acidification rate (ECAR) expressed in pmol H* /min/ug protein (requir-
ing calibration of the pH buffering power of the medium), OCR is in
pmol O,/min/pg protein, and lactate production rate and glycolytic
rate are in pmol lactate/min/ug protein. Thus:

Glycolytic rate = PPR, = PPR o ~PPR oqp (1)

where the glycolytic proton production rate (PPRg) equals the total PPR
(PPRo¢) minus respiratory PPR (PPResp). The experimental inputs are
revealed in the expanded equation:

Glycolytic rate = (ECAR,,;/BP)- (OCRmt—OCRmt /myx) (max H* /02)
x (HCO3 /(CO, + HCO;3 ) 2)

where ECAR = extracellular acidification rate (mpH/min), BP =
buffering power (mpH/pmol H*), OCR = oxygen consumption rate
(pmol O,/min), and OCRor/myx = non-mitochondrial OCR remaining
after complete mitochondrial inhibition. The term describing the
fraction of CO, that generates HCO3 + H™ can be further expanded to
include experimental input:

Glycolytic rate = (ECAR,, /BP)—(OCRM—OCRM /myx) (max H /02)
x (10"”“’“] /(1 + 1op”‘P‘<1)) (3)

where K; is the combined equilibrium constant of CO, hydration and
H,COs5 dissociation to HCO3 + H, i.e., the overall pK for COxs(aq) +
H,0 — HCO3 + H™ = 6.093 at 37 °C[23], p. 45.

3.2.2. Respiratory acidification contributes substantially to total extracellular
acidification

We used C2C12 myoblasts to determine the respiratory (CO5-
derived) extracellular acidification when both glycolysis and respira-
tion were potentially active. Myoblasts are common models for investi-
gating metabolism and are readily assayed in the Seahorse [2,26-28].
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Fig. 4. Cellular catabolism causing oxygen consumption and extracellular acidification. (A) Catabolism of substrates that feed into glycolysis or the tricarboxylic acid cycle (TCA). Reoxida-
tion of intramitochondrial NADH and FADH generated by redox shuttles, 3-oxidation and tricarboxylic acid cycle flux causes oxygen consumption by the electron transport chain
(not shown). Pathways leading to extracellular acidification caused by production of lactate and CO, are drawn explicitly. (B) Oxygen consumption rate of C2C12 cells during standard
measurement of cell respiratory control in the Seahorse XF-24 with different substrates (10 mM glucose, 10 mM pyruvate, 0.5 mM palmitate in 1% w/v BSA plus 0.5 mM carnitine, or
no added substrate). 2 ug/mL oligomycin (oli); 0.5 uM FCCP, and 1 pM rotenone (rot) plus 1 M myxothiazol (myx) plus 5 mM 2-deoxyglucose (2-DG) were added as indicated. Horizontal
bars: OCR values used for calculations of CO,-dependent extracellular acidification. Data are means 4 SEM of n = 8 independent biological replicates. Note that FCCP concentrations were
not re-optimized to capture maximal respiratory capacity, as capacity was not the measurement of interest here.

The rate of O, consumption and the pH were measured in the presence
of three different single substrates with known RQ values: glucose,
pyruvate, and palmitate, and also with no added substrate. We were
primarily interested in the initial “native” conditions with substrate
present and inhibitors absent, but we also performed a conventional
cell respiratory control assay [5].

Although carbonic anhydrase was not required in the mitochondrial
model system to fully convert CO, to HCO3 + H™, pilot experiments
with C2C12 cells indicated that the presence of carbonic anhydrase in-
creased acidification rates 1.1- to 1.2-fold (not shown). We therefore
added carbonic anhydrase to all C2C12 myoblast assays (see Materials
and Methods) to ensure complete conversion.

Fig. 4B shows the oxygen consumption rates for this system. Native
(baseline) rates were similar with all substrates at 30-40 pmol O,/min/
g protein. The cell respiratory control assay allows the determination
of the sources of respiratory demand on the cell by ATP turnover
and by mitochondrial proton leak (as distinguished by oligomycin)
as well as the respiration rate when cells are fully uncoupled (with
FCCP). Finally, non-mitochondrial respiration was measured by ad-
dition of the electron transport inhibitors rotenone and myxothiazol.
To slow glycolytic rate at the end of the experiment, we also added

the glycolysis inhibitor 2-deoxyglucose. Non-mitochondrial rates
and the proportion of native rate used to drive ATP synthesis and
proton leak were generally similar with all substrates tested, but
the uncoupled rates were lower with no added substrate or with
added pyruvate or palmitate.

Fig. 5 shows the corresponding pH measurements and calibration of
buffering power conducted by port additions of known amounts of HCl
in separate wells. pH responded pseudo-linearly to H* in the measuring
volume over the small pH range monitored. Linear regression gave a
buffering power of —0.045 mpH/pmol H" in KRPH medium. Fig. 5C
shows the acidification rates derived from the data in Fig. 5A, expressed
as extracellular acidification rate (ECAR) in units of mpH/min/ug protein
and as proton production rate (PPR) after calibration using the slope
from Fig. 5B, in units of pmol H*/min/ug protein. Acidification was
rapid with glucose as substrate, increased as expected when mitochon-
drial ATP synthesis was inhibited by oligomycin and decreased as
expected when respiratory CO, production was stopped by addition of
rotenone plus antimycin plus 2-deoxyglucose and glycolytic lactate
production was slowed by the 2-deoxyglucose. Acidification was slower
with other substrates but generally tracked the respiration rates in
Fig. 4B.
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Fig. 5. Extracellular acidification and proton production rate. (A) Extracellular pH measured in the same experiment as Fig. 4B during measurement of cell respiratory control in C2C12
myoblasts using the Seahorse XF-24. Horizontal bars: data used for analysis of extracellular acidification rate. (B) Acid calibration in cell-free wells containing medium only (KRPH). Dif-
ferent amounts of HCl were added from the ports and the pH changes were assessed as in Fig. 2B, C. Values for HCl added in the 7 pL measuring volume. (C) Total extracellular acidification
rate expressed as proton production rate (pmol H*/min/pg protein, left axis) and as extracellular acidification rate (mpH/min/ug protein, right axis); data from (A) corrected where
appropriate using the slope (buffering power) from (B), with rates in blank wells subtracted. Blue: glucose; black: pyruvate; no fill: no substrate; red: palmitate. All data are means +
SEM of n = 8 independent biological replicates.

Using the rotenone/myxothiazol-sensitive respiration data in Fig. 4B, respiratory control experiment of Fig. 4B are presented in Fig. 6A, calcu-
we calculated the absolute rates of CO,-derived acidification (see lated using Eq. (3).
“theoretical considerations”). The absolute rates of proton production We found that respiratory CO, contributed substantially to total

from CO, and lactate for each substrate in each phase of the cell extracellular acidification. In the presence of glucose under native
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during the cell respiratory control experiments shown in Fig. 4B. Extracellular acidification caused by lactate production was calculated using Eq. (3) using the data in Figs. 5C and 4B and
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tion. Total lactate during the course of the experiment in Fig. 4B calculated from the sum of glycolytic acidification (pmol H"/min/ug protein x min) at each stage of the assay in
(A) assuming constant rates in each stage (stacked bars) compared to end point lactate measurement of the extracellular medium from the same samples (solid bars). Error values
used in statistical analysis were calculated from the SEM of measured lactate and from propagated SEMs of predicted lactate. n.s.: p > 0.05, two-tailed paired Student’s t-test. All data

are means + SEM of n = 8 independent biological replicates.

conditions, acidification was 34 + 2% CO,-derived, and only 66% + 2%
lactate-derived. When mitochondrial ATP production was inhibited by
oligomycin, respiratory CO- still accounted for 8 4 1% of total proton
production rate. The total extracellular acidification rate increased
1.6-fold after addition of oligomycin, but after correction for CO, pro-
duction, the same data show that glycolytic lactate production increased
2.2-fold, illustrating the importance of making the correction. After addi-
tion of uncoupler, respiration and the acidification caused by respiratory
CO, increased (and glycolytic rate decreased, perhaps because of intra-
cellular acidification), increasing CO,-derived acidification to 22% + 2%.
Thus, the proportion of extracellular acidification caused by respiratory
CO, is not constant, but varies as expected with energy demand and the
relative rates of glycolysis and the tricarboxylic acid cycle. Failure to cor-
rect for acidification caused by CO, production can have a large effect on
the calculated fold-changes in glycolytic rate.

When pyruvate or palmitate was the added substrate, most of
the extracellular acidification was caused by CO, production, as ex-
pected. Under native conditions 67% 4 7% of the total measured
proton production rate with pyruvate was from CO,; for palmitate,
this value was 113% +30%. In the absence of added substrate,

extracellular acidification was entirely accounted for by respirato-
ry CO;, (102% +11%).

3.2.3. Lactate measurement verifies calculation of glycolytic extracellular
acidification

In Fig. 6A, the rate of extracellular acidification caused by lactate pro-
duction was calculated solely from the rates of respiration and proton
production using Eq. (3). To verify this assessment, we measured the
total lactate in the wells and compared it to the value predicted by gly-
colytic acidification, that is, the sum of lactate-derived proton produc-
tion during each stage of the respiratory control experiment. The
stacked bars in Fig. 6B show these predicted sums for each substrate.
The final lactate measured was, within the error, equal to the predicted
sum of lactate amounts, supporting the assumptions and calculations of
glycolytic acidification rates using Eq. (3). In contrast, using the total
acidification rates (i.e., uncorrected for respiratory acidification) for
these calculations caused significant (p < 0.05) overestimation of lac-
tate production rates with all substrates except palmitate (p = 0.08)
(not shown).
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Fig. 7. Relative rates of proton production caused by glycolytic lactate production and
respiratory CO, production by C2C12 myoblasts. Data extracted from Fig. 6 emphasize
the important contributions of respiratory CO, production to total acidification rate in
the native condition before addition of inhibitors.

3.2.4. Extracellular acidification caused by respiratory CO, in different cells
under normal incubation conditions

Fig. 7 extracts the most important conclusions for native (i.e., no
inhibitors) conditions from Fig. 6A, showing graphically that CO, pro-
duction was a substantial contributor to the overall extracellular acidifi-
cation rate in the presence of glucose and dominated the rate in all other
conditions. Crucially, if CO,-dependent acidification is not accounted
for, the change in “glycolytic rate” on introduction of glucose to cells
would be calculated as 3.5-fold, but after correction, it is clear that the
real change is orders of magnitude greater.

To determine the general importance of CO,-dependent acidifica-
tion, we measured it in other cell lines under native conditions
(Table 1). For cancer cell lines, the respiratory acidification rate varied
from small (SJSA-1) to a substantial proportion of the total (MCF7).
The 16 human embryonic stem cells and derived neural stem cells
showed primarily respiratory acidification. Whole neurons and isolated
synaptosomes showed primarily glycolytic acidification. Finally, both
INS1E insulinoma cells (which lack lactate dehydrogenase) and dis-
persed rat islets showed entirely respiratory acidification.

We also used Eq. (3) to analyse published data collected using the
Seahorse platform. Table 2 shows that CO, production generates a sub-
stantial proportion of the total extracellular acidification in most cell
types. The contribution varied, with values ranging from 0% to 100%, in-
dependent of absolute acidification rate. These results demonstrate the

Table 1

vital importance of our correction to the interpretation of extracellular
acidification. Eq. (3) provides a straightforward means to correct exper-
imental data in this way.

4. Discussion

We demonstrate here the substantial contribution that respiratory
CO, can make to extracellular acidification. Previous estimates based
on oxamate inhibition of lactate dehydrogenase in cultured cancer
cells given glucose suggested that the contribution of respiration was
less than 20% and could be neglected [8]. However, CO, has previously
been reported to be a considerable acidification source in solid tumours
[7,42]. We also show that extracellular acidification is the sum of respi-
ratory acidification and glycolytic proton production measured by
lactate assay, confirming no major additional acidification mechanisms
in the conditions we have studied.

The contribution from each source to total acidification differs ac-
cording to cell type, substrates used, and by the limitations placed on
respiration. To measure the glycolytic lactate production rate separately
from respiration, it is therefore essential in either the experimental
design or post-hoc data analysis to measure and subtract CO,-derived
proton production. This is particularly true for relative comparisons;
without knowing the acidification sources, it is impossible to be sure
whether any change in extracellular acidification is caused by a change
in glycolytic or respiration rate. However, with correction, it is possible
to determine both the source and quantity of acidification rate changes.

We describe a simple method to make this correction using Eq. (3)
and measurements of the rates of extracellular acidification and
mitochondrial oxygen consumption. The only other information re-
quired is the pH, the buffering power of the solution (to convert pH
changes to rates of proton production, PPR) and estimates of RQ and
the net H*/CO; ratio for the substrate being oxidized (for calculation
of max H*/0,). The buffering power of the solution can be measured
at the end of the experiment by adding known amounts of HCI (Figs. 2
and 5), measured in bulk in a separate experiment (Tables 1 and 2), or
imported from other sources. Correct calculation of PPR within the
Seahorse software requires the entry of the buffering power of the
medium before the experiment. The max H* /O, ratios for complete ox-
idation of different substrates are known or can be readily calculated
(see Materials and Methods). If a significant proportion of the substrate
is not completely oxidised, correction will require estimation of the
appropriate overall reactions. For example, during rapid cell growth,
reducing equivalent is diverted from oxygen to biosynthesis, so
OCR will underestimate respiratory acidification and glycolysis will be
overestimated if normal max H"/0, values are used; or if added

Contribution of CO,-dependent acidification to total extracellular acidification in different cells. Respiratory PPR was calculated from the rotenone/myxothiazol-sensitive OCR as described
in Materials and Methods using data from Seahorse output files. The buffering power of the relevant medium was measured using a pH meter to record the pH changes in response to
known additions of HClL. Max H*/0, was assumed to be 1 for all calculations; error in this assumption will affect the respiratory PPR values: if only pyruvate was oxidized values should
be multiplied by 0.8; if only glutamine was oxidized they should be multiplied by 0.67. The absence of added carbonic anhydrase could cause overestimation of CO,-dependent acidifica-
tion. Data are means + SEM of n independent experiments (SEM of 4 technical replicates for ZR75-30 cells and dispersed rat islets, and 16 technical replicates for INS1E cells). PPR, proton

production rate; min TES, minimal TES buffer (see Materials and Methods).

Cells Added substrate Respiratory PPR (% of total PPR) n Assay medium Buffering power (—mpH/pmol H")
Cancer cells

MCF7 Glucose 76 £ 10 3 min TES 0.01
MCF7 (State IV) Glucose + oligomycin 10+1 3 min TES 0.01
ZR75-30 Glucose 38+ 6 1 min TES 0.01
ZR75-1 Glucose 23+ 4 3 min TES 0.01
SJSA-1 Glucose 9+1 3 min TES 0.01
Cell lines and primary cells

Dispersed rat islets Glucose/glutamine 96 + 7 1 RPMI 0.01
INS1E Glucose/glutamine 93 +7 1 min TES 0.01
16 embryonic stem cells [18] Glucose/pyruvate/glutamine 57+ 6 3 XF DMEM 0.1
16 neuronal stem cells [18] Glucose/pyruvate/glutamine 42 + 10 3 XF DMEM 0.1
Rat primary cortical neurons Glucose/pyruvate 16 + 6 5 min TES 0.01
Cortical synaptosomes [22] Glucose/pyruvate 9+3 5 min TES 0.01
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Table 2

Contribution of CO,-dependent acidification to total extracellular acidification under basal
conditions calculated from published data. Glucose was added in all cases except
where noted in [39]; amino acids were added in some cases. MCF10A variants: —T1K:
pre-neoplastic; —CA1h: low-grade tumorigenic; —CAla: high-grade tumorigenic [29].
Respiratory PPR was calculated as described in Materials and Methods, with max H*/0,
assumed to be 1 (error in this assumption will affect the respiratory PPR values: if only py-
ruvate was oxidized values should be multiplied by 0.8; if only glutamine was oxidized
they should be multiplied by 0.67). The buffering power of the relevant medium was mea-
sured using a pH meter to record the pH changes in response to known additions of HCI.
The absence of added carbonic anhydrase could cause overestimation of CO,-dependent
acidification. Respiratory PPR was independent of total PPR (> = 0.001). *Values
assumed to have been normalized to protein. *Values normalized to cell number. Values
are means 4 SEM of 3-5 experiments.

Cells Respiratory PPR  Total PPR Source
(% of total PPR) (pmol H*/min/ug  of data
protein)
Cell lines
MCF10A-T1K 73+ 4 8000 + 640* [29]
MCF10A 71 + 36 22500 + 2900* [30,29]
hFOB 47 £2 6000 + 160 [31]
mESC Htt 140/7 36+ 0 500 + 0 [32]
mESC Htt 7/7 21+0 500 + 0 [32]
mESC Htt —/— 5+1 800 + 50 [32]
Cancer cells
MCF10CA1h 131 £ 39 4000 + 230" [29]
BT-474 95 +7 20000 + 3500 [30]
Saos2 63+ 0 3500 + 143 [31]
Rhabdomyosarcoma 57+ 6 500 + 64 [33]
LL/2 53 + 11 2000 + 280 [34]
HOS 51+ 1 5700 + 512 [31]
MCF10CA1a 51 + 13 7500 4 290* [29]
MLE-15 48 £ 10 25 £ 5% [35]
BCAP 37 32+4 400 £ 30 [36]
4T1 20+ 4 250 + 21 [36,37]
HCT116 20 + 2 3000 + 190 [34]
B16F10 23 +£2 3250 + 110 [34]
Hela 20 £ 2 470 £+ 23 [36]
SwW480 14+£0 580 + 10 [38]
A549 12 £ 1 800 + 51 [36]
MDA-MB-231 8+2 52125 + 13300 [30,34]
PC3m 9+2 4500 + 530 [34]
LM7 5+ 1 12500 + 952 [31]
143B 4+1 17000 4 3000 [31]
Primary cells
CD8 + T cells effector 96 + 26 400 + 80 [39]
[pyruvate/glutamine]
Monocytes 91 +£2 100 £ 5° [40]
PBMC (mixed) 66 + 2 80 £ 2° [40]
T cells 55+ 8 35+ 5° [40]
AT-II primary 46 £ 5 50 + 5* [35]
Rat primary striatal neurons 42 + 6 567 + 83 [41]
CD8 + T cells naive [glucose] 31+ 1 150 + 4 [39]
CD8 + T cells naive 30+ 1 100 + 4 [39]
[pyruvate/glutamine]
CD8 + T cells effector [glucose] 21 + 9 800 =+ 240 [39]
Neutrophils 3+1 230 + 28° [40]

pyruvate is converted to glycogen or dismutated to lactate and CO,, OCR
will overestimate respiratory acidification and glycolysis will
be underestimated if normal max H* /0O, values are used. In all cases,
we recommend adding exogenous carbonic anhydrase to ensure quan-
titative conversion of CO, to HCO3 + H™ and avoid ambiguity. Finally,
glycolytic rate as calculated using Eq. (3) can be verified by end point
lactate measurement if there is uncertainty about the substrates being
utilized or if the assay configuration might allow CO, to be lost from
the assay.

Once the absolute rates of both mitochondrial respiration and
glycolysis are known, the rates of ATP production from each pathway
can be estimated [18]. The proportions of glucose and glycogen
consumption must be known or assumed. The total rate of glycolytic
ATP production is the sum of the rates from glycolysis to lactate and gly-
colysis to pyruvate that subsequently enters the tricarboxylic acid cycle.

In both cases, glycolysis from glucose yields 1 ATP per pyruvate or
lactate formed, so the total rate of glycolytic ATP formation can be
calculated directly from the lactate-derived proton production plus
the 0.33 ATP/O, formed during generation of pyruvate destined for ox-
idation (calculated from the rotenone-sensitive oxygen consumption
rate). For glycolysis from glycogen, the yields are 1.5 ATP/lactate
and 0.5 ATP/O,.

The yield of ATP from oxidative phosphorylation can be calculated
from the oxygen consumption rate driving ATP synthesis, which is
estimated from the decrease in respiration rate when oligomycin is
added—the correction for compensatory changes in proton leak
following oligomycin addition is ~10% [43]. Multiplication of the
oligomycin-sensitive respiration rate by the appropriate P/O ratio
(ATP formed/[O] consumed) gives the rate of ATP synthesis by oxidative
phosphorylation. P/O ratios are discussed in [44]. The maximum value
for complete oxidation of pyruvate derived from glucose (excluding gly-
colytic ATP and assuming 2.67 H*/ATP at the ATP synthase [45]) is 2.63
(31.5 ATP per glucose, not 38 as commonly asserted in textbooks). For
complete oxidation of palmitate the value is 2.5 (113 ATP per palmitate,
not 129).

To apply these findings, a user would perform a standard respiratory
control assay, measuring both OCR and ECAR (e.g., [5]). The only addi-
tional requirement is determination of the buffering power of the
assay medium, which may be measured by injections of standard acid
separately or during the experiment. In the Seahorse platform, it can
be entered into the software during experimental setup and total PPR
may be read directly from the software output. Alternatively, buffering
power may be incorporated post hoc into data analysis calculations to
determine total PPR from the output ECAR values. In our hands, these
approaches yield the same results. Note that the total pH change should
be less than ~0.2 pH units to maintain reasonable linearity of the buffer-
ing power approximations. The corrected glycolytic rate, PPRgyc, is
then determined from PPR;, using Eq. (3). This requires a value for
max H*/0,. If the substrate used by the cells is known or safely estimat-
ed, max H*/0, is readily calculated. If it is not, the values for the usual
substrates vary only from 0.65 to 1.0 (see Materials and Methods), so
using a value of 1 or an intermediate value will still allow qualitative
work. The values of PPRgjy. and PPRes, can be used to calculate the
oxidative and glycolytic sources of ATP production as described above.

5. Conclusion

Correction for the contribution of respiratory CO, to extracellular
acidification rate as described here should greatly improve assessments
of glycolytic rate under different conditions and allow more reliable
conclusions about the magnitude of fold-changes and the regulation of
glycolytic rate in a variety of different cells and contexts.
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