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The aerobic energetic metabolism of eukaryotic cells relies on the glycolytic generation of
pyruvate, which is subsequently channelled to the oxidative phosphorylation taking place
in mitochondria. However, under conditions limiting oxidative phosphorylation, pyruvate is
coupled to alternative energetic pathways, e.g. its reduction to lactate catalyzed by lac-
tate dehydrogenases (LDHs). This biochemical process is known to induce a significant
decrease in cytosolic pH, and is accordingly denoted lactic acidosis. Nevertheless, the mu-
tual dependence of LDHs action and lactic acidosis is far from being fully understood. Using
human LDH-A, here we show that when exposed to acidic pH this enzyme is subjected to
homotropic allosteric transitions triggered by pyruvate. Conversely, human LDH-A features
Michaelis–Menten kinetics at pH values equal to 7.0 or higher. Further, citrate, isocitrate,
and malate were observed to activate human LDH-A, both at pH 5.0 and 6.5, with citrate
and isocitrate being responsible for major effects. Dynamic light scattering (DLS) experi-
ments revealed that the occurrence of allosteric kinetics in human LDH-A is mirrored by a
consistent dissociation of the enzyme tetramer, suggesting that pyruvate promotes tetramer
association under acidic conditions. Finally, using the human liver cancer cell line HepG2
we isolated cells featuring cytosolic pH equal to 7.3 or 6.5, and we observed a concomi-
tant decrease in cytosolic pH and lactate secretion. Overall, our observations indicate the
occurrence of a negative feedback between lactic acidosis and human LDH-A activity, and
a complex regulation of this feedback by pyruvate and by some intermediates of the Krebs
cycle.

Introduction
Lactic acid is an important component of the energetic metabolism, in both prokaryotic and eukary-
otic organisms. Among prokaryotes, lactic acid bacteria share the competence in the generation of lac-
tate as a fermentative end product, albeit being members of different genera [1]. The phenotype of lactic
acid bacteria relies on lactate dehydrogenases (LDHs), responsible for the reduction of pyruvate to lac-
tate according to a variety of mechanisms, exerted by NADH-dependent or -independent enzymes [2],
yielding l- or d-lactate. Bacterial d-lactate dehydrogenases are homodimeric [3–5] or homotetrameric
enzymes [6], featuring Michaelis–Menten [7] or cooperative kinetics [8]. Similarly, l-lactate dehydroge-
nases isolated from bacterial sources are homodimeric [9] or homotetrameric enzymes [2], with repre-
sentatives featuring allosteric transitions and homotropic or heterotropic activation, e.g. by pyruvate and
fructose-1,6-bisphosphate (FBP), respectively [10].
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Among eukaryotes, the presence of tetrameric l-LDHs in vertebrates was early detected [11], with d-LDHs thought
to be exclusive of eukaryotic invertebrates [12]. However, it was quite recently recognized that genes coding for
d-LDHs do occur in vertebrates [13], therefore suggesting that the two stereospecific forms of LDHs can be ex-
pressed in the same eukaryotic organism. Concerning the l-LDHs of vertebrates, two major isoforms were long ago
identified, i.e. the heart (H, LDH-B) and the muscle (M, LDH-A) enzymes [14,15]. The H form is more abundant in
aerobic tissues, and is supposed to mainly act in the oxidation of lactate. The M form is mainly produced in tissues
facing transient hypoxia, such as white muscle fibers, where it is devoted to the reduction of pyruvate. In addition,
the X form (LDH-C) was isolated from mammalian spermatozoa [16], and it was detected in mitochondria [17].

Physiologically speaking, the relevance of lactate in energetic metabolism is linked to conditions limiting oxidative
phosphorylation. This indeed occurs in tissues subjected to intense exercise, whose cells face transient hypoxia and
feature a 16-fold increase in the lactate/pyruvate ratio when compared with cells of resting tissues [18]. However, it
was shown that lactate can be produced in fully aerobic tissues [19,20], and it was proposed that lactate does always
represent the end product of glycolysis [21]. According to this view, the cytosolic lactate produced under fully aerobic
conditions is transferred to the mitochondrial intermembrane space, where it undergoes oxidation to pyruvate, which
is finally committed to the Krebs cycle [21]. Therefore, any situation limiting the oxidative consumption of pyruvate
(not necessarily oxygen limitation) would imply an increase in lactate level, a condition which is known to occur in
cancer cells [22]. Remarkably, it has been demonstrated that silencing or inhibiting LDH-A in human B-lymphoid
cells does induce cell death via oxidative stress [23]. Moreover, it was also shown that pyruvate counteracts the inhi-
bition exerted by metformin on cancer cells proliferation [24]. This effect triggered by pyruvate is linked to the action
of LDH, which is essential to maintain the NAD+/NADH molar ratio within values appropriate for cells growth and
duplication [24].

Under both physiological and pathological conditions, the occurrence of an energetic metabolism dominated by
the glycolytic generation of lactate can be associated with a decrease in intracellular pH. It should be noted that the
generation of lactate by LDH does not induce acidification per se, the reduction of pyruvate at the expense of NADH
+ H+ being a proton-consuming reaction. Lactic acidosis represents instead the outcome of a net release of H+ from
ATP hydrolysis under hypoxic or anoxic environments [25].

A peculiar situation is usually detected in cancer cells, whose energetic metabolism is committed to glycolysis and
lactate release, and whose pHi is nevertheless higher than in normal cells [26]. The maintenance of high pHi in cancer
cells is linked to a repertoire of biochemical factors, the action of which is increased over the levels observed under
physiological conditions [26]. This phenotype of cancer cells is presumably related to the necessity to preserve the
activity of LDH-A, featuring a pH-sensitivity related to post-translational modifications [27]. This is in contrast with
the situation observed in normal cells, whose pHi can be induced to decrease by transient/prolonged hypoxia. When
considering cells facing prolonged fatigue and hypoxia, the activity of LDH-A is essential for the energetic metabolism.
However, the decrease in pHi linked to hypoxic glycolysis and ATP consumption could trigger a parallel decrease in
LDH-A activity, depressing in turn the energetic potential of lactate generation. To investigate this point in detail, we
used human LDH-A as a model system. Accordingly, we report here on the activity of human LDH-A as a function
of pH, and on the occurrence of allosteric transitions under acidic pH conditions. In addition, the identification of
human LDH-A effectors and the characterization of enzyme stability over a wide pH interval are also presented,
along with the determination of enzyme activity in human cells, from the liver cancer cell line HepG2, subjected to
the acidification of cytosol.

Materials and methods
Materials
All reagents were purchased from Merck Millipore (St. Louis, MO, U.S.A.).

Human LDH
LDH (EC 1.1.1.27) from human liver (LDH-A, enzyme suspension in 3.1 M ammonium sulfate, Lot 04B2913) was
obtained from Lee Biosolutions (Maryland Heights, MO, U.S.A.), and recombinant human LDH-A (Lots 118M4133V
and 94722) was purchased from Merck Millipore. Appropriate dilutions of the natural liver enzyme were prepared
immediately before their use. Recombinant LDH-A was dialyzed against 10 mM Hepes (pH 7.5), concentrated to
approximately 10 mg/ml with an Amicon ultrafiltration cell equipped with a YM100 membrane, and aliquots of the
concentrated enzyme solution were stored at −20◦C until use.
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Activity assays
The enzyme-catalyzed reduction of pyruvate was assayed by determining the decrease in absorbance at 340 nm related
to the oxidation of β-NADH. The absorption coefficient of β-NADH at 340 nm was assumed to be equal to 6.22 ×
103 M−1 cm−1 [28]. All the assays were performed at 25 +− 0.1◦C using a Cary 300 Bio spectrophotometer. Reactions
were started by enzyme addition. To analyze enzyme kinetics as a function of pH, a universal buffer (containing
Mes, Mops, and Tris, 25 mM each) was used [29]. The enzyme kinetic parameters were determined under different
conditions with the Levenberg–Marquardt algorithm in SigmaPlot 14 (Systat Software, San Josè, CA, U.S.A.). Protein
concentration was assayed according to Bradford [30].

To assess the effect, if any, triggered by the intermediates of Krebs cycle on LDH-A activity, stock solutions of each
compound to be tested were prepared in distilled H2O supplemented with the appropriate volume of NaOH to obtain
pH 5.0. The pH of each stock solution accordingly prepared was checked with litmus paper. An identical procedure
was used to prepare stock solutions at pH 5.0 of glutamate, aspartate, glutarate, and acetate. Particular care was taken
with oxaloacetate (known to be unstable), the stock solutions of which were prepared immediately before use.

Analysis of LDH-A dissociation equilibria
To evaluate the dissociation of LDH-A tetramer, we assayed initial velocities of pyruvate reduction as a function of
enzyme concentration, over pH values ranging from 5.0 to 7.0. Under conditions of zero-order kinetics (0.1 mM pyru-
vate, 125 μM β-NADH), enzyme activity was found to exponentially depend on LDH-A concentration. To interpret
this, the LDH-A tetramer was assumed to undergo two consecutive dissociation equilibria (eqn 1):

T
K D1� 2D

K D2� 4M (1)

Accordingly, the total concentration of enzyme subunits can be expressed as:

[St] =
√

KD2
√

KD1 [T ] + 2
√

KD1 [T ] + 4 [T ] (2)

For each pH considered, the discrete values of activity detected in the presence of known concentrations of total
subunits (St) were interpreted as the output of the catalytic action exclusively exerted by LDH-A tetramer. Given a
particular [St], the fraction of enzyme tetramer was estimated by solving (eqn 2) expressed in implicit form. To this
aim, we used the implicit equation solver in SigmaPlot to determine the best fit to the experimental observations
obtained at each pH value.

Dynamic light scattering
Dynamic light scattering (DLS) experiments were performed with a Malvern Panalytical (Malvern, U.K.) Zetasizer
Nano ZS system. All the measurements were recorded at 25◦C using solutions previously filtered with 0.2-μm filters.
Scattering was evaluated at an angle of 173 degrees. Each individual observed value of enzyme diameter represents
the average output of three groups of consecutive determinations. Raw data were analyzed with the Zetasizer software
(Malvern Panalyticals), release 7.11, and the main relevant peaks accordingly identified were further inspected using
the Fityk program [31]. By this means, the area of each peak was normalized to 1, and then deconvoluted into a set of
Gaussian distributions, with each component interpreted as a homogeneous subpopulation of the enzyme ensemble.

HepG2 cells
Cells from the human liver cancer cell line HepG2 were grown in T-75 flasks at a density equal to 1–2
× 105/cm2, in DMEM. Flasks were maintained at 37◦C in a 5% CO2 humidified incubator. To evaluate
lactate levels, cells were collected two to four culture cycles after thawing. The fluorescent probe BCECF
(2′,7′-Bis-(2-carboxyethyl)-5-(6)-carboxyfluorescein, acetoxymethyl ester) was used to determine the cytosolic pH
of cells. To this aim, cells were washed twice with HBSS (pH 7.3), incubated with 5 μM BCECF for 30 min at room
temperature under mild shaking, and finally washed twice with HBSS (pH 7.3). Intracellular acidosis was induced
by washing and incubating cells in HBSS medium (devoid of bicarbonate and supplemented with Hepes and Mes
buffers, 10 mM each) at pH 6.5. Control samples were prepared with cells washed and incubated in HBSS medium at
pH 7.3. The fluorescence of BCECF was determined using a PerkinElmer (Waltham, MA, U.S.A.) Enspire microplate
reader, exciting samples at 440 or 490 nm, and evaluating emission at 535 nm. The calibration of BCECF fluorescent
response to pH was obtained by exposing cells to a medium containing 0.8 mM MgSO4, 1.8 mM CaCl2, 140 mM
KCl, 5 mM glucose, supplemented with Mes and Hepes buffers (10 mM each), and conditioned at pH values ranging
from 5.0 to 8.0. After addition of 10 μM nigericin, cells were incubated for 10 min at room temperature under mild
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Table 1 Kinetic parameters of recombinant and natural human LDH

pH K0.5 (μM) Vmax (nM/s) Hill

Human LDH-A, recombinant

5.0 24.7 +− 3.1 4.1 +− 0.3 1.78 +− 0.27

5.5 43.4 +− 8.7 12.5 +− 2.2 2.32 +− 0.49

6.0 15.7 +− 1.0 24.2 +− 0.8 1.73 +− 0.18

6.5 14.9 +− 0.6 41 +− 1 2.12 +− 0.18

7.0 34.7 +− 1.2 72 +− 1 1.34 +− 0.05

7.5 252 +− 30 276 +− 16 -

8.0 500 +− 44 596 +− 33 -

Human LDH-A, natural

5.0 56 +− 4 19 +− 1 2.01 +− 0.28

5.5 34 +− 3 87 +− 4 1.65 +− 0.19

6.0 43 +− 4 82 +− 4 1.51 +− 0.21

6.5 82 +− 11 211 +− 14 1.13 +− 0.08

7.0 95 +− 9 296 +− 11 -

7.5 210 +− 17 389 +− 15 -

8.0 1083 +− 359 1306 +− 330 -

The Michaelis–Menten or the Hill equation was fitted to the experimental observations shown in Figures 1 and 2. The indicated standard deviations of
the enzyme parameters are derived from the fitting of the relevant equation to the experimental observations.

shaking, and the fluorescence of BCECF was finally determined under the same conditions used to estimate cytosolic
pH.

Lactate assay
The concentration of lactate released by rabbit skeletal muscle cells was determined using two independent methods,
relying on colorimetric [32,33] or enzymatic [34] detection. Cells (5 × 105/well) were seeded in six-well plates and
left to adhere overnight. After adhesion, growth medium was replaced with 1 ml of HBSS (at pH 6.5 or 7.3) containing
20 mM glucose and cells were allowed to equilibrate for 3 h in a 37◦C incubator. After 3 h of further incubation at
37◦C, HBSS medium was collected from each well to evaluate lactate levels. Duplicate experiments were performed.
The enzymatic assay consisted in the addition of appropriate volumes of samples to a reaction mixture containing
(final concentrations) 125 mM glycine, 40 mM hydrazine, 10 mM EDTA, 2.5 mM β-NAD+, 105 nM rabbit LDH,
pH 9.0. The increase in absorbance at 340 nm related to the oxidation of lactate and the concomitant reduction of
β-NAD+ was observed for 3 h, a time interval sufficient to approximate reaction equilibrium. To estimate lactate
concentration in samples, a calibration curve was determined by a series of assays performed in the presence of
known concentrations of sodium lactate.

Results
Kinetics of recombinant and natural human LDH-A as a function of pH
To test the effect of pH on the catalytic action of human LDH-A (UniProtKB code P00338), we assayed the activity of
both recombinant and natural enzymes over a wide pH interval, i.e. 5.0–8.0. In particular, we determined the initial
velocities of reactions catalyzed by LDH-A as a function of pyruvate concentration, in the presence of a constant
β-NADH concentration (125 μM).

First, we investigated the performance of the recombinant enzyme, which was expressed in Escherichia coli and
is therefore devoid of any post-translational modification. Remarkably, when the activity assays were carried out at
pH values from 5.0 to 7.0, we observed sigmoidal kinetics (Figure 1A–C). Moreover, the K0.5 of LDH-A for pyruvate
was not severely affected by pH over the 5.0–7.0 interval, whereas Vmax was observed to monotonically increase as
a function of pH (Table 1), accounting for a parallel increase in the enzyme catalytic efficiency (Figure 1A–C). It is
also interesting to note that the values of the Hill coefficient were almost constant and approximately equal to 1.7–2.0
when determined at pH values from 5.0 to 6.5, whereas at pH 7.0 the Hill coefficient was estimated to decrease to
1.34 +− 0.05 (Table 1). Interestingly, when LDH-A activity was assayed at pH 7.5 or 8.0, the enzyme was observed to
obey Michaelis–Menten kinetics (Figure 1D), featuring high values for both Km and Vmax (Table 1). Nevertheless, the
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Figure 1. Kinetics of pyruvate reduction catalyzed by recombinant human LDH-A

(A–D) Initial reaction velocities were assayed over a pH interval ranging from 5.0 to 8.0, in the presence of 2.45 nM LDH-A tetramer

(9.8 nM subunits), 125 μM β-NADH, and a universal buffer (containing Mes, Mops, and Tris, 25 mM each). The dependence of initial

reaction velocities on pyruvate concentration at pH 5.0 (A, empty circles), pH 5.5 and 6.0 (B, filled and empty circles, respectively),

pH 6.5 and 7.0 (C, filled and empty circles, respectively), pH 7.5 and 8.0 (D, filled and empty circles, respectively) are shown. The

continuous lines represent the best fit of the Hill (pH 5.0–7.0) or the Michaelis–Menten (pH 7.5–8.0) equation to the experimental

observations.

sharp increase in Km occurring at pH 7.5–8.0 limits the catalytic efficiency of LDH-A, which features a maximum at
pH 6.5 (Table 1).

We then tested the natural (isolated from liver) human LDH-A, under the same conditions used to assay the recom-
binant enzyme. Overall, the kinetic constants determined for the natural enzyme as a function of pH are in satisfactory
agreement with those estimated for recombinant LDH-A. In particular, a parallel increase in pH and enzyme activity
was also observed for the natural enzyme (Figure 2), the K0.5 and Vmax of which were observed to be affected by
pH with a dependence similar to that featured by the recombinant enzyme (Table 1). Nevertheless, the Vmax values
determined for the natural enzyme are significantly higher than those estimated for recombinant LDH-A, and the
transition from cooperative to Michaelis–Menten kinetics was found to occur for the natural enzyme at pH 7.0 (Table
1), whereas at this pH value recombinant LDH-A does obey sigmoidal kinetics (Table 1).

Substrate inhibition was reported to affect LDHs isolated from different species [35–39], with both β-NADH and
pyruvate capable to exert this action on the human enzyme [38]. Moreover, it was demonstrated that when an excess
of pyruvate is provided to cultured human cells a significant inhibition of LDH activity occurs both in vivo and ex
vivo [40]. Remarkably, we also observed that pyruvate can inhibit LDH-A activity, with this inhibition detected at
pH values ranging from 5.0 to 7.0 for the recombinant enzyme (Supplementary Figure S1). It should be noted that
this implies the occurrence of substrate inhibition at the same pH values inducing sigmoidal kinetics (Figure 1 and
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Figure 2. Kinetics of pyruvate reduction catalyzed by natural human LDH-A

(A–D) Initial reaction velocities were assayed over a pH interval ranging from 5.0 to 8.0, in the presence of 1.2 nM LDH-A tetramer

(4.8 nM subunits), 125 μM β-NADH, and a universal buffer (containing Mes, Mops, and Tris, 25 mM each). The dependence of initial

reaction velocities on pyruvate concentration at pH 5.0 and 5.5 (A, filled and empty circles, respectively), pH 6.0 and 6.5 (B, filled

and empty circles, respectively), pH 7.0 and 7.5 (C, filled and empty circles, respectively), pH 8.0 (D, empty circles) are shown. The

continuous lines represent the best fit of the Hill (pH 5.0–6.5) or the Michaelis–Menten (pH 7.0–8.0) equation to the experimental

observations.

Supplementary Figure S1), suggesting a common molecular determinant for these experimental outcomes. Substrate
inhibition by pyruvate was also observed when the activity of natural human LDH-A was assayed (Supplementary
Figure S2), albeit to a lower extent when compared with the inhibition exerted on the recombinant enzyme (Supple-
mentary Figures S1 and S2).

Activation of LDH-A by Krebs cycle intermediates
Quite a number of years ago, Fritz reported that rabbit skeletal muscle LDH-A undergoes allosteric transitions [41].
In addition, Fritz tested the action of different intermediates of the Krebs cycle on rabbit LDH-A, and he found that
citrate, isocitrate, malate, cis-aconitate, fumarate, succinate, andα-ketoglutarate activate the enzyme, with malate and
citrate producing the stronger effects [41]. Accordingly, we thought it of interest to assay the effect, if any, of the Krebs
cycle intermediates on the activity of human LDH-A. In particular, both recombinant and natural LDH-A were used
to determine if their activity was affected by the compounds to be tested, at pH 5.0 and 6.5. Moreover, to avoid the
occurrence of any substrate inhibition in these assays the final concentration of pyruvate in the reaction mixtures was
limited to 100 μM. When the recombinant enzyme is considered, we observed enzyme activation at pH 5.0 by citrate,
isocitrate, and malate (Figure 3A). These three Krebs cycle intermediates were also found to activate recombinant
human LDH-A at pH 6.5; in addition, under these conditions cis-aconitate and oxaloacetate were observed to exert
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Figure 3. Effect of the Krebs cycle intermediates on the activity of human LDH-A

(A,B) Initial reaction velocities determined at pH 5.0 (A) and 6.5 (B) in the presence of 8 nM recombinant human LDH-A tetramer (32

nM subunits), 125 μM β-NADH, and 100 μM pyruvate (control, gray bars). The LDH-A activities observed using reaction mixtures

supplemented with the indicated compounds at 2.5 mM are also shown. The reported values of initial reaction velocity are the av-

erage of three samples. The error bars represent standard deviation (n=3). Experimental mean values were compared by Student’s

t test (***, ** and * indicate P<0.001, P<0.01, P<0.05, respectively). (C,D) Initial reaction velocities determined at pH 5.0 (C) and 6.5

(D) in the presence of 0.3 nM natural human LDH-A tetramer (1.2 nM subunits), 125 μM β-NADH, and 100 μM pyruvate (control,

gray bars). The LDH-A activities observed using reaction mixtures supplemented with the indicated compounds at 2.5 mM are also

shown. The reported values of initial reaction velocity are the average of three samples. The error bars represent standard deviation

(n=3). Experimental mean values were compared by Student’s t test (***, ** and * indicate P<0.001, P<0.01, P<0.05, respectively).

activation and inhibition of the enzyme, respectively (Figure 3B). Quantitatively speaking, citrate and isocitrate trig-
gered the more pronounced effects at pH 5.0, with the enzyme activity being almost doubled when compared with the
level detected in the control reaction mixture (Figure 3A). At pH 6.5, a two-fold increase in activity was induced by
isocitrate and cis-aconitate, with citrate inducing a significant activation of recombinant LDH-A, albeit to a smaller
extent when compared with the level of activation exerted at pH 5.0 (Figure 3B). When the activity assays were per-
formed in the presence of natural LDH-A, we observed activation effects similar to those detected in the presence of
the recombinant enzyme. In particular, at pH 5.0 citrate, isocitrate, and malate performed as enzyme activators, with
isocitrate responsible for a three-fold increase in activity (Figure 3C). At pH 6.5 the natural enzyme was activated
by the same four compounds activating recombinant LDH-A, i.e. citrate, isocitrate, malate, and cis-aconitate (Figure
3D); moreover, at pH 6.5 oxaloacetate inhibited both recombinant and natural LDH-A (Figure 3B,D).

Reaction velocity and LDH-A concentration
Among the Krebs cycle intermediates competent in activating human LDH-A (Figure 3), citrate is known to bind at
the interface of enzyme subunits [42]. This binding could enhance enzyme activity according to different mechanisms:
(i) inducing a conformational transition favorable to high catalytic efficiency; (ii) counteracting the dissociation of
LDH-A tetramer into dimers and/or monomers featuring low activity, if at all, as it was shown for pig LDH [43]. Con-
cerning the conformational rearrangement, it should be noted that Lactobacillus casei LDH undergoes a transition
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Figure 4. Activity of recombinant human LDH-A as a function of enzyme concentration and pH

(A) The activity of LDH-A was determined at pH 5.0, 5.5, 6.0, 6.5, and 7.0 (green, pink, cyan, red, and blue circles, respectively).

Assays were performed in the presence of 125 μM β-NADH and 100 μM pyruvate. Enzyme concentrations are expressed as the

total concentration of subunits per assay. (B) Detail of the activity determinations performed at pH 5.0 and 5.5. The continuous lines

represent the expected values of activity according to the estimations of KD1 and KD2 obtained with the implicit equation solver

in SigmaPlot (see ‘Materials and methods’ section). (C). Detail of the activity determinations performed at pH 6.0, 6.5, and 7.0.

The continuous lines represent the expected values of activity according to the estimations of KD1 and KD2 obtained with implicit

equation solver in SigmaPlot (see ‘Materials and methods’ section). (D) Dependence of KD1 (empty circles) and KD2 (filled circles)

on pH.

from the T to the R state when sulfate is bound at the enzyme subunits interface [10]. Moreover, the same enzyme
was found to maintain the T conformation when nitrate is bound between subunits, indicating that the T to R tran-
sition is affected by the type of anion bound by LDH [10]. However, no similar behavior was observed for eukaryotic
LDHs, which are conventionally considered to obey Michaelis–Menten kinetics [44]. Rather intriguingly, it was re-
ported for rabbit LDH-A that lowering the enzyme concentration in activity assays corresponds to an exponential
decrease in the observed catalytic action [45–47], suggesting a dilution-induced dissociation of the enzyme tetramer.
Therefore, we reasoned that the allosteric nature of human LDH-A at acidic pH values might represent the outcome
of the dissociation of the enzyme tetramer, with this dissociation counteracted by the binding of pyruvate (Figures
1 and 2). Further, the binding of citrate to human LDH-A could promote the stabilization of the enzyme tetramer,
inducing an increase in activity (Figure 3). Accordingly, we thought it of interest to assay LDH-A activity as a function
of enzyme concentration, under different pH conditions. As expected for a dilution-induced LDH-A tetramer disso-
ciation, we detected an exponential dependence of activity on total subunits concentration (Figure 4A). In addition,
significant differences were observed as a function of pH. Qualitatively speaking, the concentration of total enzyme
subunits necessary to reach half of the maximal observed activity did monotonically decrease as pH was increased
(Figure 4A). To obtain a better estimation of the mutual dependence between pH and LDH-A dissociation, we used
a tetramer–dimer–monomer dissociation model. In particular, an implicit equation describing the dissociation equi-
libria was fitted to the experimental observations (see ‘Materials and methods’ section). By this means, we estimated
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Figure 5. Association forms of recombinant human LDH-A detected at pH 5.0 and 7.5 by DLS

DLS measurements were acquired at pH 7.5 (green line) or 5.0 (blue line) using LDH-A solutions containing 7 μM tetrameric enzyme

(28 μM subunits).

the KD values at each pH for the dissociation of tetrameric LDH-A (Figure 4B–D). Remarkably, under the lower pH
conditions tested (5.0 and 5.5) both KD1 and KD2 were determined to feature the highest estimated values, corre-
sponding to ∼2 and 0.1 μM, respectively (Figure 4D). Moreover, the value of KD1 (accounting for the dissociation
of tetramer into dimers) does consistently decrease between pH 5.5 and 6.5, and undergoes a further, albeit modest,
decrease at pH 7.0. Accordingly, it is important to note that the tetramer of human LDH-A features significant disso-
ciation at neutral pH, suggesting that the enzyme association forms occurring in vivo are significantly controlled by
the expression levels of LDH-A.

Dissociation of LDH-A as a function of pH
To further inspect the effect of pH on the dissociation of LDH-A tetramer, we performed DLS experiments over a
pH interval ranging from 5.0 to 7.5. First, we prepared for DLS analysis equimolar samples of recombinant LDH-A
at pH 5.0 and 7.5. Interestingly, at pH 7.5 enzyme association forms featuring large diameters were detected as minor
components, whereas at pH 5.0 the occurrence of large aggregates was clearly observed (Figure 5), suggesting the
dissociation of LDH-A tetramer and a consequent aggregation of the dissociated forms.

The presence of LDH-A tetramer and dissociated forms was then studied in detail with samples prepared at pH
values differing by 0.5 units over an interval from 5.0 to 7.5. Moreover, the peaks centered at a diameter value of
∼9–10 nm were further analyzed using the Fityk software [31]. By this means, we deconvoluted each observed peak
into Gaussian components representing subpopulations of the enzyme ensemble. When this approach was applied
to a 7 μM LDH-A sample at pH 7.5 three main components were detected, featuring diameters equal to 11.01, 9.39,
and 8.09 nm which we interpreted as enzyme tetramer, dimer, and monomer, respectively (Figure 6A and Table 2). A
similar behavior was observed with an LDH-A sample at pH 7.0, the components of which featured diameters equal

© 2022 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
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Figure 6. Relative abundance of recombinant human LDH-A tetramer, dimer, and monomer as a function of pH

DLS measurements performed at: (A) pH 7.5, (B) pH 7.0, (C) pH 6.5, (D) pH 6.0, (E) pH 5.5, (F) pH 5.0, in the presence of 7

μM tetrameric enzyme (28 μM subunits). The distributions of the observed scattering intensities (empty circles, average of three

measurements) were deconvoluted with the Fityk software into an ensemble of Gaussian components (blue, red, and pink lines).

The fittings to the experimental observations accordingly obtained are reported with green lines.

10 © 2022 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
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Table 2 Effect of pH on the diameters of human LDH-A association forms estimated by DLS experiments

Sample Diameter (nm) Area (%)

pH 7.5 7 μM LDH (Holo) 11.01 (T) 27.5

9.39 (D) 58.9

8.09 (M) 14.0

pH 7.0 7 μM LDH (Holo) 10.43 (T) 6.3

9.39 (D) 70.3

8.36 (M) 24.6

pH 6.5 7 μM LDH (Holo) 9.20 (D) 42.9

8.40 (M) 57.4

pH 6.0 7 μM LDH (Holo) 9.31 (D) 75.5

8.69 (M) 24.8

pH 5.5 7 μM LDH (Holo) 8.65 (M) 65.8

7.76 (M) 36.4

pH 5.0 7 μM LDH (Holo) 8.87 (M) 74.3

8.30 (M) 26.3

The diameters of different human LDH-A oligomers were estimated by deconvolution of the peaks observed with DLS experiments performed at the
indicated pH values in the presence of 7 μM LDH-A tetramer (28 μM subunits). The area of each peak to be deconvoluted was normalized to 1. In
addition to the estimated diameters, the area of each component is also reported. T, D, and M indicate the assignment of a detected component to
enzyme tetramer, dimer, and monomer, respectively.

to 10.43, 9.39, and 8.36 nm (Figure 6B and Table 2). Remarkably, when the samples at pH 6.5 or lower were analyzed
only two enzyme forms were detected (Figure 6C–F and Table 2), with diameters suggesting the presence of dimer
and monomer (at pH 6.5 and 6.0) or monomer only (at pH 5.5 and 5.0).

We then decided to test the effect of dilution on the dissociation of LDH-A, using samples containing 8.4, 4.2,
or 2.1 μM enzyme (Holoenzyme concentration), and prepared at pH 7.5, 6.5, and 5.0. When the higher enzyme
concentration is considered, the LDH-A tetramer was detected in the samples at pH 7.5 and 6.5, and pH 5.0 (Figure
7A,D,C and Table 3). However, the LDH-A tetramer was not detected in samples containing 4.2 or 2.1 μM enzyme,
independently of pH (Figure 7B,C,E,F,H,I and Table 3). These observations indicate that the assembly of LDH-A
tetramer is strongly affected by pH and by the concentration of total subunits. This suggests, in turn, that the allosteric
transitions of human LDH-A reported here (Figures 1 and 2) represent the outcome of pyruvate-induced tetramer
assembly. Accordingly, we tested by DLS experiments the effect of pyruvate on the distribution of LDH-A association
forms at pH 7.5, 6.5, and 5.0. In addition, the action of citrate was also tested under the same conditions. As expected,
LDH-A tetramer was detected in control samples (devoid of any additive) at pH 7.5, was found to decrease at pH
6.5 (with enzyme monomer as the major form), and was not observed at pH 5.0 (Figure 8 and Table 4). Remarkably,
the presence of 2.5 mM citrate counteracted the dissociation of enzyme tetramer, the presence of which was clearly
detected both at pH 6.5 and 5.0 (Figure 8D–F and Table 4). In addition, the presence of pyruvate was observed to
favor the assembly of dimer at pH 6.5, and to hinder tetramer dissociation at pH 5.0 (Figure 8G–I and Table 4).

Finally, it is important to note that the diameters estimated for the different LDH-A association forms appear to
be sufficiently invariant to consider them consistent. Indeed, by taking into account all the estimated values (Tables
2-4) the mean diameter for LDH-A tetramer, dimer, and monomer were calculated as equal to 10.55 +− 0.46, 9.34 +−
0.25, and 8.38 +− 0.29, respectively.

Cytosolic pH of HepG2 cells and LDH-A activity in vivo
The dissociation of LDH-A tetramer induced by acidic pH conditions suggests that the enzyme activity can signif-
icantly decrease when pH diminishes, especially under conditions of low pyruvate concentration (Figures 1 and 2).
Accordingly, we reasoned that this could translate into a moderate lactate production by cells the cytosolic pH of
which faces a decrease from the physiological value, which is considered equal to 7.2 [26]. Therefore, we tested by
two different analytical methods the concentration of lactate secreted by human HepG2 cells, which are known to
predominantly express LDH-A [48]. First, to estimate the cytosolic pH we quantitatively determined the effect of
pH on the fluorescence in vivo of the probe BCECF (see ‘Materials and methods’ section and Supplementary Fig-
ure S3). Then, HepG2 cells previously cultured in DMEM were transferred to HBSS medium buffered at pH 7.3 or
6.5. The time-course of cytosolic pH after transferring the cells from DMEM to HBSS is shown in Figure 9A. Ac-
cording to the observed kinetics, we decided to quantitate the lactate released by HepG2 cells 3 h after their transfer
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Figure 7. Relative abundance of recombinant human LDH-A tetramer, dimer, and monomer as a function of pH and enzyme

concentration

DLS measurements performed at pH 7.5 (A–C), 6.5 (D–F), and 5.0 (G–I) in the presence of 8.4 (A,D,G), 4.2 (B,E,H), or 2.1 (C,F,I) μM

tetrameric enzyme (33.6, 16.8, and 8.4 μM subunits, respectively). The distributions of the observed scattering intensities (empty

circles, average of three measurements) were deconvoluted with the Fityk software into an ensemble of Gaussian components

(blue, red, and pink lines). The fittings to the experimental observations accordingly obtained are reported with green lines.
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Figure 8. Effect of citrate or NAD+/pyruvate on human LDH-A association forms detected at pH 5.0, 6.5, and 7.5

DLS experiments were performed in the presence of 8 μM human LDH-A tetramer (32 μM subunits) at pH 7.5 (A,D,G), 6.5 (B,E,H),

or 5.0 (C,F,I), in the absence of any additive (A–C), or in the presence of 2.5 mM citrate (D–F), or NAD+/pyruvate (G–I) at 2.5 and

0.5 mM, respectively. The distributions of the observed scattering intensities (empty circles, average of three measurements) were

deconvoluted with the Fityk software into an ensemble of Gaussian components (blue, red, and pink lines). The fittings to the

experimental observations accordingly obtained are reported with green lines.
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Table 3 Effect of pH and enzyme concentration on the diameters of human LDH-A association forms estimated by DLS
experiments

Sample Diameter (nm) Area (%)

pH 7.5 8.4μM LDH (Holo) 13.18 (T) 2.1

10.59 (T) 37.0

9.17 (D) 57.7

8.23 (M) 4.3

pH 6.5 8.4 μM LDH (Holo) 11. 30 (T) 14.2

10.52 (T) 2.0

9.48 (D) 62.0

8.30 (M) 22.0

pH 5.0 8.4 μM LDH (Holo) 10. 09 (T) 45.8

9.14 (D) 54.5

pH 7.5 4.2 μM LDH (Holo) 9.49 (D) 75.3

8.36 (M) 25.3

pH 6.5 4.2 μM LDH (Holo) 9.65 (D) 66.2

8.66 (M) 34.1

pH 5.0 4.2 μM LDH (Holo) 9.70 (D) 75.8

8.58 (M) 24.5

pH 7.5 2.1 μM LDH (Holo) 9.63 (D) 73.5

8.77 (M) 27.6

pH 6.5 2.1 μM LDH (Holo) 9.86 (D) 72.2

8.64 (M) 28.2

pH 5.0 2.1 μM LDH (Holo) 9.24 (D) 72.1

8.32 (M) 28.7

The diameters of different human LDH-A oligomers were estimated by deconvolution of the peaks observed with DLS experiments performed at the
indicated pH values in the presence of 8.4, 4.2, or 2.1 μM LDH-A tetramer (33.6, 16.8, or 8.4 μM subunits). The area of each peak to be deconvoluted
was normalized to 1. In addition to the estimated diameters, the area of each component is also reported. T, D, and M indicate the assignment of a
detected component to enzyme tetramer, dimer, and monomer, respectively.

to HBSS medium. Independently of the analytical procedure used, the concentration of lactate released into the ex-
ternal medium by cells featuring the lower cytosolic pH was found to decrease three-fold when compared with the
concentration of lactate secreted by cells exposed to HBSS at pH 7.3 (Figure 9B). We interpret this observation as the
outcome of the dissociation in vivo of LDH-A tetramer, with the enzyme dissociation forms characterized by a low,
if at all, catalytic action. It should indeed be considered that 6.5 is the optimal pH for enzyme activity in vitro (Table
1), and we accordingly propose that this maximal activity is exerted by LDH-A tetramer.

Discussion
Prokaryotic allosteric LDHs were intensively studied, with both their kinetic and structural features inspected in
detail. In particular, the occurrence of bacterial enzymes obeying cooperative kinetics and subjected to activation by
FBP was reported quite a number of years ago [2]. Remarkably, pyruvate was shown to occupy the allosteric site of
bacterial LDHs exposed to solutions devoid of FBP [49,50]. Further, structural studies of the Lactobacillus casei LDH
have elegantly demonstrated that the transition from the T to the R state of this enzyme can be induced by specific
anions (e.g. sulfate), independently of FBP [10]. Among eukaryotic LDHs, representatives from invertebrates were
reported to feature allosteric transitions, and to be activated by FBP [51,52]. On the contrary, LDHs from vertebrates
are considered to exclusively exert their catalytic action according to Michaelis–Menten kinetics [44]. Nevertheless,
quite a number of years ago Fritz reported that the LDH from rabbit skeletal muscle undergoes allosteric transitions
when the enzyme activity is assayed in the presence of pyruvate and β-NADH [41]. Moreover, it was recently shown
that this enzyme is subjected to allosteric-like large-scale motions [53].

We have shown here that human LDH-A behaves as an allosteric enzyme under acidic conditions, and features
hyperbolic kinetics at neutral or slightly alkaline pH. In particular, this was observed using both recombinant and
natural LDH-A, whose catalytic action was determined to similarly behave as a function of pH. However, we observed
that the natural enzyme features significantly higher activity than recombinant LDH-A, with this difference more
pronounced under acidic conditions (Figures 1 and 2). This difference, as well as the diversity between the effect
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Table 4 Effect of citrate and NAD+/pyruvate on the diameters of human LDH-A association forms estimated by DLS
experiments

Sample Diameter (nm) Area (%)

Control pH 7.5
8 μM LDH (Holo)

10.96 (T) 42.4

9.25 (D) 45.9

7.98 (M) 12.0

Control pH 6.5
8 μM LDH (Holo)

11.25 (T) 5.7

9.14 (D) 94.6

Control pH 5.0
8 μM LDH (Holo)

9.52 (D) 73.9

8.40 (M) 26.5

Citrate pH 7.5
8 μM LDH (Holo)

10.07 (T) 40.3

9.27 (D) 56.9

8.40 (M) 2.9

Citrate pH 6.5
8 μM LDH (Holo)

10.45 (T) 45.6

9.04 (D) 42.3

8.00 M) 12.7

Citrate pH 5.0
8 μM LDH (Holo)

10.32 (T) 13.2

9.36 (D) 37.6

8.72 (M) 49.4

NAD/Pyr pH 7.5
8 μM LDH (Holo)

9.84 (T) 57.2

8.82 (D) 32.2

7.97 (M) 10.8

NAD/Pyr pH 6.5
8 μM LDH (Holo)

9.35 (D) 72.0

8.39 (M) 29.0

NAD/Pyr pH 5.0
8 μM LDH (Holo)

10.32 (T) 24.2

9.02 (D) 76.3

The distribution of the enzyme ensemble among different association forms was evaluated at the indicated pH values with LDH-A solutions supplemented
with 2.5 mM citrate or with NAD+/pyruvate (2.5 and 0.5 mM, respectively). Control samples devoid of any additive were also analyzed. T, D, and M
indicate the assignment of a detected component to enzyme tetramer, dimer, and monomer, respectively. In addition to the estimated diameters, the
area of each component is also indicated.

exerted by pH on the Hill coefficient of recombinant and natural enzyme, can be ascribed to: (i) post-translational
modifications affecting LDH-A catalytic properties; (ii) the presence of ammonium sulfate in assays performed to
determine the activity of the natural enzyme (which is provided by the supplier as ammonium sulfate suspension).
Concerning the mechanism of sulfate action, we propose that this anion binds between the interfaces of enzyme
subunits, with this binding favoring the assembly of LDH-A tetramer, and therefore a higher activity because of
the low, if at all, catalytic action exerted by LDH-A dimer and monomer [43]. A similar mechanism is most likely
responsible for the higher LDH-A activity triggered by citrate, isocitrate, and malate at both pH 5.0 and 6.5 (Figure
3). Citrate was indeed shown to bind at the subunits interface of human LDH-A (Figure 10), most probably inducing
the stabilization of the enzyme tetramer. Interestingly, we observed a peculiar effect triggered by cis-aconitate on
human LDH-A: this compound does not alter enzyme activity at pH 5.0 (Figure 3A–C), and induces a significant
increase in LDH-A catalytic action at pH 6.5 (Figure 3B–D). Taking into account that cis-aconitate is rather stable
over a pH interval ranging from 5 to 7 [54], it seems unlikely that the pH-dependent effect on LDH-A activity exerted
by this tricarboxylic acid (Figure 3) is due to stability features of this enzyme effector. Conversely, it might be that
LDH-A is competent in binding cis-aconitate at pH 6.5 because of a proper conformation which does not occur at
pH 5.0. Accordingly, this would imply a pH-dependent activation of LDH-A by cis-aconitate.

Quite a number of years ago, allosteric models relying on protein association–dissociation equilibria were formu-
lated [55,56]. More recently, it was shown that a non-linear dependence of reaction velocity on enzyme concentration
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Figure 9. Cytosolic pH of HepG2 cells and generation of lactate

(A) Cytosolic pH of HepG2 cells after their transfer from HBSS medium at pH 7.3 to the same medium (squares) or to HBSS buffered

at pH 6.5 (circles). The values of cytosolic pH were determined using the fluorescent probe BCECF (see ‘Materials and methods’

section and Supplementary Figure S3). Experiments were performed in duplicate (empty and filled symbols). (B) Concentration of

the lactate released by cells after 3 h of residence in HBSS medium at pH 7.3 or 6.5. Lactate was determined with a colorimetric

(blue bars) or with an enzymatic (green bars) analytical procedure, using two independent samples for each determination. Error

bars represent the standard deviation (n=2).

is diagnostic of allosteric transitions coupled to dissociation–association equilibria of oligomeric enzymes [57,58].
Moreover, this type of allostery was recognized as responsible for the structural and functional reshaping of oligomeric
enzymes, and it was accordingly denoted as the morphein model [58]. Our determinations of reaction velocity as a
function of pH and human LDH-A concentration suggest that a consistent dissociation of tetrameric LDH-A occurs
over the pH interval inducing enzyme allosteric transitions (Figure 4, cf. Figure 1). These observations are further sup-
ported by the DLS experiments reported here, indicating that: (i) tetrameric human LDH-A undergoes dissociation
when exposed to solutions the pH of which is lower than 7 (Figure 6 and Table 2); (ii) dilution of the enzyme triggers
a consistent dissociation of LDH-A tetramer (Figure 7 and Table 3); (iii) the presence of citrate or NAD+/pyruvate
counteracts tetramer dissociation (Figure 8 and Table 4). Overall, these outcomes indicate that the allosteric transi-
tions we detected for human LDH-A under acidic conditions are linked to dissociation–association equilibria of the
enzyme tetramer. It is also interesting to note that the enzyme activity is maximal at pH 6.5 (Table 1), a condition
triggering significant tetramer dissociation.

To investigate how the features of human LDH-A that we detected in vitro could eventually affect the generation
of lactate in vivo, we used HepG2 cells poised at pH 7.3 or 6.5. Surprisingly, we detected a three-fold decrease in the
concentration of lactate released by HepG2 cells whose cytosolic pH was lowered to 6.5 (Figure 9). We interpret this
observation as due to the dissociation in vivo of LDH-A tetramer, with this dissociation induced by the acidic pH.

16 © 2022 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
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Figure 10. Structure of human LDH-A with citrate bound at the allosteric site

The structure of human LDH-A containing four associated citrate molecules (file PDB 5w8i) is shown. (A) The enzyme and citrates

are represented with orange lines and blue sticks, respectively. (B) The LDH-A subunits are rendered with cyan, magenta, orange,

and blue ribbons, and citrates are depicted with green (carbon) and red (oxygen) spheres. The images were obtained with PyMol

(The PyMol Molecular Graphics System, version 1.3, Schrödinger, LLC).

Conclusions
We reported here on the allosteric transitions featured in vitro by human LDH-A exposed to acidic solutions. The
cooperative kinetics featured by LDH-A is the outcome of dissociation–association equilibria of the enzyme tetramer,
with pyruvate counteracting dissociation. We also showed that the activity of the enzyme in vivo is negatively affected
by acidic pH, most likely because of tetramer dissociation. When considering the relevance of LDH-A action in cancer
cells, it is interesting to note that the photochemical induction of cytosolic acidification triggered the selective death
of cancer hypoxic cells [59]. Accordingly, it is our hope that our observations will prompt further investigations on
the biochemical links between human LDH-A cooperative kinetics, cytosolic pH, and cancer cells proliferation.
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9 Steinbüchel, A. and Schlegel, H.G. (1983) Nad-linked L(+)-lactate dehydrogenase from the strict aerobe Alcaligenes eutrophus. Eur. J. Biochem. 130,

321–328, https://doi.org/10.1111/j.1432-1033.1983.tb07155.x
10 Arai, K., Ishimitsu, T., Fushinobu, S., Uchikoba, H., Matsuzawa, H. and Taguchi, H. (2009) Active and inactive state structures of unliganded

Lactobacillus casei allosteric L-lactate dehydrogenase. Proteins 78, 681–694
11 Takenaka, Y. and Schwert, G.W. (1956) Lactic dehydrogenase: III. Mechanism of the reaction. J. Biol. Chem. 223, 157–170,

https://doi.org/10.1016/S0021-9258(18)65125-7
12 Long, G.L. and Kaplan, N.O. (1968) D-lactate specific pyridine nucleotide lactate dehydrogenase in animals. Science 162, 685–685,

https://doi.org/10.1126/science.162.3854.685
13 Flick, M.J. and Konieczny, S.F. (2002) Identification of putative mammalian D-lactate dehydrogenase enzymes. Biochem. Biophys. Res. Comm. 295,

910–916, https://doi.org/10.1016/S0006-291X(02)00768-4
14 Kaplan, N.O., Ciotti, M.M. and Stolzenbach, F.E. (1956) Reaction of pyridine nucleotide analogues with dehydrogenases. J. Biol. Chem. 221, 833–844,

https://doi.org/10.1016/S0021-9258(18)65197-X
15 Kaplan, N.O., Ciotti, M.M., Hamolsky, M. and Bieber, R.E. (1960) Molecular heterogeneity and evolution of enzymes. Science 131, 392–397,

https://doi.org/10.1126/science.131.3398.392
16 Golberg, E. (1971) Immunochemical specificity of lactate dehydrogenase-X. Proc. Natl. Acad. Sci. U.S.A. 68, 349–352,

https://doi.org/10.1073/pnas.68.2.349
17 Passarella, S., Paventi, G. and Pizzuto, R. (2014) The mitochondrial L-lactate dehydrogenase affair. Front. Neurosci. 8, 407,

https://doi.org/10.3389/fnins.2014.00407
18 Sahlin, K., Harris, R.C., Nylind, B. and Hultman, E. (1976) Lactate content and pH in muscle samples obtained after dynamic exercise. Pflugers Arch.

367, 143–149, https://doi.org/10.1007/BF00585150
19 Schurr, A. and Payne, R.S. (2007) Lactate, not pyruvate, is neuronal aerobic glycolysis end product: an in vitro electrophysiological study. Neuroscience

147, 613–619, https://doi.org/10.1016/j.neuroscience.2007.05.002
20 Brooks, G.A. (1985) Lactate: glycolytic end product and oxidative substrate during sustained exercise in mammals – the ‘lactate shuttle’. In Circulation,

Respiration, and Metabolism: Current Comparative Approaches (Gilles, R., ed.), pp. 208–218, Springer-Verlag, Berlin
21 Rogatzki, M.J., Ferguson, B.S., Goodwin, M.L. and Gladden, L.B. (2015) Lactate is always the end product of glycolysis. Front. Neurosci. 9, 22,

https://doi.org/10.3389/fnins.2015.00022
22 Warburg, O. (1956) On the origin of cancer cells. Science 123, 309–314, https://doi.org/10.1126/science.123.3191.309
23 Lee, A., Cooper, C.R., Gouw, A.M., Dinavahi, R., Maitra, A., Deck, L.M. et al. (2010) Inhibition of lactate dehydrogenase A induces oxidative stress and

inhibits tumor progression. Proc. Natl. Acad. Sci. U.S.A. 107, 2037–2042, https://doi.org/10.1073/pnas.0914433107
24 Gui, D.Y., Sullivan, L.B., Luengo, A., Hosios, A.M., Bush, L.N., Gitego, N. et al. (2016) Environment dictates dependence on mitochondrial complex I for

NAD+ and aspartate production and determines cancer cell sensitivity to metformin. Cell Metab. 24, 716–727,
https://doi.org/10.1016/j.cmet.2016.09.006

25 Zilva, J.F. (1978) The origin of the acidosis in hyperlactatemia. Ann. Clin. Chem. 15, 40–43
26 White, K.A., Grillo-Hill, B.K. and Barber, D.L. (2017) Cancer cell behaviors mediated by dysregulated pH dynamics at a glance. J. Cell Sci. 130,

663–669, https://doi.org/10.1242/jcs.195297
27 Read, J.A., Winter, V.J., Eszes, C.M., Sessions, R.B. and Brady, R. (2001) Structural basis for altered activity of M- and H-isozyme forms of human

lactate dehydrogenase. Proteins 43, 175–185, https://doi.org/10.1002/1097-0134(20010501)43:2%3c175::AID-PROT1029%3e3.0.CO;2-#
28 Bernofsky, C. and Wanda, S.C. (1982) Formation of reduced nicotinamide adenine dinucleotide peroxide. J. Biol. Chem. 257, 6809–6817,

https://doi.org/10.1016/S0021-9258(18)34502-2
29 Ellis, K.J. and Morrison, J.F. (1982) Buffers of constant ionic strength for studying pH-dependent processes. Methods Enzymol. 87, 405–426,

https://doi.org/10.1016/S0076-6879(82)87025-0
30 Bradford, M.M. (1976) A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of protein-dye binding.

Anal. Biochem. 72, 248–254, https://doi.org/10.1016/0003-2697(76)90527-3
31 Wojdyr, M. (2010) Fityk: a general-purpose peak fitting program. J. Appl. Cryst. 43, 1126–1128, https://doi.org/10.1107/S0021889810030499
32 Barker, S.B. and Summerson, W.H. (1941) The colorimetric determination of lactic acid in biological material. J. Biol. Chem. 138, 535–554,

https://doi.org/10.1016/S0021-9258(18)51379-X

18 © 2022 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY).

https://doi.org/10.1128/mr.44.1.106-139.1980
https://doi.org/10.1016/S0021-9258(18)42473-8
https://doi.org/10.1016/S0022-2836(02)00086-4
https://doi.org/10.1016/j.ijbiomac.2014.04.048
https://doi.org/10.1021/acs.jafc.8b02454
https://doi.org/10.1016/0378-1097(91)90533-G
https://doi.org/10.1186/s13568-014-0076-1
https://doi.org/10.1111/j.1432-1033.1983.tb07155.x
https://doi.org/10.1016/S0021-9258(18)65125-7
https://doi.org/10.1126/science.162.3854.685
https://doi.org/10.1016/S0006-291X(02)00768-4
https://doi.org/10.1016/S0021-9258(18)65197-X
https://doi.org/10.1126/science.131.3398.392
https://doi.org/10.1073/pnas.68.2.349
https://doi.org/10.3389/fnins.2014.00407
https://doi.org/10.1007/BF00585150
https://doi.org/10.1016/j.neuroscience.2007.05.002
https://doi.org/10.3389/fnins.2015.00022
https://doi.org/10.1126/science.123.3191.309
https://doi.org/10.1073/pnas.0914433107
https://doi.org/10.1016/j.cmet.2016.09.006
https://doi.org/10.1242/jcs.195297
https://doi.org/10.1002/1097-0134(20010501)43:2%3c175::AID-PROT1029%3e3.0.CO;2-
https://doi.org/10.1016/S0021-9258(18)34502-2
https://doi.org/10.1016/S0076-6879(82)87025-0
https://doi.org/10.1016/0003-2697(76)90527-3
https://doi.org/10.1107/S0021889810030499
https://doi.org/10.1016/S0021-9258(18)51379-X


Bioscience Reports (2022) 42 BSR20212654
https://doi.org/10.1042/BSR20212654

33 Farabegoli, F., Vettraino, M., Manerba, M., Fiume, L., Roberti, M. and Di Stefano, G. (2012) Galloflavin, a new lactate dehydrogenase inhibitor, induces
death of human brest cancer cells with different glycolytic attitude by affecting distinct signaling pathways. Eur. J. Pharm. Sci. 47, 729–738,
https://doi.org/10.1016/j.ejps.2012.08.012

34 Engel, P.C. and Jones, J.B. (1978) Causes and elimination of erratic blanks in enzymatic metabolite assays involving the use of NAD+ in alkaline
hydrazine buffers: improved conditions for the assay of L-glutamate, L-lactate, and other metabolites. Anal. Biochem. 88, 475–484,
https://doi.org/10.1016/0003-2697(78)90447-5

35 Vesell, E.S. (1965) Lactate dehydrogenase isozymes. Substrate inhibition in various human tissues. Science 150, 1590–1593,
https://doi.org/10.1126/science.150.3703.1590

36 Stambaugh, R. and Post, D. (1966) Substrate and product inhibition of rabbit muscle lactic dehydrogenase heart (H4) and muscle (M4) isozymes. J. Biol.
Chem. 241, 1462–1467, https://doi.org/10.1016/S0021-9258(18)96733-5

37 Hathaway, G. and Criddle, R.S. (1966) Substrate-dependent association of lactic dehydrogenase subunits to active tetramer. Proc. Natl. Acad. Sci.
U.S.A. 56, 680–685, https://doi.org/10.1073/pnas.56.2.680

38 Gay, R.J., McComb, R.B. and Bowers, G.N.Jr. (1968) Optimum reaction conditions for human lactate dehydrogenase isoenzymes as they affect total
lactate dehydrogenase activity. Clin. Chem. 14, 740–74753, https://doi.org/10.1093/clinchem/14.8.740

39 Kaplan, N.O., Everse, J. and Admiral, J. (1968) Significance of substrate inhibition of dehydrogenases. Ann. N.Y. Acad. Sci. 151, 400–412,
https://doi.org/10.1111/j.1749-6632.1968.tb11903.x

40 Rao, Y., Gammon, S.T., Sutton, M.N., Zacharias, N.M., Bhattacharaya, P. and Piwnica-Worms, D. (2021) Excess exogenous pyruvate inhibits lactate
dehydrogenase activity in live cells in an MCT1-dependent manner. J. Biol. Chem. 297, 1–13, https://doi.org/10.1016/j.jbc.2021.100775

41 Fritz, P.J. (1965) Rabbit muscle lactate dehydrogenase 5; a regulatory enzyme. Science 150, 364–366, https://doi.org/10.1126/science.150.3694.364
42 Rai, G., Brimacombe, K.R., Mott, B.T., Urban, D.J., Hu, X. and Yang, S. (2017) Discovery and optimization of potent, cell active pyrazole-based inhibitors

of lactate dehydrogenase (LDH). J. Med. Chem. 60, 9184–9204, https://doi.org/10.1021/acs.jmedchem.7b00941
43 Hermann, R., Jaenicke, R. and Rudolph, R. (1981) Analysis of the reconstitution of oligomeric enzymes by cross-linking with glutaraldehyde: kinetics of

reassociation of lactic dehydrogenase. Biochemistry 20, 5195–5201, https://doi.org/10.1021/bi00521a015
44 Madern, D. (2002) Molecular evolution within the l-malate and l-lactate dehydrogenase super-family. J. Mol. Evol. 54, 825–840,

https://doi.org/10.1007/s00239-001-0088-8
45 Bernfeld, P., Berkeley, B.J. and Bieber, R.E. (1965) Reversible dissociation of enzymes at high dilutions and their inhibition by polyanions. Arch.

Biochem. Biophys. 111, 31–38, https://doi.org/10.1016/0003-9861(65)90319-X
46 Cho, I.C. and Swaisgood, H. (1973) Factors affecting tetramer dissociation of rabbit muscle lactate dehydrogenase and reactivity of its sulfhydryl

groups. Biochemistry 12, 1572–1577, https://doi.org/10.1021/bi00732a017
47 Yamamoto, S. and Storey, K.B. (1988) Dissociation of lactate dehydrogenase isozymes: influences on the formation of tetramers versus dimers of

M4-LDH and H4-LDH. Int. J. Biochem. 20, 1261–1265, https://doi.org/10.1016/0020-711X(88)90229-7
48 Wan, X., Liu, Y., Zhao, Y., Sun, X., Fan, D. and Guo, L. (2017) Orexin A affects HepG2 human hepatocellular carcinoma cells glucose metabolism via

HIF-1α-dependent and -independent mechanism. PLoS ONE 12, e0184213, https://doi.org/10.1371/journal.pone.0184213
49 Gordon, G.L. and Doelle, H.W. (1976) Purification, properties and immunological relationship of L(+)-lactate dehydrogenase from Lactobacillus casei .

Eur. J. Biochem. 67, 543–555, https://doi.org/10.1111/j.1432-1033.1976.tb10720.x
50 Hensel, R., Mayr, U. and Woenckhaus, C. (1983) Affinity labelling of the allosteric site of the L-lactate dehydrogenase of Lactobacillus casei . Eur. J.

Biochem. 135, 359–365, https://doi.org/10.1111/j.1432-1033.1983.tb07662.x
51 Soler, J., De Arriaga, D., Busto, F. and Cadenas, E. (1982) Lactate dehydrogenase in Phycomyces blakesleeanus. Biochem. J. 203, 383–391,

https://doi.org/10.1042/bj2030383
52 De Arriaga, D., Soler, J. and Cadenas, E. (1982) Influence of pH on the allosteric properties of lactate dehydrogenase activity of Phycomyces

blakesleeanus. Biochem. J. 203, 393–400, https://doi.org/10.1042/bj2030393
53 Katava, M., Maccarini, M., Villain, G., Paciaroni, A., Sztucki, M., Ivanova, O. et al. (2017) Thermal activation of ‘allosteric-like’ large-scale motions in a

eukaryotic lactate dehydrogenase. Sci. Rep. 7, 41092, https://doi.org/10.1038/srep41092
54 Ambler, J.A. and Roberts, E.J. (1948) The effect of pH on the stability of cis-aconitic acid in dilute solution. J. Org. Chem. 13, 399–402,

https://doi.org/10.1021/jo01161a013
55 Nichol, L.W., Jackson, W.J.H. and Winzor, D.J. (1967) A theoretical study of the binding of small molecules to a polymerizing system. A model for

allosteric effects. Biochemistry 6, 2449–2456, https://doi.org/10.1021/bi00860a022
56 Frieden, C. (1967) Treatment of enzyme kinetic data. II. The multisite case: comparison of allosteric models and a possible new mechanism. J. Biol.

Chem. 242, 4045–4052, https://doi.org/10.1016/S0021-9258(18)95776-5
57 Traut, T.W. (1994) Dissociation of enzyme oligomers: a mechanism for allosteric regulation. Crit. Rev. Biochem. Mol. Biol. 29, 125–163,

https://doi.org/10.3109/10409239409086799
58 Selwood, T. and Jaffe, E. (2012) Dynamic dissociating homo-oligomers and the control of protein function. Arch. Biochem. Biophys. 519, 131–143,

https://doi.org/10.1016/j.abb.2011.11.020
59 Yue, X., Yanez, C.O., Yao, S. and Belfield, K.D. (2013) Selective cell death by photochemically induced pH imbalance in cancer cells. J. Am. Chem. Soc.

135, 2112–2115, https://doi.org/10.1021/ja3122312

© 2022 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
License 4.0 (CC BY).

19

https://doi.org/10.1016/j.ejps.2012.08.012
https://doi.org/10.1016/0003-2697(78)90447-5
https://doi.org/10.1126/science.150.3703.1590
https://doi.org/10.1016/S0021-9258(18)96733-5
https://doi.org/10.1073/pnas.56.2.680
https://doi.org/10.1093/clinchem/14.8.740
https://doi.org/10.1111/j.1749-6632.1968.tb11903.x
https://doi.org/10.1016/j.jbc.2021.100775
https://doi.org/10.1126/science.150.3694.364
https://doi.org/10.1021/acs.jmedchem.7b00941
https://doi.org/10.1021/bi00521a015
https://doi.org/10.1007/s00239-001-0088-8
https://doi.org/10.1016/0003-9861(65)90319-X
https://doi.org/10.1021/bi00732a017
https://doi.org/10.1016/0020-711X(88)90229-7
https://doi.org/10.1371/journal.pone.0184213
https://doi.org/10.1111/j.1432-1033.1976.tb10720.x
https://doi.org/10.1111/j.1432-1033.1983.tb07662.x
https://doi.org/10.1042/bj2030383
https://doi.org/10.1042/bj2030393
https://doi.org/10.1038/srep41092
https://doi.org/10.1021/jo01161a013
https://doi.org/10.1021/bi00860a022
https://doi.org/10.1016/S0021-9258(18)95776-5
https://doi.org/10.3109/10409239409086799
https://doi.org/10.1016/j.abb.2011.11.020
https://doi.org/10.1021/ja3122312


Supplementary Figure Legends 

 

Supplementary Figure S1. Substrate inhibition of recombinant human lactate dehydrogenase. 

(A-C) Initial reaction velocities were assayed over a pH interval ranging from 5.0 to 7.0, in the presence of 2.45 nM 

LDH-A tetramer (9.8 nM subunits), 125 µM -NADH, and a universal buffer (containing Mes, Mops, and Tris, 25 

mM each). The dependence of initial reaction velocities on pyruvate concentration at pH 5.0 (A, empty circles), pH 

5.5 and 6.0 (B, filled and empty circles, respectively), pH 6.5 and 7.0 (C, filled and empty circles, respectively), are 

shown.



 

Supplementary Figure S2. Substrate inhibition of natural human lactate dehydrogenase. 

(A-C) Initial reaction velocities were assayed over a pH interval ranging from 5.0 to 7.0, in the 

presence of 1.2 nM LDH-A tetramer (4.8 nM subunits), 125 µM -NADH, and a universal buffer 

(containing Mes, Mops, and Tris, 25 mM each). The dependence of initial reaction velocities on 

pyruvate concentration at pH 5.0 and 5.5 (A, filled and empty circles, respectively), pH 6.0 and 

6.5 (B, filled and empty circles, respectively), and pH 7.0 (C, filled circles), are shown. 



 

 

Supplementary Figure S3. Calibration of BCECF fluorescence emission ratio as a function of 

pH. 

(A) Human HepG2 cells were exposed to buffered media (see Methods) equilibrated at pH 

values ranging from 5.0 to 8.0. After addition of 10 µM nigericin, cells were incubated for 10 

minutes at room temperature under mild shaking, and the fluorescence of BCECF was 

determined exciting samples at 490 or 440 nm, and detecting emission at 535 nm. Two 

independent measurements for each sample (empty and filled circles) were performed. (B) 

Calibration curve obtained from the experiment shown in Fig. S3A.  

 


