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Abstract: Transmembrane transport of monocarboxylates is conferred by structurally diverse
membrane proteins. Here, we describe the pH dependence of lactic acid/lactate facilitation of
an aquaporin (AQP9), a monocarboxylate transporter (MCT1, SLC16A1), and a formate-nitrite
transporter (plasmodium falciparum FNT, PfENT) in the equilibrium transport state. FNTs exhibit
a channel-like structure mimicking the aquaporin-fold, yet act as secondary active transporters.
We used radiolabeled lactate to monitor uptake via yeast-expressed AQP9, MCT1, and PfFNT for long
enough time periods to reach the equilibrium state in which import and export rates are balanced.
We confirmed that AQP9 behaved perfectly equilibrative for lactic acid, i.e., the neutral lactic acid
molecule enters and passes the channel. MCT1, in turn, actively used the transmembrane proton
gradient and acted as a lactate/H* co-transporter. PfFNT behaved highly similar to the MCT in terms
of transport properties, although it does not adhere to the classical alternating access transporter
model. Instead, the FNT appears to use the proton gradient to neutralize the lactate anion in the
protein’s vestibule to generate lactic acid in a place that traverses the central hydrophobic transport
path. In conclusion, we propose to include FNT-type proteins into a more generalized, function-based
transporter definition.

Keywords: lactic acid; lactate; proton; transport; energy metabolism; aquaporin; formate-nitrite
transporter; monocarboxylate transporter

1. Introduction

Weak acids (lactate, pyruvate, acidic ketone bodies, etc.) are fundamental in energy metabolism
throughout evolution and all kingdoms of life. Their transmembrane transport enables, for instance,
ancient bacterial mixed acid fermentation in oxygen-free atmospheres [1] or the modern Krebs cycle
by shuttling pyruvate into mitochondria [2], fuels the human brain with ketone bodies during
glucose limitation [3] or via the astrocyte-neuron lactate shuttle [4], promotes tumor growth by lactate
release (Warburg effect) [5,6], or lets malaria parasites thrive by a similar mechanism [7]. Because of
the high polarity of weak acid molecules and the full negative charge of the corresponding anion,
diffusion across the lipid bilayer is marginal. Instead, a variety of integral membrane proteins
facilitate the transmembrane passage [1-7]. During transport, weak acids can act as true shape-shifters
(Figure 1a). Contrary to permanently charged (e.g., choline) or uncharged substrates (e.g., glycerol,
urea), weak acids undergo protonation/deprotonation events at physiological pH, and, likely, also act as
proton acceptors and donors within the protein context [8,9]. Itis possible that their protonation status is
actively changed when traversing a protein’s transport path for selectivity purposes. Changing a weak
acid substrate’s character during transport should have major effects as charged and neutral molecules
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behave fundamentally different regarding affinity (electrostatic vs. van der Waals interactions), the size
of hydration shell and dehydration penalty, impact on membrane potentials (ions) or absence thereof
(neutrals), and dependence on the environmental pH (proton co-transport).

(@)

lactic acid lactate

outside open

AQP FNT MCT

Figure 1. (a) Lactic acid/lactate protonation equilibrium. Shown are the molecule structures and
electrostatic potential maps (blue/red scale: + 4 kT e7). (b) Structures of membrane proteins facilitating
transmembrane lactate transport. Aquaporin homotetramers (AQP; PDB# 1FX8) harbor one substrate
(red circle) channel in each protomer. Formate-nitrite transporters (FNT; PDB# 3KCU) exhibit a
structure mimicry with the AQPs on the protomer level, yet function like proton-driven transporters.
Alternating access monocarboxylate transporters (MCT; PDB# 6HCL) bind the substrate and a proton
on one side and undergo a conformational change for release at the trans-side of the membrane.

In this study, we compared the dependence on the transmembrane pH gradient of three different
types of lactate-conducting proteins. These are a strict neutral solute channel (human aquaporin
9, AQP9) [10], a prototypical secondary active, proton-driven alternating access monocarboxylate
transporter (human MCT1; SLC16 family) [11,12], and the malaria parasite’s lactate transporter (PfFNT;
microbial formate—nitrite transporter family) [7,13] (Figure 1b). The latter represents an in-between
case: although the FNTs form homopentamers, their rigid protomer structure mimics the fold of an
aquaporin (AQP) channel [14], whereas the lactate facilitation mechanism appears proton driven, i.e.,
secondary active transporter-like [8,9]. At the same time, the substrate affinity of the FNTs is in the
double-digit millimolar range, i.e., channel-like low [7,8]. The FNT central transport path is shielded
on either side by a constriction that is too narrow and too hydrophobic for a monocarboxylate anion
to pass [15-17]. To overcome this barrier, the substrate is neutralized by protonation in the vestibule
leading to the constriction, and subsequently the amino acid sidechains in the constriction region give
way while the backbone remains in place [1]. The classical definition of a transport protein demands
that only one entry site is open at a time for the binding of substrate [18]. This requirement is not
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met by the FNTs, bringing up the question whether FINTs should not be classified as transporters or
whether the definition needs to be adapted.

2. Materials and Methods

2.1. Expression Plasmids, Yeast Transformation and Culture

Yeast expression constructs of human AQP9 and codon-optimized PfFNT in pDR196 (Addgene
#36029) have been described before [7,10]. DNA encoding the open reading frame of human MCT1
(GenBank NM_001166496) in pcDNA3.1+/C-(K)DYK was obtained commercially (GenScript, Leiden,
Netherlands), and cloned into pDR196 using PfIMI and BspEI restriction sites. Respective restriction
sites were generated by PCR. All constructs were designed to carry an N-terminal hemagglutin
epitope (HA-tag) and a C-terminal Hisjg-tag, and checked by sequencing. The Saccharomyces
cerevisiae yeast strain W303-1A jenlA ady2A (MATa, can1-100, ade2loc, his3-11-15, leu2-3,-112, trp1-1-1,
ura3-1, jenl::kanMX4, ady2::hphMX4) lacking endogenous monocarboxylate transporters was kindly
provided by M. Casal [19]. Transformation was done using the lithium acetate/single stranded carrier
DNA/polyethylene glycol method [20]. Transformed cells were grown at 29 °C in selective medium
(synthetic drop-out, SD) complemented with adenine, histidine, leucine and tryptophan, and 2% (w/v)
glucose, without uracil. For the phenotypical assay of yeast cell growth, 2% 1-lactate was used instead
of glucose. The agar media were buffered to pH 5.8 and pH 6.8, respectively, with 50 mM MES.

2.2. Isolation of Membrane Proteins and Western Blot

A total of 40 mL of a yeast cell culture was grown to an ODg of 1 and harvested by centrifugation
(4000x g, 5 min). Cells were washed with 25 mL water and 10 mL extraction buffer (5 mM EDTA,
25 mM Tris, pH 7.5) and resuspended in 0.5 mL extraction buffer and stored at —80 °C for at least
30 min. Cell disruption was done by adding 0.5 g acid-washed glass beads (Sigma-Aldrich, Darmstadt,
Germany, J 425-600 pm) and 15 cycles of vortexing. Between each cycle, cells were stored on ice for
30 s. The supernatant was cleared at 10,000% g, 4 °C for 5 min and the membrane fraction was collected
at 100,000x g, 4 °C for 40 min. The pellet was resuspended in 50 pL of 100 mM phosphate buffer, pH 8.0
and 50 mM NaCl. The total protein amount was determined using the Bradford Protein Assay (Bio-Rad,
Feldkirchen, Germany). A total of 5-10 pg of total protein was separated via SDS-PAGE and blotted on
polyvinylidene fluoride (PVDF) membranes (Hybond P 0.45, GE Healthcare, Miinchen, Germany).
The probes were detected with a monoclonal mouse anti-HA antibody at 1:5000 dilution (12CAS5,
Roche; cat. no. 11583816001), horseradish peroxidase conjugated secondary goat-anti-mouse antibody
at 1:5000 dilution (Jackson ImmunoResearch/Dianova, Hamburg, Germany; cat. no. 115-035-174) and
the Clarity ECL substrate detection system (Bio-Rad, Feldkirchen, Germany). Imaging was done with
the Chemostar Touch ECL and Fluorescence Imager (Intas Science Imaging Instruments, Gottingen,
Germany).

2.3. 1-lactate Uptake Assay

A previously established protocol was used [7]. Briefly, yeast cells were grown overnight to
an ODggg of 1.0 £ 0.1, harvested by centrifugation at 4000x g, 4 °C for 5 min, washed once with
ice-cold water, and resuspended to an ODgg of 50 + 5 in the buffer of interest: 50 mM HEPES/Tris
(pH 6.8), 50 mM MES/Tris (pH 5.8), 50 mM citric acid/Tris (pH 4.8 and pH 3.8). For radiolabeled
r-lactate uptake, 20 puL of 5 mM r-lactate spiked with 0.04 uCi of *C-labeled r-lactate (Hartmann
Analytics, Braunschweig, Germany) were added to 80 uL of cell suspension in a 1.5 mL tube to yield
a final concentration of 1 mM Lr-lactate. The reaction was stopped by adding 1 mL of ice-cold water,
transferring the suspension to a GF/C glass microfiber filter membrane (Whatman/Sigma-Aldrich,
Darmstadt, Germany) and removing the supernatant by vacuum filtration. The filters were washed
with 7 mL of ice-cold water and transferred to scintillation vials containing 3 mL of scintillation
cocktail (Quicksafe A; Zinsser Analytic) for counting (Packard TriCarb liquid scintillation counter,
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Perkin Elmer Inc., Waltham, MA, USA). Single-exponential (uptake data) and sigmoidal fittings
(pH-dependent capacity) were calculated after subtraction of the background from non-expressing
yeast cells (SigmaPlot version 11.0). Measurements were done in triplicate (independent yeast cultures)
with three technical replicates each, and error bars denote the standard error of the mean (SEM).

2.4. Determination of the Cytosolic pH in Yeast

The protocol was adapted from Bracy et al. [21]. Calibration was done using 30 pg-mL™! of
5(6")-carboxyfluoresceindiacetatesuccinimidylester (CFDA-SE, Sigma Aldrich, Darmstadt, Germany)
cleaved overnight by 50 g mL~! porcine esterase (Sigma Aldrich, Darmstadt, Germany) in 1 mL of
water at room temperature. The cleaved probe was added to 50 mM citric/phosphate buffers with
varying pH from 3.8 to 6.8 in 0.2 pH steps. The calibration was replicated three times, once with
and twice without permeabilized yeast cells (60 min at 30 °C with 4.37 uM amphotericin (Sigma
Aldrich, Darmstadt, Germany)), and pH-dependent fluorescence intensity ratios (Aem = 525 nm) were
determined from Aeyx = 495 (pH-dependent) and Aex = 435 nm (isobestic point). The data were averaged
from all three replicates and the resulting pH curve was plotted using the polynomial function f(x) =
—3.4238 + 5.4077 x — 1.9197 x? + 0.2033 x> (SigmaPlot). The error bars represent SEM.

The intracellular pH of yeast was measured with cells carrying the empty pDR196 plasmid. Cells
(ODgqp of 10) were loaded at 37 °C for 24 h with 100 uM CFDA-SE in 50 mM citric/phosphate buffer (pH
4.0), collected and washed before resuspension in the pH buffer of interest. The cells were kept at these
conditions for at least 30 min for equilibration [21]. Determinations were done in triplicate for each
buffer pH of 3.8, 4.8, 5.8 and 6.8; prior to measurements, the cell suspensions were diluted to match the
intensity range of the fluorometer (LS 55 using a QS 4/4 mm cuvette PerkinElmer, Waltham, MA, USA).
To minimize background, each cell suspension was subsequently cleared by centrifugation (10,000 g,
5 min) and the fluorescence signal of the supernatant was subtracted. The error bars denote SEM.

3. Results

We produced AQP9, MCT1, and PfFNT in a S. cerevisiae yeast knockout strain (W303-1A jen1A
ady2A) that lacks endogenous monocarboxylate transporters [19]. All proteins expressed well and gave
the typical appearance in the Western blot (Figure 2) [7,10,13]. MCT1 yielded a single signal at the
expected molecular weight, whereas AQP9 and PfFNT showed prominent monomer and dimer bands
as well as higher order complexes of weaker intensity.
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Figure 2. Western blot showing AQP9 (39 kDa monomer molecular weight), PEFNT (plasmodium
falciparum FNT, 34 kDa monomer), and MCT1 (60 kDa) in yeast.
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In the following, we exposed expressing yeast suspensions to 1 mM inward gradients of
radiolabeled external lactate and followed the uptake over time. The use of a yeast monocarboxylate
transporter knockout yeast strain and the glucose-rich culture conditions allowed us to measure uptake
for prolonged times of 15 min without interference of background transport or metabolic conversion
of lactate [22]. During this time period, the assays typically reached the transport equilibrium state
(or could be extrapolated), Keq, at which import and export rates (Kinward, Koutward) are balanced
and a certain intracellular/extracellular lactate concentration ratio (cin, Cex) has established: Keq =
Kinward/Koutward = Cin/Cex [23]. This ratio is termed uptake capacity and is pH dependent because of the
protonation equilibrium of the substrate. The uptake capacity is further affected by the directionality of
the transport protein. AQP9 as a neutral solute channel [24], however, is equilibrative for the uncharged
lactic acid. We set out to use this system to assess the pH dependent lactate uptake capacity of PfFNT
as a parameter that should characterize its transport mechanism as either channel- or transporter-like.

3.1. AQP9 Facilitates Uptake of Neutral Lactic Acid Following the Substrate Protonation Equilibrium

First, we monitored the lactate/lactic acid uptake of yeast cells expressing AQP9 adjusted to acidic
buffer conditions for at least 30 min prior to the experiment. The most acidic pH of 3.8 corresponds to the
pK, of the lactate substrate, i.e., the concentration of charged lactate and neutral lactic acid was even at
0.5 mM, whereas as at pH 6.8, 0.9995 mM lactate and only 0.0005 mM of neutral lactic acid were present
in the buffer. At close to neutral pH 6.8 and at pH 5.8, we did not observe uptake above the background
level (Figure 3a). Uptake became measurable at an external pH of 4.8 (rate: 0.05 nmol-mg~!-min~')
and increased by one order of magnitude when further shifted to pH 3.8 (rate: 0.30 nmol-mg~!-min~1),
while background membrane diffusion of the neutral lactic acid increase only marginally (Figure 3a,b).
Since the AQP9 channel strictly excludes the passage of charged substrates [25], the observed increase in
uptake is due to an increased proportion of protonated, neutral lactic acid at more acidic pH conditions.
The total load of lactate/lactic acid of the yeast cells equally increased with the acidity of the external
buffer and perfectly followed the proportion of neutral lactic acid that is present at the respective pH
condition (Figure 3¢, dotted line).
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Figure 3. pH-dependent uptake of lactate/lactic acid into AQP9 expressing yeast. (a) Shown are uptake
curves over time using cells with AQP9 (blue) compared to non-expressing cells (black). The proportion
of external lactate anions [A~] and neutral lactic acid [HA] is indicated for each pH condition. (b) Uptake
rates derived from the uptake curves. (c) Uptake capacity obtained from the plateaus of the uptake
curves. The dotted line indicates the proportion of neutral lactic acid at a given pH condition. Error
bars indicate the standard error of the mean (SEM) from three independent experiments.
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3.2. MCT1 Transports Lactate at Neutral pH and Actively Uses the Transmembrane Proton Gradient

We next assayed lactate uptake of cells expressing MCT1. Clearly, MCT1 transported lactate
even at neutral pH conditions (Figure 4a). Acidification further increased the uptake up to pH
4.8 (0.24 nmol'mg~!-min~'). The equilibrium state was reached already around 8 min, indicating
that, contrary to the aquaporin channel, the transmembrane proton gradient is actively used by the
transporter to facilitate lactate uptake. At the lowest, non-physiological pH of 3.8, the uptake decreased
again (0.07 nmol-mg~"-min~!) (Figure 4b), yet extrapolation suggested a similar capacity to that at pH
4.8 (1.00 nmol'mg™!) (Figure 4c). The decline in the transport rate at the lowest pH may be due to the
disturbance of the MCT1 protein by protonation, e.g., at Asp, Glu, or His amino acid sidechains, or to
the 47% decrease in the proportion of the lactate anion from 0.95 mM at pH 4.8 to 0.5 mM at pH 3.8,
or a combination of both.
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Figure 4. pH-dependent uptake of lactate/lactic acid into MCT1 expressing yeast. (a) Shown are uptake
curves over time using cells with MCT1 (red) compared to non-expressing cells (black). (b) Uptake
rates derived from the uptake curves. (c¢) Uptake capacity obtained from the plateaus of the uptake
curves. The dotted line indicates the proportion of neutral lactic acid at a given pH condition. Error
bars indicate SEM from three independent experiments.

3.3. Lactate Uptake via PFNT is Secondary Active Transporter-Like

The different behavior of AQP9 and MCT1 regarding the pH dependence of lactate/lactic acid
transport was expected because earlier structural and functional studies classified the proteins as
channel [24] and secondary active transporter [26], respectively. The case was less clear for PfFNT,
which, structure wise, resembles an aquaporin channel [14], whereas previous functional investigations
revealed transporter-like properties [7-9]. Our assays with PfENT showed some uptake already at pH
6.8 (Figure 5a). Similar to MCT1, the uptake rates increased with the external acidity up to a pH of 4.8
(1.10 nmol-mg~!-min~!) and then declined (0.52 nmol-mg~!'-min~') (Figure 5b). The curve representing
pH dependence of the uptake capacity also appeared similar in shape to that of MCT1 (Figure 5c).
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Figure 5. pH-dependent uptake of lactate/lactic acid into PfFNT expressing yeast. (a) Shown are uptake
curves over time using cells with PfFNT (purple) compared to non-expressing cells (black). (b) Uptake
rates derived from the uptake curves. (c) Uptake capacity obtained from the plateaus of the uptake
curves. The dotted line indicates the proportion of neutral lactic acid at a given pH condition. Error
bars indicate SEM from three independent experiments.

Contrary to uptake rates, capacity values derived from equilibrium transport conditions are
independent from the actual number of transport proteins at the plasma membrane. With fewer
transporters, the plateau would be reached after longer times, yet the absolute value would not change.
This allows one to compare transport properties of different proteins of probably different expression
levels. The capacity further mirrors the ratio of the rate constants of substrate import and export. It is
striking that the AQP9 capacity curve perfectly followed the availability of neutral lactic acid in the
external buffer, i.e., it is equilibrative for lactic acid (dashed line in Figure 3c), whereas MCT1 and
PfENT confer intracellular substrate loads greater than the external lactic acid proportion (positive
deviations from the dotted lines in Figures 4c and 5c). Together with the observed proton-driven
transport, this suggests that MCT1 and PfFNT attract lactate anions and act as co-transporters for
lactate anions and protons. This is a clear indication that PfFNT, despite exhibiting an aquaporin-like
fold, has secondary active transporter-like properties.

3.4. Relating Transport to the True Transmembrane Proton Gradient and Physiological Relevance

The above uptake measurements were carried out using defined extracellular buffer pH conditions,
yet without knowledge of the cytosolic pH. However, the ratio of the external and internal proton
concentration, [H* ]ex/[H* Jin, defines the true transmembrane gradient. To determine the cytosolic yeast
pH, we employed a fluorescence method based on pH sensitive carboxyfluorescein [21]. The probe can
be used in the range from pH 4 to 7 to determine the fluorescence intensity ratio at Aemy = 525 nm after
excitation, at Aex = 495 nm and Aex = 435 nm (Figure 6a). When applied to yeast cells, we generally
found a slightly acidic cytosolic pH, which is probably due to adaptation to the acidic culture conditions.
When we shifted the cells from the growth media (pH 5.6) to an external buffer of pH 6.8, we still
determined a cytosolic pH of 6.0 (Figure 6b). The cytosolic pH dropped to pH 5.2 with increasing
acidity of the external buffer. The resulting [H* Jex/[H* ]i, ratios that we derived from the measurements
are shown in Table 1.
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Figure 6. Determination of true transmembrane proton gradients and effect of lactate uptake on yeast
growth. (a) Calibration of the fluorescence intensity ratio to pH. (b) Determination of the yeast cytosolic
pH adaptation in response to the external buffer pH. (c) Dependence of the lactate/lactic acid uptake
capacity on the true transmembrane proton gradient (pH range 6.8 to 4.8). (d) Lactate dependent yeast
growth (1:10 serial dilutions on agar plates) facilitated by PfFNT, MCT1, and AQP9.

Table 1. Yeast transmembrane proton gradients at various external pH conditions.

PHex [H* Jex (uM) PHin [H*Jin (uM) [H* Jex/[H" Iin
6.8 0.16 6.0 1.00 0.16
5.8 1.58 5.4 3.98 0.40
4.8 15.58 5.3 5.01 3.11

Eventually, we plotted the capacity values obtained with AQP9, MCT1, and PfENT (Figures 3c, 4c
and 5c) against the true transmembrane proton gradient (Figure 6¢). In this display, AQP9 linearly
followed the transmembrane gradient indicating uptake of neutral lactic acid strictly according to the
chemical protonation equilibrium. MCT1 and PfFNT, in turn, exhibited enhanced uptake even at low
external proton concentrations, which is typical for proton-driven, secondary active transport.

Finally, we asked whether cell viability depended on the observed lactate-facilitating properties of
AQP9, PfENT, and MCT1. Therefore, we monitored the growth of yeast on agar media containing lactate
as the sole carbon source to test which protein is capable of facilitating physiologically meaningful
transmembrane lactate uptake. Just as the background control (—-), AQP9 was unable to sustain
lactate dependent growth in the tested pH range (Figure 6d). At the most neutral pH 6.8 condition,
only MCT1 promoted cell growth above the background. The observed higher transport capacity of
PfENT at pH 5.8 over MCT1 (see Figure 6c) accordingly resulted in increased yeast growth with PfENT
under these pH conditions (Figure 6d).

4. Discussion

AQP9, PfFNT, and MCT1 facilitate a net transport of electroneutral lactic acid across the plasma
membrane. The acidity of lactic acid though being relatively weak (pK; 3.8) still leads to strong
dissociation at buffered physiological pH conditions, leaving undissociated lactic acid concentrations
in the per mille range: log([HA]/[AT]) = pK. — pH (Henderson-Hasselbalch) [27,28]. Therefore,
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proteins that take neutral lactic acid as a transport substrate act rather inefficiently due to the low
concentration of available substrate.

AQP9 represents the class of neutral solute facilitators with a simple substrate selection mechanism
by size-exclusion (Figure 7, left) [29,30]. The AQP channel interior excludes the passage of charged
molecules and the protein lacks mechanisms to compensate for the energetic cost of stripping off
a charged substrate’s hydration shell [31,32]. As a result, acidic pH conditions typically below
the physiological range are required to increase the proportion of free lactic acid and to promote
transmembrane permeation. AQP9 in particular as well as certain aquaporins, e.g., from Lactobacillus
species carry clusters of positively charged amino acid residues at the protein surface, that appear to
attract anions incl. lactate and, thus, slightly increase the concomitant local concentration of lactic
acid [10,33].
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Figure 7. Substrate acquisition and transmembrane transfer at the protomer level of AQPs (neutral

solutes), FNTs (substrate anion attraction and protonation due to dielectric environment), and MCTs
(alternating access secondary active co-transport of substrate and proton).

In order to be efficient at physiological, i.e., low proton, pH conditions, an apparent solution for a
channel/transporter would be to take the predominant lactate anion as a substrate. However, this would
lead to problems in either transport direction. Uptake of lactate anions into the cytosol would be
limited to the single-digit percent range by the negative membrane potential: In([A™]ex/[A ]in) = —AY
F/R T (Gibbs-Donnan equilibrium; Ay, membrane potential; F, Faraday constant; R, gas constant; T,
absolute temperature) [34]. The release of lactate anions from the cell, in turn, would leave the protons
behind and lead to rapid acidification the cytosolic pH. FNTs and MCTs, thus, have evolved ways to
attract lactate anions as well as neutralizing protons for co-transport in the import as well as export
direction [7,26].

FNTs are symmetrical with respect to the plane of the membrane and carry a conserved lysine
residue in either vestibule leading to a hydrophobic center of the transport path (Figure 7) [35].
We favor a transport model in which lactate anions are electrostatically attracted by the positively
charged lysine [8]. Upon entering the vestibule, the substrate encounters an increasingly less polar
dielectric environment. At a certain point down the “dielectric slide” [9] a proton, likely from the
aqueous bulk solution, will be transferred to the lactate anion for neutralization. The formed neutral
lactic acid passes—after an aquaporin-like size-exclusion checkpoint [16]—the hydrophobic protein
core and is released at the trans-side of the membrane. Previous electrophysiological measurements
showed that some monocarboxylate anions pass the FNT when the availability of protons is limited
(pH > 6) [1]. MCTs appear more specialized for the task as they bind lactate anions at a dedicated
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substrate binding site [11] at one order of magnitude higher affinity than FNTs [36,37]. Additionally,
the proton co-substrate is bound. However, the actual proton binding site and transfer mechanisms
are not known, yet [11]. Subsequently, MCTs undergo a major conformational change (Figure 7, right)
that closes the cis-side and opens up the trans-side, where lactate and the proton are released [11,12].

The major difference in mechanism between the structure-related AQPs and FNTs is the relocation
of the lactate-proton-transfer site into the protein environment. This way, the FNTs make use of
the much larger pool of lactate, which increases the efficiency of transport by orders of magnitude
and renders it physiologically meaningful. Earlier, we identified a similar principle in a natural
AQP-enzyme fusion that confers arsenite resistance in certain seawater bacteria [38]. While AQPs act as
lactic acid channels, the FNTs functionally represent lactate/H* co-transporters that are comparable in
efficiency to the MCTs. Evolutionary, the FNT-type of monocarboxylate transport remained restricted
to microbes [39-41], whereas the alternating-access mechanism of the MCTs with a more specific
substrate binding site certainly constitutes a more modern principle.

In conclusion, with the identification of FNTs that were clearly derived from channel proteins
yet adapted secondary active transport properties by generating simple enzymatic reaction chambers
in the vestibules, we propose that the term “transporter” should be based on function rather than
structure, and the FNTs should be fully endorsed.

Author Contributions: Conceptualization, E.B.; methodology, A.B.; validation, E.B., and A.B.; formal analysis,
E.B. and A.B.; investigation, A.B.; resources, E.B.; data curation, A.B.; writing—original draft preparation, A.B.;
writing—review and editing, E.B.; visualization, A.B. and E.B.; supervision, E.B.; project administration, E.B.;
funding acquisition, E.B. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the European Commission, grant number 860592—PROTON. The APC
was funded by European Commission, grant number 860592—PROTON.

Acknowledgments: We thank M. Casal for providing the W303-1A jenlA ady2A yeast strain, A. Kopnick for the
MCT1 construct, and A. Fuchs and B. Henke for excellent technical assistance.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1. Li, W.; Du, J.; Schwarzer, N.J.; Gerbig-Smentek, E.; Einsle, O.; Andrade, S.L. The formate channel FocA
exports the products of mixed-acid fermentation. Proc. Natl. Acad. Sci. USA 2012, 109, 13254-13259.
[CrossRef]

2. Bricker, D.K; Taylor, E.B.; Schell, J.C.; Orsak, T.; Boutron, A.; Chen, Y.C,; Cox, ]J.E.; Cardon, C.M.; Van
Vranken, J.G.; Dephoure, N.; et al. A mitochondrial pyruvate carrier required for pyruvate uptake in yeast,
Drosophila, and humans. Science 2012, 6, 96-100. [CrossRef] [PubMed]

3. Schurr, A.; West, C.; Rigor, B. Lactate-supported synaptic function in the rat hippocampal slice preparation.
Science 1988, 240, 1326-1328. [CrossRef]

4. Pellerin, L.; Magistretti, PJ. Glutamate uptake into astrocytes stimulates aerobic glycolysis: A mechanism
coupling neuronal activity to glucose utilization. Proc. Natl. Acad. Sci. USA 1994, 91, 10625-10629. [CrossRef]
[PubMed]

5. Warburg, O.; Wind, F.; Negelein, E. The metabolism of tumors in the body. . Gen. Physiol. 1927, 8, 519-530.
[CrossRef]

6. Poole, R.C; Halestrap, A.P. Transport of lactate and other monocarboxylates across mammalian plasma
membranes. Am. J. Physiol. 1993, 264, C761-C782. [CrossRef] [PubMed]

7. Wu, B.; Rambow, J.; Bock, S.; Holm-Bertelsen, J.; Wiechert, M.; Soares, A.B.; Spielmann, T.; Beitz, E. Identity
of a Plasmodium lactate/H* symporter structurally unrelated to human transporters. Nat. Commun. 2015, 6,
6284. [CrossRef]

8. Wiechert, M.; Beitz, E. Mechanism of formate-nitrite transporters by dielectric shift of substrate acidity.
EMBO J. 2017, 36, 949-958. [CrossRef]


http://dx.doi.org/10.1073/pnas.1204201109
http://dx.doi.org/10.1126/science.1218099
http://www.ncbi.nlm.nih.gov/pubmed/22628558
http://dx.doi.org/10.1126/science.3375817
http://dx.doi.org/10.1073/pnas.91.22.10625
http://www.ncbi.nlm.nih.gov/pubmed/7938003
http://dx.doi.org/10.1085/jgp.8.6.519
http://dx.doi.org/10.1152/ajpcell.1993.264.4.C761
http://www.ncbi.nlm.nih.gov/pubmed/8476015
http://dx.doi.org/10.1038/ncomms7284
http://dx.doi.org/10.15252/embj.201695776

Membranes 2020, 10, 236 11 of 12

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Wiechert, M.; Beitz, E. Formate-nitrite transporters: Monoacids ride the dielectric slide. Channels 2017, 11,
365-367. [CrossRef]

Rothert, M.; Ronfeldt, D.; Beitz, E. Electrostatic attraction of weak monoacid anions increases probability for
protonation and passage through aquaporins. J. Biol. Chem. 2017, 292, 9358-9364. [CrossRef]

Bosshart, P.D.; Kalbermatter, D.; Bonetti, S.; Fotiadis, D. Mechanistic basis of L-lactate transport in the SLC16
solute carrier family. Nat. Commun. 2019, 10, 2649. [CrossRef] [PubMed]

Zhang, B.; Jin, Q.; Xu, L.; Li, N.; Meng, Y.; Chang, S.; Zheng, X.; Wang, J.; Chen, Y.; Neculai, D.; et al.
Cooperative transport mechanism of human monocarboxylate transporter 2. Nat. Commun. 2020, 11, 2429.
[CrossRef] [PubMed]

Golldack, A.; Henke, B.; Bergmann, B.; Wiechert, M.; Erler, H.; Blancke Soares, A.; Spielmann, T.; Beitz, E.
Substrate-analogous inhibitors exert antimalarial action by targeting the Plasmodium lactate transporter
PfFNT at nanomolar scale. PLoS Pathog. 2017, 13, €1006172. [CrossRef]

Wang, Y.; Huang, Y.; Wang, ].; Cheng, C.; Huang, W.; Lu, P.; Xu, Y.-N.; Wang, P.; Yan, N.; Shi, Y. Structure
of the formate transporter FocA reveals a pentameric aquaporin-like channel. Nature 2009, 462, 467-472.
[CrossRef]

Lv, X.; Liu, H,; Ke, M.; Gong, H. Exploring the pH-dependent substrate transport mechanism of FocA using
molecular dynamics simulation. Biophys. J. 2013, 105, 2714-2723. [CrossRef] [PubMed]

Wiechert, M.; Erler, H.; Golldack, A.; Beitz, E. A widened substrate selectivity filter of eukaryotic
formate-nitrite transporters enables high-level lactate conductance. FEBS . 2017, 284, 2663-2673. [CrossRef]
[PubMed]

Atkovska, K.; Hub, J.S. Energetics and mechanism of anion permeation across formate-nitrite transporters.
Sci. Rep. 2017, 7,499. [CrossRef]

Jardetzky, O. Simple allosteric model for membrane pumps. Nature 1966, 211, 969-970. [CrossRef]
Soares-Silva, I.; Paiva, S.; Diallinas, G.; Casal, M. The conserved sequence NXX[S/TJHX[S/TIQDXXXT of the
lactate/pyruvate: H* symporter subfamily defines the function of the substrate translocation pathway. Mol.
Membr. Biol. 2009, 24, 464-474. [CrossRef]

Gietz, R.D.; Schiestl, R.H. High-efficiency yeast transformation using the LiAc/SS carrier DNA/PEG method.
Nat. Protoc. 2007, 2, 31-34. [CrossRef]

Bracey, D.; Holyoak, C.D.; Nebe-von Caron, G.; Coote, PJ. Determination of the intracellular pH (pH;) of
growing cells of Saccharomyces cerevisiae: The effect of reduced-expression of the membrane H*-ATPase.
J. Microbiol. Methods 1998, 31, 113-125. [CrossRef]

Guiard, B. Structure, expression and regulation of a nuclear gene encoding a mitochondrial protein: The yeast
L(+)-lactate cytochrome C oxidoreductase (cytochrome b2). EMBO J. 1985, 4, 3265-3272. [CrossRef] [PubMed]
Krupka, R M.; Devés, R. An experimental test for cyclic versus linear transport models. The mechanisms of
glucose and choline transport in erythrocytes. J. Biol. Chem. 1981, 256, 5410-5416. [PubMed]

Tsukaguchi, H.; Shayakul, C.; Berger, U.V.; Mackenzie, B.; Devidas, S.; Guggino, W.B.; van Hoek, A.N.;
Hediger, M.A. Molecular characterization of a broad selectivity neutral solute channel. J. Biol. Chem. 1998,
273,24737-24743. [CrossRef]

Wu, B.; Beitz, E. Aquaporins with selectivity for unconventional permeants. Cell. Mol. Life Sci. 2007, 64,
2413-2421. [CrossRef]

Halestrap, A.P. The SLC16 gene family—Structure, role and regulation in health and disease. Mol. Aspects
Med. 2013, 34, 337-349. [CrossRef]

Henderson, L.J. Concerning the relationship between the strength of acids and their capacity to preserve
neutrality. Am. . Physiol. 1908, 21, 173-179. [CrossRef]

Hasselbalch, K.A. Die Berechnung der Wasserstoffzahl des Blutes aus der freien und gebundenen Kohlensaure
desselben, und die Sauerstoffbindung des Blutes als Funktion der Wasserstoffzahl. Biochem. Z. 1917, 78,
112-144.

Fu, D.; Libson, A.; Miercke, L.J.; Weitzman, C.; Nollert, P,; Krucinski, J.; Stroud, R.M. Structure of a
glycerol-conducting channel and the basis for its selectivity. Scienice 2000, 290, 481-486. [CrossRef]

Beitz, E.; Wu, B.; Holm, L.M.; Schultz, J.E.; Zeuthen, T. Point mutations in the aromatic/arginine region in
aquaporin 1 allow passage of urea, glycerol, ammonia, and protons. Proc. Natl. Acad. Sci. USA 2006, 103,
269-274. [CrossRef]


http://dx.doi.org/10.1080/19336950.2017.1329999
http://dx.doi.org/10.1074/jbc.M117.782516
http://dx.doi.org/10.1038/s41467-019-10566-6
http://www.ncbi.nlm.nih.gov/pubmed/31201333
http://dx.doi.org/10.1038/s41467-020-16334-1
http://www.ncbi.nlm.nih.gov/pubmed/32415067
http://dx.doi.org/10.1371/journal.ppat.1006172
http://dx.doi.org/10.1038/nature08610
http://dx.doi.org/10.1016/j.bpj.2013.11.006
http://www.ncbi.nlm.nih.gov/pubmed/24359743
http://dx.doi.org/10.1111/febs.14117
http://www.ncbi.nlm.nih.gov/pubmed/28544379
http://dx.doi.org/10.1038/s41598-017-11437-0
http://dx.doi.org/10.1038/211969a0
http://dx.doi.org/10.1080/09687680701342669
http://dx.doi.org/10.1038/nprot.2007.13
http://dx.doi.org/10.1016/S0167-7012(97)00095-X
http://dx.doi.org/10.1002/j.1460-2075.1985.tb04076.x
http://www.ncbi.nlm.nih.gov/pubmed/3004948
http://www.ncbi.nlm.nih.gov/pubmed/7240146
http://dx.doi.org/10.1074/jbc.273.38.24737
http://dx.doi.org/10.1007/s00018-007-7163-2
http://dx.doi.org/10.1016/j.mam.2012.05.003
http://dx.doi.org/10.1152/ajplegacy.1908.21.2.173
http://dx.doi.org/10.1126/science.290.5491.481
http://dx.doi.org/10.1073/pnas.0507225103

Membranes 2020, 10, 236 12 of 12

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

de Groot, B.L.; Grubmiiller, H. The dynamics and energetics of water permeation and proton exclusion in
aquaporins. Curr. Opin. Struct. Biol. 2005, 15, 176-183. [CrossRef] [PubMed]

Hub, ].S.; de Groot, B.L. Mechanism of selectivity in aquaporins and aquaglyceroporins. Proc. Natl. Acad.
Sci. USA 2008, 105, 1198-1203. [CrossRef]

Bienert, G.P.; Desguin, B.; Chaumont, F,; Hols, P. Channel-mediated lactic acid transport: A novel function
for aquaglyceroporins in bacteria. Biochem. J. 2013, 454, 559-570. [CrossRef] [PubMed]

Donnan, F.G. The theory of membrane equilibrium and membrane potential in the presence of a non-dialyzable
electrolyte. A contribution to physical-chemical physiology. Zeitschrift fiir Elektrochemie und Angewandte
Physikalische Chemie 1911, 17, 572-581.

Czyzewski, B.K.; Wang, D.N. Identification and characterization of a bacterial hydrosulphide ion channel.
Nature 2012, 483, 494-497. [CrossRef]

Broer, S.; Broer, A.; Schneider, H.-P.; Stegen, C.; Halestrap, A.P.; Deitmer, J.W. Characterization of the
high-affinity monocarboxylate transporter MCT2 in Xenopus laevis oocytes. Biochem. J. 1999, 341, 529-535.
[CrossRef]

Dimmer, K.-S.; Friedrich, B.; Lang, F.; Deitmer, ].W.; Broer, S. The low-affinity monocarboxylate transporter
MCT4 is adapted to the export of lactate in highly glycolytic cells. Biochem. J. 2000, 350, 219-227. [CrossRef]
Wu, B.; Song, J.; Beitz, E. Novel channel-enzyme fusion proteins confer arsenate resistance. J. Biol. Chem.
2010, 285, 40081-40087. [CrossRef]

Marchetti, R.V.; Lehane, A.M.; Shafik, S.H.; Winterberg, M.; Martin, R.E.; Kirk, K. A lactate and formate
transporter in the intraerythrocytic malaria parasite, Plasmodium falciparum. Nat. Commun. 2015, 6, 6721.
[CrossRef]

Erler, H,; Ren, B.; Gupta, N.; Beitz, E. The intracellular parasite Toxoplasma gondii harbors three druggable
FNT-type formate and L-lactate transporters in the plasma membrane. J. Biol. Chem. 2018, 293, 17622-17630.
[CrossRef]

Helmstetter, F,; Arnold, P; Hoger, B.; Petersen, L.M.; Beitz, E. Formate-nitrite transporters carrying
nonprotonatable amide amino acids instead of a central histidine maintain pH-dependent transport. J. Biol.
Chem. 2019, 294, 623-631. [CrossRef] [PubMed]

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.sbi.2005.02.003
http://www.ncbi.nlm.nih.gov/pubmed/15837176
http://dx.doi.org/10.1073/pnas.0707662104
http://dx.doi.org/10.1042/BJ20130388
http://www.ncbi.nlm.nih.gov/pubmed/23799297
http://dx.doi.org/10.1038/nature10881
http://dx.doi.org/10.1042/bj3410529
http://dx.doi.org/10.1042/bj3500219
http://dx.doi.org/10.1074/jbc.M110.184457
http://dx.doi.org/10.1038/ncomms7721
http://dx.doi.org/10.1074/jbc.RA118.003801
http://dx.doi.org/10.1074/jbc.RA118.006340
http://www.ncbi.nlm.nih.gov/pubmed/30455351
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Expression Plasmids, Yeast Transformation and Culture 
	Isolation of Membrane Proteins and Western Blot 
	l-lactate Uptake Assay 
	Determination of the Cytosolic pH in Yeast 

	Results 
	AQP9 Facilitates Uptake of Neutral Lactic Acid Following the Substrate Protonation Equilibrium 
	MCT1 Transports Lactate at Neutral pH and Actively Uses the Transmembrane Proton Gradient 
	Lactate Uptake via PfFNT is Secondary Active Transporter-Like 
	Relating Transport to the True Transmembrane Proton Gradient and Physiological Relevance 

	Discussion 
	References

