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Abstract
Human monocarboxylate transporters (hMCTs/SLC16As) mediate the transport of monocarboxylic compounds across plasma 
membranes. Among the hMCTs, hMCT1 and hMCT4 are expressed in various tissues, and transport substrates involved 
in energy metabolism. Both transporters mediate l-lactate transport, but, although hMCT1 also transports l-5-oxoproline 
(l-OPro), this compound is minimally transported by hMCT4. Thus, we were interested in the molecular mechanism respon-
sible for the difference in substrate specificity between hMCT1 and hMCT4. Therefore, we generated 3D structure models 
of hMCT1 and hMCT4 to identify amino acid residues involved in the substrate specificity of these transporters. We found 
that the substrate specificity of hMCT1 was regulated by residues involved in turnover number (M69) and substrate affinity 
(F367), and these residues were responsible for recognizing (directly or indirectly) the –NH– moiety of l-OPro. Further-
more, our homology model of hMCT1 predicted that M69 and F367 participate in hydrophobic interactions with another 
region of hMCT1, emphasizing its potentially important role in the binding and translocation cycle of l-OPro. Mutagenesis 
experiments supported this model, showing that efficient l-OPro transport required a hydrophobic, long linear structure at 
position 69 and a hydrophobic, γ-branched structure at position 367. Our work demonstrated that the amino acid residues, 
M69 and F367, are key molecular elements for the transport of l-OPro by hMCT1. These two residues may be involved in 
substrate recognition and/or substrate-induced conformational changes.
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Abbreviations
hMCTs	� Human monocarboxylate transporters
MFS	� Major facilitator superfamily

l-OPro	� l-5-oxoproline
TM	� Transmembrane domain
HMM	� Hidden Markov model
CPC	� Cyclopentanecarboxylate
l-OCPC	� (R)-3-Oxocyclopentanecarboxylate

Introduction

Human monocarboxylate transporters (hMCTs/SLC16As) 
are transport proteins of the major facilitator superfamily 
(MFS), and they mediate the absorption and distribution of 
monocarboxylic compounds across the plasma membrane in 
various tissues [1]. Among the hMCTs, hMCT1 and hMCT4 
are responsible for the pH-related transport of l-lactate, a 
common substrate in both normal and cancer cells [1–5]. 
To facilitate investigations of the physiological roles of 
hMCT1 and hMCT4, selective substrates and inhibitors of 
each transporter have been developed. In the previous stud-
ies, several monocarboxylate derivatives have been created 
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as selective inhibitors of human or rodent MCT1 [6–10]. Our 
recent studies demonstrate that l-5-oxoproline (l-OPro) is a 
selective hMCT1 substrate [11]. l-OPro is an intermediate 
metabolite in the glutathione cycle. In this cycle, the glu-
tathione formed is degraded by γ-glutamyl cyclotransferase 
to yield l-OPro and cysteinyl glycine [12]. The physiologi-
cal role of l-OPro as an analog or a reservoir of glutamate, 
or an osmoprotectant has been discussed in a recent study 
[13]. Moreover, several studies have shown that the serum 
concentration of l-OPro may serve as a biomarker for sev-
eral diseases [14–16]. In addition, Thiesen et al. [17] showed 
that 3-hydroxycyclopent-1-enecarboxylic acid (HOCPCA; 
γ-hydroxybutyric acid analog) is a selective substrate for 
rat MCT1/2. Although our recent research has identified 
bindarit (2-[(1-benzyl-1H-indazol-3-yl)methoxy]-2-meth-
ylpropanoic acid) as a non-competitive, selective inhibitor 
of hMCT4 [18], a specific substrate for hMCT4 has not yet 
been identified. Thus, we were interested in the molecular 
mechanism responsible for the substrate specificity differ-
ence between hMCT1 and hMCT4.

Our previous studies showed that the intracellular loop 3 
(TM6/7loop) of hMCT1 and hMCT4 contribute to the sub-
strate affinity of the transporters, whereas their substrate spec-
ificity depends on other domains [5]. It has been reported that 
K142 and R143 residues in cytoplasmic loop 2 (TM4/5loop) 
are involved in the stereoselectivity of rat MCT1 [19]. Moreo-
ver, substrate specificity is affected by specific residues in 
transmembrane domain 10 (TM10). It is known that the 
F360C mutant of rodent MCT1 allows mevalonate to be trans-
ported [20, 21]. The most effective way to identify the resi-
dues involved in substrate specificity is to determine the co-
crystal structures of transporters with their substrates [22–28]. 
However, the crystal structures of hMCT1 and hMCT4 are 
currently not available. In such cases, the homology modeling 
technique is valuable for predicting 3D structures of proteins. 
Nancolas et al. [29] recently generated molecular models of rat 
MCT1 to identify key binding site residues for AR-C155858, 
a selective inhibitor of rat MCT1/2. They also showed that the 
residues near R306, which is an essential residue for transport 
in TM8, are not always conserved between rat MCT1 and 
MCT4. Furthermore, as predicted by an hMCT8 homology 
model, the substrate specificity of hMCT8 and hMCT10, in 
substrate translocation pathways, is altered by the 2–3 amino 
acid differences between the two proteins [30]. In addition, 
several studies have also identified differences in the substrate 
specificity of transport proteins using the homology modeling 
technique [31–34]. Based on these studies, we speculated that 
the substrate specificity of hMCT1 and hMCT4 is regulated 
by amino acid residues involved in substrate translocation 
pathways. Therefore, we generated 3D structure models of 
hMCT1 and hMCT4 to identify amino acid residues involved 
in the substrate specificity of these transporters.

Materials and methods

Materials

Sodium l-[14C]lactate was purchased from PerkinElmer 
(Waltham, MA, USA). l-5-[3H]Oxoproline ([3H]pyroglu-
tamic acid) was purchased from Moravek (Brea, CA, USA). 
Sodium l-lactate was purchased from Sigma-Aldrich (St. 
Louis, MO, USA). Cyclopentanecarboxylic acid and l-OPro 
(l-pyroglutamic acid) were purchased from Tokyo Chemical 
Industry (Tokyo, Japan). (R)-3-Oxocyclopentanecarboxylic 
acid was purchased from AstaTech (Bristol, PA, USA). All 
nucleotide primers were synthesized by Eurofins Genom-
ics (Tokyo, Japan). Xenopus laevis frogs were purchased 
from Hokudo (Sapporo, Hokkaido, Japan). This study was 
approved by the National University Corporation Hokkaido 
University Animal Experimentation Committee. All com-
pounds were of the highest purity available.

Plasmids and site‑directed mutagenesis

pGH19-hMCT1 and pGH19-hMCT4 plasmids were 
obtained as described previously [35]. hMCT1 and hMCT4 
mutants were generated using the QuikChange site-directed 
mutagenesis protocol (Agilent Technologies, Santa Clara, 
CA, USA). Sequences of the primers used for site-directed 
mutagenesis are provided in Table S1. All mutations were 
confirmed by DNA sequencing, which was performed by 
Hokkaido System Science (Sapporo, Hokkaido, Japan).

Expression of cRNA in Xenopus oocytes 
and immunohistochemistry

Oocyte preparation, in vitro transcription, and cRNA micro-
injection were performed as outlined elsewhere [35]. Water-
injected oocytes were used as negative controls. Immunohis-
tochemical analysis was performed as described elsewhere, 
with some modifications [4]. Oocytes were stained with a 
mouse anti-hMCT1 antibody (sc-365501; Santa Cruz Bio-
technology, Dallas, TX, USA), which recognizes the intra-
cellular loop 3 of hMCT1, or a rabbit anti-hMCT4 antibody 
(22787-1-AP; Proteintech Group, Rosemont, IL, USA), 
which recognizes the C-terminal cytoplasmic domain of 
hMCT4. The prepared oocytes were monitored under an 
FV10i confocal laser scanning microscope (Olympus Cor-
poration, Tokyo, Japan).

Substrate transport assays

l-[14C]lactate (1 μM; 0.14 µCi/mL) or l-5-[3H]oxoproline 
(0.2 μM; 0.5 µCi/mL) uptake by oocytes was measured as 
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detailed previously [5, 18]. In brief, oocytes were placed 
on 24-well plates and were incubated at 25 °C in a standard 
buffer (100 mM NaCl, 2 mM KCl, 1 mM MgCl2, 1 mM 
CaCl2, and 10 mM 2-morpholinoethanesulfonic acid, pH 
5.5), containing the radiotracers. The incubation time point 
(l-[14C]lactate, 10 min; l-[3H]Opro, 15 min) was chosen in 
the linear portion of the time-course curve, as determined in 
our previous work [4, 11, 35].

Sequence alignment

Multiple protein sequence alignments were performed 
between vertebrate MCT1 (human, NP_001159968; 
rat, NP_036848; chicken, NP_001006323; green anole, 
XP_003220493; western clawed frog, NP_001015931; 
zebrafish, NP_001243569 [MCT1a] and NP_956379 
[MCT1b]) and MCT4 (human, NP_001035887; 
rat, NP_110461; chicken, NP_989994; green anole, 
XP_008102768; western clawed frog, NP_001007912; 
zebrafish, NP_997873). Alignment were generated using 
Clustal Omega (https​://www.ebi.ac.uk/Tools​/msa/clust​alo/) 
using default parameters [36] and were visualized using 
GeneDoc [37].

Homology modeling and domain analysis

3D structure models of hMCT1 and hMCT4 were gener-
ated by performing homology modeling using the Phyre2 
server (http://www.sbg.bio.ic.ac.uk/phyre​2/html/page.
cgi?id=index​) [38]. The amino acid sequences of hMCT1 
and hMCT4 were submitted to the Phyre2 server for mod-
eling in the “intensive mode”. Detailed information about 
the entire homology modeling procedure has been described 
previously [38]. In brief, initially, the protein sequences 
were scanned with HHblits method [39] against a protein 
sequence database, where no pair of sequences exhib-
ited > 20% identity. The resulting multiple-sequence align-
ment was utilized for the prediction of secondary structure 
with PSI-BLAST-based secondary structure prediction 
[40]. The results from the alignment and secondary struc-
ture prediction were combined into a query hidden Markov 
model (HMM). This query HMM was then scanned against 
a database containing HMMs of known protein struc-
tures (HHsearch) [41]. The top-scoring alignments from 
HHsearch were used to construct crude backbone-only 
models. The insertions and deletions in these models were 
handled using a library of fragments of lengths ranging 2–15 
amino acids obtained from known protein structures. Fur-
thermore, multi-template modeling was carried out using 
Poing [42], a simplified protein-folding simulator, to create 
a complete model of the query protein even when differ-
ent regions or domains are modeled by separate templates, 
or when there are no templates at all (ab initio modeling). 

Finally, the amino acid side chains were added to the back-
bone using the R3 protocol [43] to generate the final Phyre2 
model. During the modeling process, six templates (MFS 
transporters) were selected to model each protein, based 
on heuristics to maximize confidence levels, percentage 
identity, and alignment coverage (Fig. S1). PDB accession 
numbers 1PW4 (inward open) [44], 4IU8 (inward-facing 
occluded) [27], 4LDS (inward open) [45], 3WDO (outward 
open) [46], 4CL5 (inward open) [24], and 4J05 (inward-
facing occluded) [26] were used for the hMCT1 model and 
1PW4 (inward open) [44], 3WDO (outward open) [46], 4IU8 
(inward-facing occluded) [27], 4CL5 (inward open) [24], 
4ZP0 (inward open) [23], and 4J05 (inward-facing occluded) 
[26] were used for the hMCT4 model. The energy minimi-
zation of the final Phyre2 models was performed using the 
3Drefine server (http://sysbi​o.rnet.misso​uri.edu/3Dref​ine/) 
[47]. The 3Drefine server performs protein structure refine-
ment by making use of iterative optimization of hydrogen 
bonding network associated with atomic-level energy mini-
mization on the optimized model by employing composite 
physics and knowledge-based force fields. Ramachandran 
plot analysis using RAMPAGE (http://mordr​ed.bioc.cam.
ac.uk/~rappe​r/rampa​ge.php) was performed to predict the 
stereochemical quality of the homology models [48]. The 
Conserved Domain Database (https​://www.ncbi.nlm.nih.
gov/cdd/) was searched for putative substrate translocation 
pore domains of MFS proteins (PSSM-ID: 119392), using 
CD search (https​://www.ncbi.nlm.nih.gov/Struc​ture/cdd/
wrpsb​.cgi) [49, 50]. We performed the multiple structure 
alignment for the models of hMCT1 and hMCT4 using 
Matt [51]. The models were visualized and analyzed using 
PyMOL 2.1.0 (Schrödinger, New York, NY, USA).

Molecular docking analysis

The 3D structures of l-lactate and l-OPro were obtained 
from the PubChem database (https​://pubch​em.ncbi.nlm.
nih.gov/) [52]: PubChem CIDs 107689 (l-lactate) and 7405 
(l-OPro). The energy minimization of each ligand was per-
formed with UCSF Chimera 1.13.1 [53] using the follow-
ing set of parameters: 1000 steepest descent steps with step 
size 0.02 Å and 1000 conjugate gradient steps with step 
size 0.02 Å. Furthermore, the hydrogen atoms and charges 
were added into the ligand structures as well as the energy-
minimized hMCT1 model using the Dock Prep function 
in UCSF Chimera 1.13.1 with default parameters [54, 55]. 
Molecular docking analysis was carried out using the soft-
ware AutoDock Vina [56]. The grid box parameters were set 
with center (X = 34, Y = 17, and Z = − 35) and size (X = 29, 
Y = 13, and Z = 18), and were large enough to cover M69, 
R313, and F367 residues. The default settings were used for 
all other parameters. All the ligands were docked separately 
against hMCT1 model. The top nine conformations of the 
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http://sysbio.rnet.missouri.edu/3Drefine/
http://mordred.bioc.cam.ac.uk/%7erapper/rampage.php
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generated docked complexes were selected after evaluating 
the binding free energy of each conformation.

Data analysis

To determine inhibition constants (Ki), the data were fitted 
to a two-parameter hyperbolic decay equation using Sigma-
Plot 14 (Systat Software, San Jose, CA, USA), as described 
previously [18]. Initial uptake clearances (CL = Vmax/Km) for 
l-lactate and l-OPro were determined from the ratio of the 
initial uptake rate over the substrate concentration, which is 
much less than the Km values of the substrates [4, 11, 35]. 
Because Ki = Km when an inhibitor is also transported by 
an identical mechanism to the compound designated as the 
substrate [57], turnover number (kcat) ratios of the transport-
ers were estimated from the Ki and CL values, as follows:

All experimental data are expressed as the mean ± SE. 
Structure property predictions and calculations were per-
formed using the Calculator Plugins of MarvinSketch 19.2.0 
(2019; ChemAxon, Budapest, Hungary).

Statistical analysis

Group results were compared by one-way ANOVA, followed 
by the Holm–Sidak post hoc test with multiple comparisons 

(1)
kcat,L−OPro

kcat,L−Lactate

=

CLL−OPro

CLL−Lactate

×

Ki,L−OPro

Ki,L−Lactate

.

or by unpaired t test, when appropriate. Data were analyzed 
using SigmaPlot 14, and p < 0.05 was considered statistically 
significant.

Results

Homology modeling and putative substrate 
translocation pathway of hMCT1 and hMCT4

Our previous reports have shown that l-OPro is a selective 
hMCT1 substrate that has inhibitory effects on hMCT1 (at 
10 mM), but not on hMCT4 [11, 18]. To investigate the 
inhibitory properties of l-OPro on hMCT1 and hMCT4, we 
performed a dose–response experiment using l-OPro con-
centrations ranging from 0 to 100 mM (Fig. 1a). l-OPro 
inhibited hMCT1 with a Ki value of 5.9 ± 0.7 mM. However, 
no inhibitory effect was observed on hMCT4, even at the 
highest concentration tested (100 mM). These data indicated 
that l-OPro was selectively recognized by hMCT1. The 
previous reports on rat MCT1, hMCT4, and hMCT8 have 
identified an Arg residue located in TM8 that is essential 
for substrate transport [4, 21, 58]. However, the role of this 
Arg residue in hMCT1 (R313) has not been reported. Mul-
tiple protein sequence alignments of vertebrate MCT1 and 
MCT4 proteins showed that this Arg residue is conserved 
in hMCT1 (Fig. 1b). Substrate transport activity was drasti-
cally diminished in hMCT1-R313Q, but membrane protein 
expression was not affected (Fig. 1c, d), indicating that this 
Arg residue is essential for substrate transport, not only in rat 
MCT1, hMCT4, and hMCT8, but also in hMCT1.

To reconcile the observed differences in substrate speci-
ficity between hMCT1 and hMCT4, homology modeling 
and domain analysis were used to identify the differences 
in substrate translocation pathways. As reported by Quist-
gaard et al., all MFS transporters share the same structural 
fold [59]. Since hMCTs, including hMCT1 and hMCT4, are 
members of the MFS family, these transporters are antici-
pated to form similar structures to the experimentally solved 
3D structures of MFS transporters [60]. Here, we generated 
3D structure models of hMCT1 and hMCT4 using Phyre2 
[38], and the models were further energy minimized using 
3Drefine (Fig. 1e, f) [47]. Although the TM6 domain of the 
hMCT1 structure was not modeled as a complete α-helix, 
these homology models had 12 TM helices, which is typi-
cal of MFS transporters [60]. The stereochemical quality 
of the predicted models was evaluated by Ramachandran 
plot analysis using RAMPAGE (Fig. S2) [48]. This analy-
sis demonstrated that most of the residues were sterically 
allowed (95% for hMCT1; 97% for hMCT4), suggesting 
that the obtained models are of good quality. Next, we 
identified the putative substrate translocation pathways of 
hMCT1 and hMCT4, which are each comprised of 51 amino 

Fig. 1   The conserved TM8 Arg residue is required for l-lactate and 
l-OPro transport by hMCT1. a The uptake of l-[14C]lactate was mon-
itored in the presence of increasing doses of l-OPro (0–100  mM). 
The Ki value was determined using non-linear fitting, as described 
in the “Materials and methods” section. Transporter-specific uptake 
was calculated by subtracting the uptake in water-injected oocytes 
from the uptake in cRNA-injected oocytes. Values represent the 
mean ± SE from three independent experiments using a single batch 
of oocytes, each performed with 3–5 replicates. b Multiple protein 
sequence alignments were performed between vertebrate MCT1 and 
MCT4 (hsa, human; rno, rat; gga, chicken; acs, green anole; xtr, west-
ern clawed frog; dre, zebrafish). The alignments were generated using 
Clustal Omega, under default parameters and were visualized using 
GeneDoc. The conserved TM8 Arg residues of vertebrate MCT1 and 
MCT4 are marked in red. c l-[14C]Lactate and l-[3H]OPro uptake 
via hMCT1-WT and -R313Q compared to controls (water-injected 
oocytes). Values represent the mean ± SE from three independent 
experiments using a single batch of oocytes, each performed with 3–5 
replicates. d Localization of hMCT1-WT and -R313Q in the oocyte 
membrane. Oocytes were treated with antibodies against hMCT1. e, f 
3D structure models of hMCT1 (e) and hMCT4 (f) were generated by 
the homology modeling technique, and the TMs are numbered. Six 
templates were selected to model each protein: PDB accession num-
bers 1PW4, 4IU8, 4LDS, 3WDO, 4CL5, and 4J05 for the hMCT1 
model and 1PW4, 3WDO, 4IU8, 4CL5, 4ZP0, and 4J05 for the 
hMCT4 model. g Homology model of hMCT1 superimposed upon 
the model of hMCT4. The putative substrate translocation pathways 
of the transporters are shown as sticks

◂
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acid residues, based on the Conserved Domain Database 
(Figs. 1g, S3) [49, 50]. All of these residues fell within the 
favored region in the Ramachandran plot analysis (Fig. S2).

M69 and F367 in hMCT1 are key molecular 
determinants of substrate specificity

To identify the amino acid residues involved in the sub-
strate specificity of hMCT1 and hMCT4, we focused on 
non-conserved residues, which constitute the putative sub-
strate translocation pathways. As shown in Table 1 and 
Fig. S3, 20 residues were found in each of hMCT1 and 
hMCT4. We, then, performed residue substitution experi-
ments between the non-conserved residues of hMCT1 and 
hMCT4, and examined whether substrate specificity was 
altered by the mutations. We first assessed the transport 
activity of the substitution mutants of hMCT1, using l-lac-
tate and l-OPro (Fig. 2a). l-Lactate transport activity was 
significantly reduced in F274 V, L281P, and F367Y mutants, 
while l-OPro transport activity was significantly reduced in 
M69L, L281P, F367Y, and T395L mutants. We also con-
firmed membrane localization of the hMCT1 mutants using 

immunohistochemistry (Fig. S4a). Appropriate expression in 
the oocyte plasma membrane was observed for all mutants, 
except L281P, which showed decreased membrane expres-
sion. These results indicated that M69, F274, F367, and 
T395 residues are involved in substrate translocation or that 
the mutated residues interfere with this process. However, 
the L281 residue appeared to participate in protein traffick-
ing, since a proline residue at this position interfered with 
this process. To analyze changes in substrate specificity, 
normalized initial uptake clearance of l-OPro (CLl-OPro/
CLl-Lactate) was calculated (Fig. 2b). Uptake clearance was 
markedly decreased in M69L and F367Y mutants, indicating 
that M69 and F367 residues play important roles in substrate 
specificity. We next examined the substrate transport activity 
of the 20 reciprocal mutants of hMCT4 (Fig. 2c). l-Lactate 
transport activity was significantly reduced in L67M, F130L, 
Q131N, V239F, P246L, V250S, G271A, G336S, L360T, and 
A364C mutants. No l-OPro transport activity was detected 
in any of the mutants tested, including hMCT4-L71M and 
-Y332F, which are the reciprocal mutants of hMCT1-M69L 
and -F367Y, respectively. Appropriate membrane localiza-
tion was observed in all mutants, except for P246L, which 
exhibited reduced protein expression (Fig. S4b). These data 
suggested that the P246 residue and the equivalent residue 
in hMCT1, L281, are important for appropriate protein 
trafficking.

Substrate transport via multiple mutants of hMCT1 
and hMCT4

On the basis of single mutation results, we constructed mul-
tiple mutants of hMCT1 (double, M69L/F367Y; novem-
decuple, I40V/T41S/M65L/M69L/S76C/L128F/N129Q/
T133I/G136N/M151A/F274V/S285V/S298A/A306G/
F367Y/S371G/V391I/T395L/C399A) and hMCT4 (dou-
ble, L71M/Y332F; undecuple, V42I/S43T/L67M/L71M/
C78S/I135T/N138G/A153M/A263S/Y332F/I356V), and 
measured their transport activity using l-lactate and l-OPro 
(Fig. 3a). The l-lactate transport activity of hMCT1-M69L/
F367Y remained ~ 50% of wild-type (WT) levels, while the 
l-OPro transport activity almost completely disappeared. 

Table 1   Amino acid residues 
associated with putative 
substrate translocation pathways

The conserved domain database 
was searched for putative sub-
strate translocation pathways 
in hMCT1 and hMCT4, using 
CD search. Alignments were 
generated using Clustal Omega, 
under default parameters
TM transmembrane domain

hMCT1 TM hMCT4

Ile40 1 Val42
Thr41 1 Ser43
Met65 2 Leu67
Met69 2 Leu71
Ser76 2 Cys78
Leu128 4 Phe130
Asn129 4 Gln131
Thr133 4 Ile135
Gly136 4 Asn138
Met151 5 Ala153
Phe274 7 Val239
Leu281 7 Pro246
Ser285 7 Val250
Ser298 8 Ala263
Ala306 8 Gly271
Phe367 10 Tyr332
Ser371 10 Gly336
Val391 11 Ile356
Thr395 11 Leu360
Cys399 11 Ala364

Fig. 2   M69 and F367 are key molecular determinants of substrate 
specificity in hMCT1. a l-[14C]Lactate and l-[3H]OPro uptake by 
the substitution mutants of hMCT1. ap < 0.05, dp < 0.001 versus WT 
(l-lactate), and Ap < 0.05, Cp < 0.005, Dp < 0.001 versus WT (l-OPro). 
b Normalized l-OPro initial uptake clearance (CLl-OPro/CLl-Lactate) for 
the substitution mutants of hMCT1. Transporter-specific uptake was 
calculated by subtracting the uptake in water-injected oocytes from 
the uptake in cRNA-injected oocytes. ap < 0.05, cp < 0.005, dp < 0.001 
versus WT. c l-[14C]Lactate and l-[3H]OPro uptake by the substitu-
tion mutants of hMCT4. ap < 0.05; dp < 0.001 versus WT (l-lactate). 
Values represent the mean ± SE from 3 to 12 independent experi-
ments using different batches of oocytes, each performed with 3–5 
replicates
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However, the reciprocal hMCT4 double mutant (hMCT4-
L71 M/Y332F) showed almost the same l-lactate transport 
activity as hMCT4-WT, but no l-OPro transport activity. 
These results were consistent with the observations in the 
single mutation study (Fig. 2a, c). Moreover, the novem-
decuple mutant of hMCT1 and the undecuple mutant of 
hMCT4 showed no substrate transport activity (Fig. 3a). We 
then assessed protein expression levels and translocation of 
the multiple mutants to the plasma membrane (Fig. S5). Cor-
rect protein expression levels and localization were observed 
in all multiple mutants, except for the novemdecuple mutant 
of hMCT1, which showed decreased protein expression. 
These results indicated that the native residues where the 
mutations were introduced work cooperatively in regulating 
substrate transport in hMCT1 and hMCT4, since the single 
mutations, other than M69L and F367Y in hMCT1, had only 
minor effects on substrate transport activity (Fig. 2a, c). In 
addition, these native residues in hMCT1 work cooperatively 
to ensure membrane localization of the transporter, since the 
single mutations did not affect its localization (Fig. S4). We 
then examined changes in substrate specificity by calculat-
ing CLl-OPro/CLl-Lactate values (Fig. 3b). Uptake clearance 
was greatly diminished in hMCT1-M69L/F367Y, which 
is consistent with the findings in the single mutation assay 
(Fig. 2b).

Characterization of the inhibitory kinetics 
of l‑lactate transport via hMCT1 and hMCT4 
mutants

We identified the residues related to substrate specific-
ity, M69 and F367, in hMCT1 (L71 and Y332 residues in 
hMCT4). To further explore the function of these residues, 

we characterized the effect of substitution mutations on the 
inhibitory kinetics of hMCT1 and hMCT4. We first inves-
tigated the ability of l-lactate and l-OPro to inhibit l-[14C]
lactate transport by hMCT1-M69L, -F367Y, and -M69L/
F367Y (Fig. 4a–c). The M69L mutant had an approximately 
twofold increase in the Ki values for l-lactate and l-OPro, 
whereas the F367Y mutant had an approximately twofold 
increase in the Ki value for l-lactate and an approximately 
fourfold increase in the Ki value for l-OPro (Table 2). In 
addition, the M69L/F367Y double mutant had an approxi-
mately sixfold increase in the Ki value for l-lactate and an 
approximately 13-fold increase in the Ki value for l-OPro 
(Tables 2 and 3). These results indicated that M69 and F367 
residues are involved in determining the substrate affinity 
of hMCT1. We also calculated the values for normalized 
l-OPro affinity (Ki, l-OPro/Ki, l-Lactate) and normalized l-OPro 
turnover number (kcat, l-OPro/kcat, l-Lactate), as indicators of 
differences in substrate specificity between hMCT1 and its 
mutants. Although a statistical comparison of the values was 
not performed, since they are ratios of mean Ki or kcat values, 
the data indicated that the normalized affinity of l-OPro for 

Fig. 3   Substrate transport by 
the multiple mutants of hMCT1 
and hMCT4. a l-[14C]Lactate 
and l-[3H]OPro uptake by the 
multiple mutants of hMCT1 
and hMCT4. b Normalized 
l-OPro initial uptake clearance 
(CLl-OPro/CLl-Lactate) of the 
multiple mutants of hMCT1 
and hMCT4. Transporter-
specific uptake was calculated 
by subtracting the uptake in 
water-injected oocytes from 
the uptake in cRNA-injected 
oocytes. NC, not calculated; 
dp < 0.001 versus hMCT1-WT. 
Values represent the mean ± SE 
from 3 to 6 independent experi-
ments using different batches of 
oocytes, each performed with 
3–5 replicates

Fig. 4   Characterization of the inhibitory kinetics of l-lactate trans-
port by hMCT1 and hMCT4 mutants. a–e l-[14C]Lactate uptake by 
hMCT1 (a–c) and hMCT4 (d, e) mutants in the presence of  unla-
beled l-lactate (a, d) or l-OPro (b, c, e). Data are expressed as % 
of control (absence of competitor) after the subtraction of uptake into 
water-injected oocytes. Values represent the mean ± SE from three 
independent experiments, each performed with 3–5 replicates. Each 
experiment shown in the panels a–e was performed using a single 
batch of oocytes. f 3D structure models of hMCT1 with the M69 and 
F367 residues (magenta) and their neighboring residues (green). g, h 
Interactions between the key residues involved in substrate specificity 
(M69 [g] and F367 [h]) and their neighboring residues (distances in 
Å). The helices are numbered as shown in Fig. 1e
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the F367Y mutant was higher than that for WT hMCT1, 
and the normalized l-OPro turnover number for the M69L 
mutant was lower than that for WT hMCT1 (Table 2). Fur-
thermore, the normalized l-OPro affinity and turnover num-
ber for the M69L/F367Y double mutant were altered in the 
same manner as the single mutants (Table 3). These results 
suggested that the substrate specificity of hMCT1 was regu-
lated by the residues involved in turnover number (M69) 
and substrate affinity (F367). Similarly, we investigated 
the inhibitory kinetics of the reciprocal mutants of hMCT4 
(L71M, Y332F, and L71M/Y332F; Fig. 4d, e). Y332F and 
L71M/Y332F mutants had a significant, approximately 0.2-
fold, decrease in the Ki value of l-lactate, which is consistent 
with the increase in Ki value seen in the reciprocal hMCT1 
mutants (F367Y and M69L/F367Y). However, the Ki value 
of l-lactate in the L71M mutant was not significantly dif-
ferent from that in WT hMCT4 (Table 2). No inhibitory 
effect was observed with l-OPro in WT or mutant hMCT4 
(Fig. 4e), which agreed with the finding that l-OPro trans-
port activity was not observed in the mutants (Figs. 2c, 3a).  

We examined the homology model of hMCT1 to visual-
ize possible interactions between the key residues involved 
in substrate specificity (M69 and F367) and their neigh-
boring residues. The side chains of M69 and F367 were 

facing toward the putative substrate translocation path-
way (Figs. 1g, 4f), and may form hydrophobic interactions 
(≤ 4.5 Å) with other aliphatic segments of hMCT1 (Fig. 4g, 
h). The side chain of M69 in TM2 appeared to form hydro-
phobic interactions with L66 and Y70 in TM2 and with 
G123 and L124 in TM4 (Fig. 4g). Four residues (D309 in 
TM8, and F363, G364, and G368 in TM10) appeared to 
participate in hydrophobic interactions with F367 in TM10 
(Fig. 4h). The turnover changes seen in the M69L mutant 
and the substrate affinity changes seen in the F367Y mutant 
may be caused by disruption of the hydrophobic interactions 
between these residues and their neighboring residues.

The role of position 69 and 367 in the substrate 
specificity of hMCT1

To determine how the unique chemical properties of M69 
and F367 residues affect substrate transport and specific-
ity, we measured l-lactate and l-OPro uptake by a panel of 
hMCT1 mutants, with each possible amino acid substituted 
at positions 69 and 367 (M69X and F367X). The appropriate 
localization of the expressed protein to the oocyte plasma 
membrane was confirmed, except for M69P and F367P 
mutants, which showed decreased membrane expression 

Table 2   Inhibition kinetics of 
l-[14C]lactate uptake by hMCT1 
and hMCT4 mutants

The Ki values for each of the shown inhibitors were obtained from data presented in Fig.  4a, b, and d, 
and the CLl-OPro/CLl-Lactate values were taken from data presented in Fig. 2b. The Ki, l-OPro/Ki, l-Lactate and 
kcat, l-OPro/kcat, l-Lactate values were then calculated. Kinetic data were analyzed, as described in the “Materi-
als and methods” section. The presented Ki parameters represent the mean ± SE from three independent 
experiments
NC not calculated
a p < 0.01, bp < 0.005, cp < 0.001 versus WT

Ki, l-Lactate mM Ki, l-OPro mM CLl-OPro/CLl-Lactate Ki, l-OPro/Ki, l-Lactate kcat, l-OPro/kcat, l-Lactate

hMCT1 0.26 ± 0.03 5.3 ± 0.6 (0.29 ± 0.02) 21 6.0
M69L 0.54 ± 0.03 11.7 ± 1.3a (0.10 ± 0.01) 22 2.1
F367Y 0.60 ± 0.05 20.2 ± 1.4c (0.15 ± 0.02) 34 5.0
M69L/F367Y 1.6 ± 0.3c NC NC NC NC
hMCT4 1.9 ± 0.4 NC NC NC NC
L71M 1.4 ± 0.2 NC NC NC NC
Y332F 0.33 ± 0.04b NC NC NC NC
L71M/Y332F 0.27 ± 0.03b NC NC NC NC

Table 3   Inhibition kinetics 
of l-[14C]lactate uptake by 
hMCT1-M69L/F367Y

The Ki values for each of the shown inhibitors were obtained from data presented in Table 2 and Fig. 4c, 
and the CLl-OPro/CLl-Lactate values were taken from data presented in Fig. 3b. The Ki, l-OPro/Ki, l-Lactate and 
kcat, l-OPro/kcat, l-Lactate values were then calculated. Kinetic data were analyzed, as described in the “Materi-
als and methods” section. The presented Ki parameters represent the mean ± SE from three independent 
experiments
a p < 0.001 versus WT

Ki, l-Lactate mM Ki, l-OPro mM CLl-OPro/CLl-Lactate Ki, l-OPro/Ki, l-Lactate kcat, l-OPro/kcat, l-Lactate

hMCT1 (0.26 ± 0.03) 3.0 ± 0.4 (0.34 ± 0.02) 12 4.1
M69L/F367Y (1.6 ± 0.3) 39.5 ± 3.4a (0.032 ± 0.012) 24 0.76
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(Fig. S6), suggesting that these mutations may cause pro-
tein misfolding. In M69X mutants, the introduction of aro-
matic or positively charged residues resulted in the loss of 
substrate transport activity (Fig. 5a, b). In particular, the 
substitution of M69 to lysine (sterically conserved, but more 
polar than methionine) impaired substrate transport ability, 
suggesting that a hydrophobic environment at this position is 
important for substrate transport. All the remaining mutants 
transported the substrates, but the mutant CLl-OPro/CLl-Lactate 
values were significantly decreased compared to the WT 
values (Fig. 5c). These observations indicated that the long 
linear structure of a Met side chain is needed at this position 
to transport l-OPro effectively. In F367X mutants, the clear 
trend was that only large aliphatic/aromatic residues enabled 
l-lactate transport (Fig. 5d, e), albeit at levels significantly 
below those measured in the WT protein. In addition, little 
substrate transport was observed when F367 was replaced 
with the sterically similar, but basic, His residue, emphasiz-
ing the importance of a hydrophobic moiety at this position 
to transport the substrates. These results suggested that other 
large hydrophobic functional groups may be substituted for 
the benzyl group of F367 and still preserve substrate trans-
port. To examine changes in substrate specificity, CLl-OPro/
CLl-Lactate values were calculated (Fig. 5f). Uptake clearance 
was significantly decreased in all mutants, but the F367L 
mutant had a relatively small effect. These data indicated 
that a γ-branched structure is required at position 367 for 
efficient l-OPro transport.

Structure–affinity relationship of small 
monocarboxylates for hMCT1 mutants, M69L 
and F367Y

To examine the effect of M69L and F367Y mutations on the 
ligand-binding affinity of hMCT1, we evaluated its inter-
action with l-OPro analogs. We investigated the ability of 
cyclopentanecarboxylate (CPC) and (R)-3-oxocyclopentane-
carboxylate (l-OCPC) to inhibit l-[14C]lactate transport via 
M69L and F367Y mutants (Fig. 6a, b). Although these com-
pounds inhibited the transport activity of M69L and F367Y 
mutants, the Ki values of CPC and l-OCPC in the mutants 
did not significantly increase compared to those in the WT 
protein (Table 4). By comparing the Ki values of l-OCPC 
and l-OPro (Fig. 6c), the effect of replacing the nitrogen 
atom at position 1 with carbon was assessed. This replace-
ment was shown to increase ligand recognition > 8-fold in 
the M69L and F367Y mutants. These observations sug-
gested that M69 and F367 residues are responsible for rec-
ognizing (directly or indirectly) the –NH– moiety of l-OPro. 
Our in silico docking analysis revealed the potential interac-
tions between l-OPro and the residues (Fig. 6d). Notably, 
one of the l-OPro conformers showed possible interactions 
between the amide nitrogen atom on l-OPro and aromatic 

carbon atoms on F367 residue. However, the Ki values in 
hMCT1-WT, -M69L, and -F367Y were similar between 
CPC and l-OCPC (< 2-fold; Fig. 6c), suggesting that an oxo 
group in l-OCPC has minimal involvement in the interaction 
with hMCT1. In addition, by comparing the Ki values of 
CPC and l-lactate, the effect of core structure rigidification 
and the replacement of oxygen with carbon in the β-position 
were assessed. This replacement decreased ligand recog-
nition > 6.5-fold in hMCT1-WT. These data implied that 
M69 and F367 residues play a role in recognizing (directly 
or indirectly) the flexible polar structure of l-lactate. This 
suggestion was supported by the in silico simulations show-
ing possible interactions between l-lactate and the residues 
(Fig. 6e).

Discussion

Our current work focused on the identification of specific 
residues that determine the substrate specificity of hMCT1 
and hMCT4, by measuring transport activities of site-directed 
mutants. hMCT1 and hMCT4 are homologous proteins and 
are both efficient l-lactate transporters, but they differ in their 
substrate specificity. hMCT1 is capable of l-OPro transport, 
whereas hMCT4 is not. There is evidence of the importance of 
the TM4/5 loop and TM10 in determining the substrate speci-
ficity of rodent MCT1. Galić et al. have reported that K142 
and R143 residues in the TM4/5 loop appear to be involved in 
the stereoselectivity of rat MCT1 [19]. Moreover, it is known 
that the F360C mutant of rodent MCT1 allows it to transport 
mevalonate [20, 21]. The F360 residue of rodent MCT1 cor-
responds to the F367 residue of hMCT1, which was found to 
be associated with the substrate specificity in this study. There 
is also evidence that certain residues in TM2, TM4, and TM5 
(S121, Y184, and T207 in hMCT10, respectively) are impor-
tant for the substrate specificity of hMCT8 and hMCT10 [30]. 
On the basis of these studies, we postulated that differences in 
amino acids lining the substrate translocation pathway would 
determine the substrate specificity of these transporters. To 
identify the residues that are essential for hMCT1-mediated 
l-OPro transport, we used site-directed mutagenesis to change 
individual amino acid residues in hMCT1 to the correspond-
ing residues in hMCT4 and vice versa. During the course 
of these studies, we identified several mutants with reduced 
substrate transport activity. Some of these mutants, such as 
hMCT1-L281P, hMCT4-V239F, -V250S, and -G336S, have 
already been reported to have low activity in rat MCT1 and 
MCT4 (rat MCT1-L274P and rat MCT4-V243F, -V254S, and 
-G340S) [29]. In addition, Stäubli et al. [61] showed reduced 
creatine transport in hMCT12-S158P compared with WT 
hMCT12 in Xenopus laevis oocytes and human HEK293T 
cells. Since S158 in hMCT12 is equivalent to N129 in hMCT1 
and Q131 in hMCT4, it is reasonable to expect that l-lactate 
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transport activity would be reduced in hMCT4-Q131N. We 
also identified two amino acid residues in TM2 and TM10 
(M69 and F367) that appeared to be the most important resi-
dues for l-OPro transport among the 20 different residues 
in the putative substrate translocation pathways of hMCT1 
and hMCT4. Moreover, double mutation of M69 and F367 
residues severely impaired hMCT1-mediated l-OPro trans-
port. Since Johannes et al. [30] identified S121, Y184, and 
T207 residues in hMCT10 as substrate specificity determi-
nants, we initially speculated that M65/L67, L128/F130, and 
M151/A153 in hMCT1/hMCT4 (equivalent to S121, Y184, 
and T207, respectively, in hMCT10) may be some of the 
residues involved in substrate specificity. Unexpectedly, our 
experiments revealed that these residues do not participate 
in substrate specificity, although l-lactate transport activity 
was reduced in hMCT4-L67M and -F130L. Our homology 
model of hMCT1 predicted that M69 and F367 participate 
in hydrophobic interactions with another region of hMCT1, 
emphasizing its potentially important role in the binding and 
translocation cycle of l-OPro. Our M69X and F367X substi-
tution panel results supported this model. Efficient l-OPro 
transport required a hydrophobic, long linear structure at posi-
tion 69 and a hydrophobic, γ-branched structure at position 
367. Our data also suggested that M69 and F367 residues 
recognize the –NH– moiety of l-OPro and the flexible and 
polar structure of l-lactate. In addition, we previously demon-
strated that CPC inhibits these transporters, while dl-OCPC 
selectively inhibits hMCT1, suggesting that the introduction 
of an oxo group at position 3 of CPC appears to be important 
for the determination of ligand selectivity [18]. In the present 
study, analysis of structure–affinity relationships suggested 
that the oxo group has minimal involvement in the interac-
tion with hMCT1. Thus, the selective recognition of l-OPro 
by hMCT1 occurs, not because the introduction of the oxo 
group provides a favorable interaction between hMCT1 and 
l-OPro, but, rather, because the introduced oxo group reduces 
molecular recognition by hMCT4.

The question remains why the M69 and F367 mutants 
have altered substrate specificities. The M69 side chain is 
highly non-reactive and, thus, infrequently directly partici-
pates in substrate transport in general. The bulk of the Met 
side chain is proposed to fulfill a steric role in the deter-
mination of substrate specificity. Our homology model 
revealed that there were hydrophobic interactions between 
M69 and its neighboring residues (L66, Y70, G123, and 
L124) and that these interactions would be impaired in the 
mutants with a shortened side chain (e.g., M69G, M69A, 
M69C, and M69T). Indeed, the CLl-OPro/CLl-Lactate val-
ues for these mutants were significantly decreased com-
pared to the values for hMCT1-WT. The potential role 
of this Met residue had not been studied for some time, 
but, recently, Nancolas et al. [29] investigated the impor-
tance of the residue in the interaction with AR-C155858 
(a selective rat MCT1/2 inhibitor). They concluded that 
M69 is not involved in mediating binding of the inhibitor 
in rat MCT1, but we identified M69 as one of the substrate 
specificity determinants. These data suggest that the ligand 
recognition mechanism of mammalian MCT1 differs 
between the substrate and the inhibitor, even for the same 
selective hMCT1 ligand. The simple addition of phenolic 
oxygen at the para position of the phenyl group of F367 
(F367Y) was sufficient to decrease the CLl-OPro/CLl-Lactate 
value. In addition, substitution of F367 to Val resulted in 
a decrease in substrate uptake, but a significant fraction 
of the transport activity remained, whereas substitution to 
Thr completely abolished the transport activity. Since Val 
and Thr have sterically similar structures and differ only 
in a hydroxy group, the reduction of substrate transport 
activity in the F367T mutant is likely caused by steric 
or electrostatic effects of the hydroxyl group of Thr. It is 
possible that the aromatic side chain of F367 is involved 
in hydrophobic interactions with other hydrophobic side 
chains or ligands. Based on the hMCT1 homology model, 
there are hydrophobic interactions between F367 and its 
surrounding residues (D309, F363, G364, and G368). It 
has been reported that D309 (D302 in rat MCT1), one 
of the amino acid residues surrounding F367, forms an 
ion pair with the Arg residue present in TM8 and plays a 
pivotal role in substrate translocation [21, 62]. Hence, we 
considered that this Phe residue may be important for the 
positioning of D309, allowing correct TM8 orientation. It 
appeared that the interactions between F367 and its neigh-
boring residues would be maintained, as long as the side 
chain at this site is large and hydrophobic (e.g., F367I, 
F367L, F367M, F367V, F367W, and F367Y). In particu-
lar, the CLl-OPro/CLl-Lactate value of the F367L mutant 
was almost the same as that of hMCT1-WT, indicating 
the importance of the γ-branched hydrophobic structure 
at this position. Using mutagenesis techniques, this Phe 
residue and the equivalent Asp residue in hMCT8 have 

Fig. 5   The role of position 69 and 367 in determining the substrate 
specificity of hMCT1. a, d l-[14C]Lactate and l-[3H]OPro transport 
activity of M69X (a) and F367X (d) mutants of hMCT1. cp < 0.005, 
dp < 0.001 versus WT (l-lactate), and Dp < 0.001 versus WT (l-OPro). 
b, e These data were taken from Fig.  5a and d. Data are expressed 
as % of control (hMCT1-WT) after the subtraction of uptake into 
water-injected oocytes. Different colors represent different amino acid 
characteristics: red, acidic; orange, amide; yellow, sulfur; green, ali-
phatic; cyan, hydroxy; blue, basic; magenta, aromatic; black, Gly/Pro. 
c, f Normalized l-OPro initial uptake clearance (CLl-OPro/CLl-Lactate) 
by the M69X (c) and F367X (f) mutants. Transporter-specific uptake 
was calculated by subtracting the uptake in water-injected oocytes 
from the uptake in cRNA-injected oocytes. NC, not calculated; 
bp < 0.01, dp < 0.001 versus WT. Values represent the mean ± SE from 
3 to 6 independent experiments using different batches of oocytes, 
each performed with 3–5 replicates
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been identified as being required for efficient substrate 
transport and the F360C mutant of rodent MCT1 allows 
mevalonate to be transported, as mentioned above [20, 
21, 29, 58, 63]. However, we demonstrated that F367C 
(F360C in rodent MCT1) was not capable of l-lactate or 

l-OPro transport, indicating that the influence of F367 on 
the substrate specificity of hMCT1 is different between 
these substrates and mevalonate.

In conclusion, we have identified two amino acid resi-
dues, M69 and F367, which are key molecular elements for 

Fig. 6   Structure–affinity relationships of small monocarboxylates for 
hMCT1 mutants, M69L and F367Y. a, b  l-[14C]Lactate uptake by 
hMCT1 single mutants in the presence of CPC (a) or l-OCPC (b). 
Data are expressed as % of control (absence of competitor) after 
the subtraction of uptake into water-injected oocytes. c Ki values of 
hMCT1 single mutants from radioligand competition assays with four 
different inhibitors are shown as bars. The Ki values for each of the 

shown inhibitors were obtained from data presented in Tables 2 and 
4. Values represent the mean ± SE from three independent experi-
ments, each performed with 3–5 replicates. Each experiment in the 
panels a, b was performed using a single batch of oocytes. d, e Dock-
ing poses of l-OPro (d) and l-lactate (e) into the substrate selection 
region in the 3D structure models of hMCT1 (distances in Å). The 
helices are numbered as shown in Fig. 1e
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the transport of l-OPro by hMCT1. However, we cannot 
exclude the possibility that other unidentified residues are 
also involved in determining the substrate specificity of 
hMCT1. These two residues are predicted to be involved 
in substrate recognition and/or substrate-induced confor-
mational changes. This information will be valuable for 
the elucidation of the structure–function relationships of 
hMCTs.
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