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ABSTRACT:. Monocarboxylate transporters (MCTs) comprise a group of highly homologous proteins that
reside in the plasma membrane of almost all cells and which mediate the 1:1 electroneutral transport of
a proton and a lactate ion. The isoform MCT3 is restricted to the basal membrane of the retinal pigment
epithelium where it regulates lactate levels in the neural retina. Kinetic analysis of this transporter poses
formidable difficulties due to the presence of multiple lactate transporters and their complex interaction
with MCTs in adjacent cells. To circumvent these problems, we expressed both the MCT3 gene and a
green fluorescent protein-tagged MCT3 constru@éccharomyces cefisiae SinceL-lactate metabolism

in yeast depends on tligYB2gene, we disrupte@YB2to study the MCT3 transporter activity free from

the complications of metabolism. Under these conditictectate uptake varied inversely with pH, greater
uptake being associated with lower pH. Whereasvihg was invariant, thé&, increased severalfold as

the pH rose from 6 to 8. In addition, MCT3 was highly resistant to a number of “classical” inhibitors of
lactate transport. Last, studies with diethyl pyrocarbonate puetiloromercuribenzenesulfonate set
limitations on the locus of potential residues involved in the critical site of lactate translocation.

The monocarboxylate transporter MCTi8 a member of lactate into the subretinal space where it serves to meet, in
a large family of homologous proteins found in the plasma part, the high-energy demands of the photoreceptor cglis (
membrane of most celld{3). MCT3 is a moderately large  This symbiotic relationship for the production and utilization
(M, = 55 000), nonglycosylated integral membrane protein of an energy source by contiguous cells is known as the
with 12 predicted membrane spanning domaf)sBoth the lactate shuttle and is a prominent feature of neural tissue
coding region and the internal organization of the gene are (8). Transepithelial lactate transport across the retinal pigment
conserved between chicken and huméng). Members of  membrane is mediated by two different isoforms: MCT1,
this transporter family mediate the transport of pyruvate and |ocated in the apical membrane, and MCT3, located in the
short-chain fatty acids and function, for example, in the 1:1 pgsal membrane3). The latter transporter effectively
eIec.troneu_traI translocation of a proton and lactate ion regulates the pH and osmolarity of the subretinal space by
(reviewed in6). _ _ virtue of the cohort fluid accompanying the lactate efflux to

In vertebrate tissues, MCT3 is located in the basal the choroid 9). Why two different lactate transporters are
membrane of the retinal pigment epithelium (RPE) which eypressed in the RPE is unclear. Several possibilities exist:
forms the outer blood retinal barrier and governs the flow ¢4 example, the two transporters could have different kinetic
of metabolites between the neuroretina and choroidal blood properties that are critically important for proper homeostasis,

supply. Glucose, entering the basal membrane of the RPE,, e o transporters may need to be differentially regulated
exits from the apical membrane into the subretinal space; o .qer to respond efficiently to changes in metabolic
where it becomes available for use by the neuroretinal and ., .- s
adjoining Mler glial cells (7). The latter cells have only a o . o )
limited number of mitochondria, and thus spill their excess A iS obvious from the above brief survey, kinetic studies
of the monocarboxylate transporters in vertebrate tissues are
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Table 1: Yeast Strains

strain genotype plasmid source
MH272—-3c MATatrpl-1 his3 leu2-3,112 ura3-52 - Davis et al. 13)
EG47 MATa trp1-1 his3 leu2-3,112 ura3-52 pYES2-MCT3-EGFP this work
EG50 MATa trpl-1 his3 leu2-3,112 ura3-52 pYES2-MCT3 this work
EG53 MATa trp1-1 his3 leu2-3,112 ura3-52 cyb2:: TRP1 - this work
EG54 MATa trpl-1 his3 leu2-3,112 ura3-52 cyb2::TRP1 pYES2-MCT3-EGFP this work
EG55 MATa trp1-1 his3 leu2-3,112 ura3-52 cyb2::TRP1 pYES2-MCT3 this work

In contrast to the multiple metabolic pathways fdactate
found in mammalian cellsS. cereisiae utilizes but a single

MCT3-EGFP. The MCT3-containingindlll —Sal fragment
from pYES2-MCT3-EGFP was inserted into tHendlll and

one. Herel -lactate is metabolized by the transfer of electrons Xhd sites of pYES2 to give pYES2-MCT3. In all cases,

within flavocytochromeb, [L-lactate cytochromec oxi-
doreductase (EC 1.1.2.3)L@. This enzymatic activity,
encoded by the€YB2gene, is unique to yeast where it is

DNA amplification was with the high-fidelityPfu DNA
polymerase (Stratagene).
Yeast Strains and Growth Conditior&trains of the yeast

induced by lactate and repressed by glucose. In mammalianSaccharomyces cerisiae (Table 1) used in this work were
cells,L-lactate is used by lactate dehydrogenase to regeneratgropagated at 3°C in YPD (1% vyeast extract, 2%
NAD™. In contrast, ethanol and glycerol serve this purpose bactopeptone, 2% dextrose) or synthetic S medidd) (

in yeast. Second, and importantly, the mitochondrial mono-

supplemented with the appropriate nutritional requirements,

carboxylate (pyruvate) carrier in yeast does not translocatecontaining either 2% glucose (SD) or 2% galactose (SG).

L-lactate as it does in mammalian mitochondrd)( and
therefore there are no complications from mitochondrial

For galactose induction studies, cell were grown to mid-log
phase [(0.52) x 10’ cells/mL] in SD medium, washed twice

lactate transport when measuring the activity of the plasmawith water, and suspended at the same density in SG media
membrane transporter. Last, there is but one known endog-and grown for an additional 720 h before harvesting.

enous monocarboxylate transporter preserg.igereisiae
responsible for the uptake of lactic aci@i2f. By careful

DNA transformation of yeast was with the Frozen-EZ
Yeast Transformation Kit (Zymo Research, Orange, CA),

selection of both an appropriate yeast strain and suitablefollowing the manufacturer’s protocol. Ayb2 disruption
culture conditions, we can ensure the complete absence ofnutant of MH272-3c was constructed by one-step gene
endogenous lactate transport activity. By also genetically disruption (L5) using theEcaRI—Hpal-linearizedcyb2:: TRP1

blocking L-lactate metabolism in yeast, we have obtained
an unambiguous kinetic analysis of MCT3 activity, without

plasmid pESD2216). Plasmid pESD22 contains a 0.85 kb
Clal fragment of theS. cereisiae TRPIgene [(7); positions

interference from other lactate transporters. Our results show—102 to+710 of the protein coding region] inserted at the

that kinetically MCT3 is highly similar to MCT1, but, unlike
MCT1, it exhibits a profound resistance to classical inhibitors
of lactate transport.

EXPERIMENTAL PROCEDURES

Construction of Recombinant Plasmidsomplementary
synthetic oligonucleotides (Midland Certified Reagent Co.)
were used to convert the multiple cloning site (MCS) of
pPYES2 (Invitrogen) between thidindlll and Xbd sites to
5 AAG CTT CCT AGG AGA TCT TAA GTC GAC GAA
TTC TCT AGA 3 (unique Aurll, Sal, and Xba sites

Clal site (position+450) of CYB2(10). PCR analysis with
appropriate sets of flanking diagnostic primers confirmed
proper homologous targeting with resulting disruption of
CYB2in candidate Trp MH272-3c transformants.

Assay of Lactate TransportCells grown in defined
medium were harvested at the mid-log phase after overnight
growth with galactose. Cells were washed twice and sus-
pended in distilled water so that the final concentration of
the cell suspension was 6020 mg (dry weight) per
milliliter. To initiate the uptake experiments, 2Q of cell
suspension was added to an equal volume of 0.1 M HEPES/

underlined). The gene for an enhanced green fluorescentTRIS buffer, pH 6.8, in a 1% 75 mm glass tube and stirred

protein (EGFP) was amplified (94, 30 s; 63°C, 30 s; 72
°C, 2 min; 19 cycles) from pEGFP-N1 (Clontech) using the
primers 5 CTT TAT GTC GAC ATG GTT AGC AAG
GGC GAG GAG CTG 3and BAAT GTT CTAGAG CTT
TAC TTG TAC AGC TCG 3 (uniqueSal and Xba sites
underlined, initiating ATG in boldface) and then inserted into
the modified pYES2 vector at tHgal and Xbd sites to give
pYES2-EGFP. To make pYES2-MCT3-EGFP, the chick
MCT3 coding sequence-447 to +2072 (Accession No.
U15685) was PCR-amplified (94, 30 s; 65°C, 30°s; 72
°C, 2 min; 25 cycles) from the cDNA on plasmid pClneo-
MCT3 (2) using the primers'5GTC ATC CTA GGT AGA
CGA TGG GGA GAG CTG 3 (Aurll site underlined,
initiating ATG in boldface) and 5TGG TTC AGT CGA
CGC AAA ACT GTC CCT CTC CAC 3 (sal site
underlined). TheAurll —Sal-digested product was ligated

into the corresponding sites of pYES2-EGFP, fusing the carbonyl
MCT3 reading frame to that of EGFP, to generate pYES2-

with a mini-magnetic stirring bar at room temperature. After
2 min, uptake measurements were initiated by adding 100
uL of 2 mM L-lactate (or the indicated concentration) with
0.1 uCi of L-[U-*C]lactic acid, sodium salt. At 3 min (or
the indicated time), uptake was terminated by diluting
samples with 3 mL of ice-cold water followed by immediate
vacuum filtration using a stainless-steel screen filter holder
and Whatman GF/C glass microfiber filter (Whatman
International Ltd., Maidstone, England). The filter was
washed with 3 mL of ice-cold water. Dilution, filtration, and
washing were complete within 10 s. Additional washes were
without effect on the measured uptake. The filter was
transferred to a vial and counted with 5 mL of CytoScint
(ICN Biomedical Research Products, Costa Mesa, CA).
Nonspecific f*Cllactic acid binding to cells or filter was
corrected by measuring uptake in the presence of a0
cyanide p-(trifluoromethoxy)phenylhydrazone
(FCCP). This value (less than 0.01% of the added counts)
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was subtracted from the values shown. The uptake measure-
ments presented reflect the mean of a minimum of three
independent experiments SE.

Lactate Metabolism in YeasAfter incubating cells for 2
and 5 min as described above, an aliquot of the incubation
mixture (75uL) was added to 1 mL of ice-cold water and
centrifuged immediately. The pellet was suspended;ih 5
of ammonium hydroxide and separated using HPTLC Silica
Gel 60 precoated plates (EM Separations, Gibbstown, NJ)
and ethanetchloroform—ammonium hydroxidewater (70:
40:20:2) as solvent. In this solvent system, lactic acid has
an R of 35 and pyruvic acid afr of 3 (18). Radioactive
spots were located by autoradiography using X-OMAT AR
film (Eastman Kodak Co., Rochester, NY).

pH Dependence of Lactate TransportLactate uptake
was measured at 3 min using incubation media buffered over
the range of pH 5.88.1 with 50 mM (final concentration)
MES/TRIS or HEPES/TRIS.LfLactate},; was between 1
and 6 mM. Ky, and Vmax Were calculated assuming that
transport obeyed MichaelidMenten kinetics (E+ S< ES Ficure 1: Expression of EFGPMCT3 fusion protein. Cells were

— E + P). The pH dependence of transport was fitted transformed with plasmid containing an EGHRCT3 fusion

. ! protein construct (EG54). Cells were grown overnight with galactose
assuming dependence on a single group, whégean be (induced) or with glucose (noninduced), and visualized as detailed

derived from the following equationy = [Vma/Km Jo* under Experimental Procedures. Panel A shows the fluorescence
10PKa~PHY/[1 + 10PKa—PH)), signal in budding yeast and (C) the absence of signal in noninduced

Treatment with Diethyl Pyrocarbonate (DEPC) and Hy- cells. Panels B and D show the cells visualized by phase contrast.
droxylamine. Cells (200 uL) were incubated with the B2 = 5#m.
indicated concentration of DEPC (diluted in cold ethanol)
with 50 mM phosphate buffer, pH 6.0, in a total volume of
1 mL (19). After 8 min incubation at room temperature with
stirring, cells were washed twice with 5 mL of 50 mM
phosphate buffer, pH 6.8. The cell pellet was suspended in
200uL, and 50uL aliquots were assayed as detailed above.
In studies of reactivation with hydroxylamine, cells treated
with 300 4M DEPC for 3-8 min were washed twice with
50 mM phosphate buffer, pH 7.4, and incubated in 1 mL o
50 mM phosphate buffer, pH 7.4, containing 50 mM freshly
prepared hydroxylamine in water, a concentration that has
no effect on uptake in untreated cells. After 15 min, cells
were washed with 50 mM phosphate buffer, pH 6.8, and
assayed as described above.

Subcellular Localization of MCT3Cells containing the
MCT3—EGFP fusion-protein construct (5« 10° cells/mL)
were immobilized by adding cells to glass slides coated with
poly-L-lysine (Sigma) for 1530 min. Cells were viewed
and images captured using a Zeiss Axiovert 100 TV
microscope equipped with a Hamamatsu Color Chilled
3CCD camera. Figures were assembled using Adobe Pho
toshop 5.0.

Materials L-[U-'“C]Lactic acid, sodium salt (154 Ci/
mmol), was from Amersham Pharmacia Biotech, Inc. (Pis-
cataway, NJ). FCCP [carbonyl cyanip€trifluoromethoxy)-
phenylhydrazone], sodium salts oflactate andb-lactate,
propionate, DEPC (diethyl pyrocarbonate)cyano-4-hy-
droxycinnamate, and dimethyl sulfoxide were from Sigma;
pCMBS (4-chloromercuribenzenesulfonic acid, monosodium
salt) and phloretin were from Fluka. All other chemicals were
the highest grade available.

permit convenient expression in yeast by switching the
carbon source from glucose to galactose. Initial constructs
included the upstream untranslated region of MCT3 but
produced no measurable transport activity. A second con-
struct was made in which the upstream untranslated region
of MCT3 was removed and the enhanced green fluorescent
protein EGFP was fused to tidterminus of chick MCT3

f (EG54). With this construct, protein expression could be
monitor directly. Induction of gene expression with galactose
resulted in the production of fluorescent yeast cells (Figure
1A,B). The fluorescence was found to be localized to the
plasma membrane of the cells when yeast were optically
sectioned using a laser-scanning microscope (not shown).
Noninduced EG54 cells showed no fluorescence (Figure
1C,D). These results showed both that the MCT3 fusion
protein could be expressed in yeast and targeted to the plasma
membrane and that the MCT3 coding region itself was not
directly responsible for the poor expression from the initial
constructs. An MCT3 expression construct was therefore
designed without the upstream leader, and the resulting
‘expression construct was used for subsequent functional
expression experiments.

Several considerations guided our effort to develop an
unambiguous system for characterizing lactate transport
kinetics of MCT3 by expression of this transporter Sn
cerevisiae Features of the yeast system are shown diagram-
matically in Figure 2. Lactate enters the cell at the plasma
membrane transported by the transfected protein MCT3.
JEN1 connotes an endogenous yeast lactate carrier that is
unrelated to the MCT family20). The JEN1 carrier is not
expressed in yeast grown on glucose, but is induced when
RESULTS grown on lactate and is often induced when grown on other

carbon sources. Screening of several laboratory straifss of

MCT3 Expression in Yeasthe chick MCT3 cDNA was cerevisiaeidentified a yeast strain (MH272-3c) that exhibits
placed under the control of the yeaSAL1 promoter to no endogenous lactate transport activity under galactose
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Ficure 2: Diagram of lactate transport and metabolic pathways in EG50 and EG55 was measured as described under Experimental
Saccharomyces cernsiae Lactate is transported across the plasma Procedures. In brief, cells were incubated at room temperature for
membrane 08. cereisiaeby the heterologous expression of MCT3. 2 and 5 min with L-[U-¥C]lactate and 1 mM lactate (final
The endogenous lactate transporter [proposed to be encoded byoncentration) at pH 6.8 in a total volume of 20D. Uptake was
JEN1(20) and indicated by an open arrow] is not induced under terminated by adding 75L of cell suspension to 1 mL of ice-cold

the conditions used in the present report. The mitochondria pyruvatewater and immediately centrifuged. The cell pellet was suspended
carrier indicated does not transport lactatel)( L-Lactate is in ammonium hydroxide and separated by thin-layer chromatog-
metabolized byc-lactate cytochromec oxidoreductase in the  raphy with the solvent system of etharahloroform—ammonium
mitochondria 10). WhenCYB2 the gene that encodes this enzyme, hydroxide-water (70:40:20:2). Radioactive spots were located by
is disrupted,-lactate is no longer metabolized. autoradiography.

induction conditions, although this strain is still proficient
for lactate transport when grown on lactate (data not shown).
Use of this strain allowed us to eliminate endogenous lactate
transport activity in the experiments in this study.

Lactate Metabolism in MCT3 Expressing Yedstecond
important concern in kinetic studies is the metabolism of
added substrates. In particularlactate is readily metabo-
lized, and there presently exist no suitable inhibitors to block
this activity @). In S. cereisiae the CYB2gene encodes a
mitochondrial enzyme required for the oxidatioreduction
of L-lactate (0). By disrupting this gene, it is possible to
measure lactate transport independent-tdctate metabo-
lism. The diagram in Figure 2 also depicts the mitochondrial
monocarboxylate carrier in yeast that transports pyruvate but
does not transport lactatd1). We therefore ablated the
CYB2gene in MH272-3c by one-step gene disruption and
thus eliminated-lactate metabolism. This was demonstrated

L-Lactate uptake

experimentally by directly measuringlactate metabolism Time (min)
in cells with a functionalCYB2gene (EG50) and those with  Figure4: L-Lactate transport is. cereisiaeas a function of time.
the disrupted gene (EG55). Cells were incubated wWiB]f Cells were grown overnight with galactose (induced) or with

L-lactate 2 and 5 min and the solubilized cell pellets glucose (noninduced), andlactate uptake was measured at the

: ; : : indicated times as described under Experimental Procedures. The
chromatographed (Figure 3). The single radioactive product final concentration of lactate was 1 mM and the pH 6.8. Incubation

in EG55 co-chromatographed with authentft]-L-lactate,  as at room temperature. The celis used were EG50 induced (stars),
while EG50 had at least fodfC radioactive products evident EG55 induced (closed squares), EG55 noninduced (open squares),

as early as 2 min (Figure 3). This confirms that disruption and wild-type EG53 induced (open triangles). At the time indicated
of CYB2eliminated.-lactate metabolism and allowed us to PY the arrowp-lactate was added to EG55 at a final concentration

o of 200 mM (open circles). The results shown are the mean of 3
specifically focus our study on-lactate transport by the independent(egperimerﬁs)SE. Uptake in the presence of 1081

exogenous MCTS3 transporter. FCCP was subtracted from the values shown.

L-Lactate Uptake in Yeast Expressing MCT3.actate
uptake at early time points in induced EG55 and EG50 cells L-lactate. Addition of a 200-fold excess aflactate or
was linear. Between 10 and 15 minlactate uptake in EG55  propionate at the time indicated by the arrow (Figure 4),
leveled off but continued to be linear in EG50 for more than reduced.-lactate accumulation in EG55 by more than 80%,
20 min. In previous work, propionate had been used as abut had no effect on EG50 (not shown). The inhibitory effects
probe in studies of-lactate transport by the endogenous of p-lactate and propionate were similar. There was no
lactate-proton symporterX2) and was not metabolized by = measurable-lactate uptake in cells grown with glucose, nor
yeast. To demonstrate that accumulation *6€[-L-lactate in cells transfected with the AL1 plasmid lacking the MCT3
at the steady state was reversible, we therefore chose botlinsert (MH272-3c and EG53, Table 1) measured under the
propionate andp-lactate to challenge accumulation of conditions used to induce plasmid expression, i.e., grown
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Table 2: Kinetic Constants and Inhibitor Sensitivity of MCT3
T Compared to MCT4
| | property MCT3 MCT1
0.75 PKa 6.6 6.6
Km (pH 6.0) 2.0mMm 1.5mM
N Km (pH 7.0) 5.8 mM 5.6 mM
\3‘5 0.5 inhibition by (% control) (% control)
£ CHC,5mM 101+ 14 &
> CHC, 0.5 mM 96+ 7 50'
phloretin, 0.1 mM 98+ 5 144 49
0.25 pCMBS, 0.1 mM 99+ 10 9+ 2d
apK, andKy, for MCT3 were determined as described in Figure 5.
For inhibition studiesy -lactate uptake was measured at 3 min pH 6.8
0 at room temperature as described under Experimental Procedures.
s Uptake was determined at a finallactate concentration of 1 mM in

8.5 the presence or absence of inhibitors at the final concentration indicated.
Inhibitors, added to the incubation medium for 2 min prior to initiation

of the uptake assay, were in DMSO or ethanol at a final concentration
of less than 0.5%, a concentration that had no effect on uptake. Stock
solutions of pCMBS were made fresh by dissolving 10 mg in 1 mL of
0.04 N NaOH and adding 1 mL of 125 mM NaROhe control uptake
used for each inhibitor varied from 1.1 to 1.3 nmol/mg of protein at 3
min. Results are presented as percent of control, and the values shown
are the meant SD of three independent experimeritT.aken from

ref 21. ¢ Taken from ref22. ¢ Taken from ref23.

Ficure 5: pH dependence aflactate transport.-Lactate uptake
was measured at 3 min using incubation media buffered over the
range of pH 5.8 to pH 8.1, and the concentration -tdctate was
1-6 mM. Measurement af-lactate uptake and the calculation of
Vmax Km, @and K, are described under Experimental Procedures.
The Vma/Km is shown as a function of pH. Values represent the
mean of 3 independent experimertsSE.

20 h with galactose (Figure 4). ]

Kinetics ofL-Lactate Transport in MCT3 Expressing Yeast. Neré as percent of uptake measured in the absence of added
The initial rate ofL-lactate uptake was measured in EG55 inhibitor (control). Uptake in cells preincubated with inhibi-
cells at concentrations aflactate from 1 to 6 mM at pH  tors for as long as 15 min did not differ from uptake in
5.6-8.0. The uptake was pH-dependent, with greater uptake control cells that were not exposed to inhibitors. As discussed
of L-lactate occurring at lower pH. The data were analyzed below, all three of these inhibitors have been reported to be
by fitting to the Michaelis-Menten equation, which indicated ~900d inhibitors of MCT1 expressed in oocytes ( 23.
that Vimax Was independent of pH (1.44 0.09 nmol mg? Inhibition of L-Lactate Uptake with DEPCA pK of 6.6
min~1, mean+ SE), while theK, increased with pH, from suggested a hlst_|dyl residue in MCT3 is involved in/H
1.9 mM at pH 5.8 to 8.3 mM at pH 7.2. At high pH, the !actate symport in MCT-expressing yeast. Because DEPC
concentrations af-lactate fell below the derivel, values, IS used to specifically modify histidyl residuea4; 29, we
resulting in sizable errors. Higher concentrations of substrate determined the sensitivity aflactate transport to this agent.
approached that of the buffer, resulting in unacceptably large The effect of increasing concentrations of DEPC in reducing
changes in the pH of the solutions and precluding more L-lactate uptake in EGSS5 cells is shown in Figure 6. At 8

accurate determination &, values. Accurate values ./ min incubation in 400uM DEPC, L-lactate uptake was
Km (the rate constant for reaction of free receptor with reduced by 50%. Inhibition of-lactate uptake by DEPC was
L-lactate) were determined from Woolf plots ofvs v/[S], not reversed by 15 min incubation with 50 mM hydroxy-

and their variation with pH is shown in Figure 5. The best- lamine (not shown). Failure of hydroxylamine to reactivate
fit curve through the points follows the protonation of a single May be ascribed to the modification by DEPC of residues
group (presumably on the receptor) withl&,walue of 6.6. other than histidyl, such as lysyl or arginyl residu2d)(
Table 2 shows the kinetic constants iefactate transport

determined for MCT3 expressed in yeast compared to thoseDISCUSSlOl\I

reported for MCT1 expressed iXenopus laeis oocytes Determination of the kinetic properties of the monocar-
(21-23). The Kaof MCT1 is also 6.6, and thky, increases  boxylate transporters in mammalian tissue presents a number
with increasing pH in MCT1 as it does with MCT3. of inherent difficulties. This prompted us to develop a

Effect of Inhibitors of Lactate Transporteisithough there heterologous expression approach in the y8asereisiae
was little difference between the kinetic constants-tafctate to characterize the vertebrate MCT3 transpontelractate
transport determined for MCT1 and MCT3, several inhibitors uptake in the yeast strain used in this report is devoid of
are reported to discriminate among monocarboxylate trans-L-lactate transport activity under a variety of growth condi-
porters. To examine this issue more direatHactate uptake  tions, so that all-lactate uptake can be made completely
was measured in yeast expressing MCT3 at 3 min, pH 6.8, dependent on the presence of a plasmid encoding MCT3. In
and room temperature in the presence or absence of theparticular, we chose a yeast strain that was unable to transport
indicated candidate inhibitors (Table 2). Cells routinely were L-lactate when glucose was replaced by galactose. This
preincubated with inhibitors prior to initiation of the assay. allowed us to use the AL1promoter to control heterologous
CHC, the most specific lactate transporter inhibitor, at expression of MCT3 without interference from endogenous
concentrations as high as 5 mM, had no effect dactate L-lactate transport. To avoid complications from the me-
uptake by MCT3, in either EG50 (CybRor EG55 (Cyb2). tabolism ofi-lactate after its entry into the cell, we availed
Two other inhibitors, phloretin and pCMBS, at the indicated ourselves of the observation that $ cereisiae L-lactate
concentration, also had no effect oiactate uptake, shown  metabolism requires the transcriptional inductionCxfB2
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however, has been reported depending on the particular cell
or membrane system examinegl7( 31). One such com-
pound,o-cyano-4-hydroxycinnamate (CHC), is a relatively
specific inhibitor of H-coupled transporters whereby thé H
bonding of the lactate--hydroxyl group to the transporter

is believed to be disrupted by the analogous structure on
CHC. For example, MCT1-mediataedlactate transport is
inhibited by CHC. In a like manner-lactate transport has
been measured in cultured kidney cells that express MCT4,
and that transport is also sensitive to inhibition by CHQ@)(

In contrast to studies using cultured celldactate transport
measured in muscle membrane vesicles, which are enriched
in MCT4, is insensitive to inhibition by CHCX4 mM). In

the work we describe here, we find that MCT3 expressed in

1.2

o
©
1

L-Lactate uptake
(nmol-mg'1 m|n'1)
°
H
]

0 —T T ﬂ yeast was insensitive to inhibition by CHEG % mM) even
0 1 2 3 though its kinetic properties resembled those of MCT1. In
DEPC concentration addition, MCT3 was not inhibited by phloretin, another
(mM) commonly used inhibitor of lactate transport. In a manner

FiUREe 6: Effect of diethyl pyrocarbonate (DEPC) arlactate ~ '€miniscent of the CHC work, phloretin inhibits MCT1-
uptake. Treatment of cells with DEPC and measuremerdaftate mediated lactate transport when the assays are performed
uptake are detailed under Experimental Procedures. In brief, inducedon intact cells, but lactate transport is unchanged in the
s B SH S o e o sonsoniogon o PISSENce of he b when muscle vesiles are 8
pDEPE):. The react’icf)n Waslstopped at 8 min by washing cells twice The,se reSUIFS unde_rscorg an important fact: StUdles. using
with 50 mM phosphate buffer, pH 6.8, andactate uptake was  Vesicles, unlike studies with intact cells, are not complicated
measured in the cell pellet. Uptake in the presence ofME&CCP by lactate metabolism nor by participation of mitochondrial
was subtracted from the values shown and was the same in bothtransport.
};%‘ztegnzgﬂt”é‘;r%?iﬁ%gfgsé The values shown are the mean of 3 |, ¢g|is with functioning mitochondria, the inhibition of

P P ' uptake into the mitochondria by CHC increases the cytosolic
the gene encoding flavocytochrorbe (10). Disruption of L-lactate concentration and thereby reduces further influx
this gene in yeast thus permitted the unambiguous kinetic (30). This may be of particular importance when evaluating
characterization of-lactate transport by MCT3. Confirma-  the inhibitor effect of CHC as mitochondrial lactate/pyruvate
tion that CYB2disruption had eliminated-lactate metabo-  import is very sensitive (M) to inhibition with CHC. Such
lism in yeast was obtained by showing thalactate was  mitochondrial inhibition can have a profound effect on lactic
the only radioactive compound present in yeast exposed toacid production and intracellular acidificatio?9. Moreover,
[*C]-L-lactate. MCT1 has been identified in muscle mitochondrizg)(

We measured-lactate accumulation under a variety of Studies of muscle vesicles may therefore better reflect plasma
conditions, varying the concentration from 1 to 6 mM and membrane transport properties of this tissue. By eliminating
the pH values between 6 and 8, conditions under which the both mitochondrial import and lactate metabolism, the work
Vmax rfemained invariant. Values for th&,, however, proved here in yeast with MCT3 may more closely parallel the
to be a function of pH, being 1.9 mM at pH 5.8 and 5.8 mM previously reported work with other lactate transporters in
at pH 7.2. The kinetic properties we obtained for MCT3 muscle vesicles.
closely mimic those reported for MCT1 as expressed in  Residues in the 811 membrane-spanning domains of
Xenopus lagis oocytes 21, 29. Such dependence of uptake MCTs are thought to be important for transporter activity
on pH is consistent with the proposal that transport involves (22), and are conserved in both MCT1 and MCT3, and also
an initial binding of a proton to the transporter followed by in MCT4. The overall sequence similarity between MCT3
the lactate anion2B, 27). The translocation and release of and MCT4 isoforms most likely reflects their ‘recent’
both species from the membrane are freely reversibng ( common ancestor, and thus need not indicate conservation
We note that the I§, value for MCT3 derived from the best  of lactate transporter kinetic parameters. A low affinity of
fit in Figure 5 may reflect that of the protonated group in MCT4 for L-lactate Ky = 13—40 mM) is reported in studies
the transporter. However, the hazards of over-interpretation of giant sarcolemmal vesicles from glycolytic muscle fibers
of such curves are well-knowr2@). In accord with the (30). As noted above, this preparation also shows a low
suggested role of MCT3 as the isoform responsible for the affinity for CHC. But MCT transport kinetics have also been
efflux of L-lactate from the retinal pigment epithelium into reported to be similar to those of MCT1, for example, in
the choroid, and that it is active at pH 7.29, it seems studies of kidney epithelial cell lines expressing large
unlikely that a pH gradient drives the lossiefactate. Rather,  amounts of MCT432). Kinetic analysis can be complicated
it appears that as the pH decreases at the sitelaétate when cells exhibit more than one MCT isoform and when

entry, transport may be stimulated via a lowekéd in a alternate types of anion transporters are present which
fashion analogous to that reported for lactgteoton binding participate in the transport aflactate. These complications
in skeletal muscle27, 30. could account for thé&,, value reported for the kidney cell

Attempts to discriminate among the several monocarboxy- lines. Differences in affinity may also reflect differences in
late transporters are largely dependent upon the judiciousthe type of assay and conditions used for assay. As
use of allegedly specific inhibitors. Variability in sensitivity, ~demonstrated using model systems, there is a marked effect
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of pH to influence the measuréd, (this report and re22). REFERENCES

MCT4 has not been analyzed in detélB). We anticipate 1. Philp, N., Chu, P., Pan, TC.. Zhang, R. Z., Chu, ML., Stark,

that further studies of MCT3 and MCT4, preferably using K., Boettiger, D.. Yoon, H., and Kieber-Emmons, T. (1995)
the same model system, will provide a true comparison of Exp. Cell Res219, 64—73. '
the lactate affinity of MCT3 and MCT4. 2.Yoon, H., Fanelli, A., Grollman, E. F., and Philp, N. J. (1997

A second inhibitor, pPCMBS, has been used to distinguish Biochem. Biophys. Res. Comm@34, 90—94.
between isoforms MCT1 and MCT2, the former being 3 EE"R: :\léf]A' F\{(fgznzi—l_F'i'lgznéj Grollman, E. F. (1998. J.
f)(ranaS::)Vrie?ZSrigtatr:i%ttre(araer?tr] rség\gtastv?/itllqr:algltggﬁ c-:r r;Itseines 4. Yoon, H., and Philp, N. J (199&xp. Eye Reb7, 417424,

9 ) reag b y ’ 5.Yoon, H., Donoso, L. A., and Philp, N. J. (1998gnomics
and at 10Q«M was without effect on MCT3 expressed here 60, 366-370.
in yeast. This result implicates a cysteine residue found on 6. Halestrap, A. P., and Price, N. T. (199jochem. J 343
the trans membrane region 10 of MCT1, but missing on 281-299. _
MCT2 and MCT3, as a likely candidate target for the site 7. Poitry-Yamate, C. L., Poitry, S., and Tsacopoulos, M. (1995)
of inhibition. We note that helices 8 and 10, but not 9, have J. Neurosci 15, 5179-5191.

- - 8. Magistretti, P. J., Pellerin, L., Rothman, D. L., and Shulman,
been reported to contain residues necessary for substrate ™ o G. (1999)Science 283496-497.

recognition 22). o 9. Zeuthen, T., Hamann, S., and la Cour, M. (1996hysiol

A third inhibitor in current use is diethyl pyrocarbonate 497 3—17.
(DEPC). This compound has been used to ask whether a 10. Guiard, B. (1985EMBO J 4, 3265-3272.
histidyl residue might be involved irrlactate translocation ~ 11. Nalecz, M. J., Nalecz, K. A., and Azzi, A. (199B)ochim.
and thereby account for the apparent pH dependence of the _ Biophys. Acta 107,987—95. ,
dissociation constant of MCT3 (estimate;p= 6.6). In 12',\%?(')%};”5'?%0%:;1”39 van Uden, N. (198ppl. Erviron.
pursuit of this question, we showed that treatment with DEPC 13 payis E. S., Becker, A., Heitman, J., Hall, M. N., and Brennan,
led to a concentration- and time-dependent inactivation of M. B. (1992 Proc. Natl. Acad. Sci. U.S.A. 821169-11173.
L-lactate transport by MCT3 that was not reversed by 14.Sherman, F., Fink, G. R., and Lawrence, C. (194jhods
subsequent exposure to hydroxylamine. Since hydroxylamine mayr?)%srt gNe\Peticstold Spring Harbor Laboratory, Cold Spring
removes the carbethoxy groups from modified histidyl and r VT
tyrosyl residues, its faililjrge topreverse the action of )ISEPC 15. Rothstein, R. J. (1983jlethods Enzymoll01, 202 211,

. : : 6. Davis, E. S. (1994) Ph.D. Thesis, University of Maryland.
suggests that one or more alternate amino acid residues, such; Tschumper, G., and Carbon, J. (198®ne 10 157—166.

as lysine or arginine, might be involved in the translocation 13 passera, C., Pedrotti, A., and Ferrari, G. (1964hromatog
complex of binding 24). 14, 289-291.

In summary, we have obtained high-quality kinetic data 19. Hora, J. (1986)Biochim. Biophys. Acta 86207—412.
on the vertebrate MCT3 monocarboxylate transporter isoform 20. Casal, M., Paiva, S., Andrade, R. P., Gancedo, C., and, Lea
that helps both to distinguish MCT3 from other members of C. (1999)J. Bacteriol 181, 2620-2623.

: . : . 21. Breer, S., Rahman, B., Pellegri, G., Pellerini, L., Martin, J.-
this large transporter family and also to shed light on its L., Verleysdonk, S., Hamprecht, B., and Magistretti, P. J.

biological role in the retinal pigment epithelium. This (1998)J. Biol. Chem 272 30096-30102.

characterization of MCT3 relies on use of a heterologous 22. Rahman, B., Schneider, H.-S.,"BrpA., Deitmer, J. W., and
expression approach in a genetically engineered yeast strain ~ Broer, S. (1999)Biochemistry 381157711584.

that (1) permits production of MCT3 und&AL1 control 23. Breer, S., Bier, A., Schneider, H.-P., Stegen, C., Halestrap,
without interference from endogenouslactate transport A. P., and Deitmer, J. W. (1998iochem. J. 341529-535.

o I : 4. Miles, E. W. (1977Methods Enzymol7, 431—-442.
activities and (2) eliminates the confounding effects of 25. Padan, E., Patel, L., and Kaback, H. R. (19Pgc. Natl.

N

subsequent -lactate metabolism in the cell on transport Acad. Sci. U.S.A. 7662216225,

kinetics. This genetic approach also promises to allow the 26. de Bruijne, A. W., Vreeburg, H., and van Steveninck, J. (1985)
powerful application of yeast genetics and molecular mu- Biochim. Biophys. Acta 81841-844.

tagenesis strategies for more detailed struetfmaction 27. Juel, C. (1997physiol. Re. 77, 321-358.

analysis of MCT3. Moreover, because the approach is 28.Knowles, J. R. (1976fRC Crit. Re. Biochem165-172.

; _29.Kenyon, E., Yu, K., la Cour, M., and Miller, S. S. (199%m.
generally applicable to all of the monocarboxylate transport 3. Physiol 267, C1561-C1573.

ers, it will undoubtedly facilitate study of the other members 5, Juel, C., and Halestrap, A. P. (1999Physiol. (London) 517

of this important transporter family, and thereby help clarify 633—642.
the various biological roles of these proteins in higher 31.Poole, R. C., and Halestrap, A. P. (1988). J. Physiol264,
organisms. C761-C782.
32. Wilson, M. C., Jackson, V. N., Heddle, C., Price, N. T.,
ACKNOWLEDGMENT Pilegaard, H., Juel, C., Bonen, A., Montgomery, |., Hutter,
O. F., and Halestrap, A. P. (1998)Biol. Chem. 27315920~
We express our appreciation to Drs. Tomas Drgon, 15926.

William K. Berlin, John Hanover, and Gilbert Ashwell for ~ 33. Brooks, G. A., Brown, M. A., Butz, C. E., Sicurello, J. P.,
sharing their expertise, and to Dr. Ed Davis for graciously ~ @nd Dubouchaud, H. (1999) Appl. Physial87, 1713-1718.
providing yeast strains and plasmids. BI000464+



