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The ubiquitous enzyme carbonic anhydrase isoform II (CAII)
has been shown to enhance transport activity of the proton-
coupled monocarboxylate transporters MCT1 and MCT4 in a
non-catalytic manner. In this study, we investigated the role of
cytosolic CAII and of the extracellular, membrane-bound CA
isoform IV (CAIV) on the lactate transport activity of the high-
affinity monocarboxylate transporter MCT2, heterologously
expressed in Xenopus oocytes. In contrast to MCT1 andMCT4,
transport activity of MCT2 was not altered by CAII. However,
coexpression of CAIV with MCT2 resulted in a significant
increase in MCT2 transport activity when the transporter was
coexpressed with its associated ancillary protein GP70 (embi-
gin). The CAIV-mediated augmentation of MCT2 activity was
independent of the catalytic activity of the enzyme, as applica-
tion of the CA-inhibitor ethoxyzolamide or coexpressing the
catalytically inactive mutant CAIV-V165Y did not suppress
CAIV-mediated augmentation ofMCT2 transport activity. Fur-
thermore, exchange of His-88, mediating an intramolecular
H�-shuttle in CAIV, to alanine resulted only in a slight decrease
in CAIV-mediated augmentation of MCT2 activity. The data
suggest that extracellularmembrane-boundCAIV, butnot cyto-
solic CAII, augments transport activity of MCT2 in a non-cata-
lytic manner, possibly by facilitating a proton pathway other
than His-88.

High-energy metabolites, such as lactate, pyruvate, and
ketone bodies, are transported into and out of cells via mono-
carboxylate transporters (MCT2, SLC16), of which 14 isoforms
have been described (1). MCT isoforms 1–4 have been
reported to transport monocarboxylates in an electroneutral
transport mode of 1 proton:1 monocarboxylate with different
substrate affinities. With a Km value of �0.7 mM,MCT isoform

2 (MCT2) has the highest affinity for lactate among all the
MCTs (2). MCT2 is primarily found in liver, kidney, testis, and
in the brain (3, 4). In liver and kidney, MCT2 facilitates the
uptake of lactate, in part for glyconeogenesis (5). In the brain,
MCT2 is exclusively expressed in neurons, where it facilitates
the import of lactate, which is exported from astrocytes via
MCT1 andMCT4 (6–8). Experiments using heterologous pro-
tein expression inXenopus oocytes revealed thatMCTs require
an ancillary protein, either CD147 (basigin, extracellularmatrix
metalloproteinase inducer) or GP70, for proper expression in
the plasma membrane and, hence, transport activity. Although
MCT1, MCT3, and MCT4 are normally associated with
CD147, which is intrinsically expressed in Xenopus oocytes,
MCT2 prefers GP70, which is not found in frog oocytes (9, 10).
Mammalian carbonic anhydrases (CA), included in the

�-class of CAs, of which 16 isoforms are identified, are mostly
monomeric zinc-metalloenzymes with a molecular mass of
around 30 kDa that catalyze the reversible hydration of CO2 to
HCO3

� and H� (11). In this study, we used the two isoforms,
CAII and CAIV. CAII is found in the cytosol, whereas CAIV is
linked to the extracellular surface of the cell membrane via a
glycosyl-phosphatidyl-inositol anchor (12).
In the brain, CAII is highly expressed in the cytosol of oligo-

dendrocytes and astrocytes, where it plays a supportive role in
pH regulation (13, 14), but expression is low in neurons. CAIV,
on the other hand, is expressed at the surface of neurons and
astrocytes, where it catalyzes buffering of brain extracellular
fluid (15) and facilitates lactate transport (16).
Both the intracellular isoform CAII and the extracellular

CAIV have been found to interact with different acid/base
transporting proteins. In vitro studies and experiments using
heterologous protein expression revealed that CAII binds
to, and enhances the activity of, the chloride/bicarbonate
exchanger AE1 (17, 18), the sodium bicarbonate cotransporter
NBCe1 (19, 20), the sodium/hydrogen exchanger NHE1 (21),
and themonocarboxylate transporters 1 and 4 (22–26). In addi-
tion, it has been shown in muscle cells that coexpression of
CAII with acid/base transporting proteins like NBC, NHE1,
and also the MCTs, greatly supports acid/base homeostasis
(27).
Besides CAII, extracellular CAIV has also been shown to

interact with NBCe1 (17, 28) and AE1 (17, 29). In addition, it
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has been demonstrated that extracellular carbonic anhydrase
activity facilitates lactate transport and work capacity in skele-
tal muscle (30–32).
We have shown recently that CAII can enhance transport

activity of MCT1 and MCT4, heterologously expressed in
Xenopus oocytes, in a non-catalyticmanner, presumably by dis-
sipating intracellular proton microdomains via an intramolec-
ular proton shuttle (22–26). In this study, we have tested
whether intracellular CAII or extracellular CAIV can increase
transport activity of MCT2 when heterologously coexpressed
in Xenopus oocytes. Our studies revealed that MCT2 transport
activity, in contrast to transport via MCT1 and MCT4, is not
enhanced byCAII.However, coexpression ofMCT2withCAIV
resulted in a robust increase in MCT2 transport activity that
was independent of the catalytic activity of the enzyme.

EXPERIMENTAL PROCEDURES

Constructs, Oocytes, and Injection of cRNA and Protein—The
mutant CAIV-H88A was generated by PCR using the plasmid
vector pGEM-He-Juel, containing the human hCAIV coding
region and mismatched primers. Primers containing the
desired mutation had the sequence 5�-GGACTGTCCAAAA-
TAACGGGGCATCAGTGATG-3� (forward) and 5�-CAT-
CACTGATGCCCCGTTATTTTGGACAGTCC-3� (reverse).
The resulting vector DNA containing the human hCAIV cod-
ing region with the desired mutation was transformed into
Escherichia coli XL1-Blue supercompetent cells for amplifica-
tion. Mutation of CAIV was confirmed by sequencing (SEQ-IT
GmbH, Kaiserslautern, Germany).
Human CAII-WT, CAIV-WT, CAIV-V165Y, CAIV-H88A,

and rat GP70 were subcloned into the oocyte expression vector
pGEM-He-Juel, which contains the 5� and the 3� untranscribed
regions of the Xenopus �-globin flanking the multiple cloning
site. RatMCT2-cDNAcloned into the oocyte expression vector
pGEM-He-Juel was kindly provided by Dr. Stefan Bröer, Can-
berra, Australia (2, 4). Plasmid DNA was transcribed in vitro
with T7 RNA polymerase (mMessage mMachine, Ambion,
Inc., Austin, TX) as described earlier (33). Xenopus laevis
females were purchased from Xenopus Express, Vernassal,
France. Segments of ovarian lobules were surgically removed
under sterile conditions from frogs anesthetized with 1 g/liter
of 3-amino-benzoic acid ethylester (MS-222, Sigma-Aldrich)
and rendered hypothermic. The procedure was approved by
the Landesuntersuchungsamt Rheinland-Pfalz, Koblenz. As
described earlier (33), oocytes were singularized by collagenase
(Collagenase A, Roche) treatment in Ca2�-free oocyte saline
(pH 7.8) at 28 °C for 2 h. The singularized oocytes were left
overnight in an incubator at 18 °C in Ca2�-containing oocyte
saline (pH 7.8) to recover. Oocytes of the stages V and VI were
injected with 5 ng of cRNA coding for MCT2, either together
with 10 ng of cRNA coding for GP70 or alone, dissolved in
diethyl pyrocarbonate-H2O. Measurements were carried out 3
to 6 days after injection of cRNA. CAII and CAIV were either
injected as protein or coexpressed with the MCT2. For injec-
tion of protein, 50 ng of CAII, isolated frombovine erythrocytes
(C3934, Sigma-Aldrich), or 35 ng of CAIV, isolated from secre-
tion medium of CHO cells expressing recombinant proteins,
dissolved in 27.6 nl DEPC-H2O, were injected 12–24 h before

electrophysiological measurements. For expression of CAII-
WT, 12 ng cRNA coding for CAII-WT were injected. For
expression of CAIV-WT or one of the CAIV mutants, CAIV-
V165Y and CAIV-H88A, each oocyte was injected with 2 ng of
the corresponding cRNA. The oocyte saline had the following
composition: 82.5 mM NaCl, 2.5 mM KCl, 1 mM CaCl2, 1 mM

MgCl2, 1 mM Na2HPO4, 5 mM HEPES titrated with NaOH to
pH 7.0. In lactate-containing saline, NaCl was replaced by an
equivalent amount of Na-L-lactate. In the bicarbonate-con-
taining saline, NaCl was replaced by an equivalent amount of
NaHCO3, and the solution was aerated with 2%CO2/98%O2 or
5% CO2/95% O2. Application of lactate was carried out in
HEPES-buffered solution at pH 7.0 unless stated otherwise, in
the nominal absence of CO2/ HCO3

�, containing approxi-
mately 0.008 mM of CO2 from air and hence a HCO3

� con-
centration of less than 0.2 mM.
Immunohistochemical Analysis of MCT2 and CAIV—Frog

oocytes, either injected with 5 ng cRNA for MCT2 alone or
together with 10 ng cRNA for GP70, as well as native control
oocytes were fixed in 4% paraformaldehyde in PBS (Roti-Histo-
fix 4%, Roth, Karlsruhe, Germany) 4 days after cRNA injection.
Oocytes were treated with 100% methanol and permeabilized
with 0.1% Triton X-100 (Sigma-Aldrich). Unspecific binding
sites were blocked with 3% BSA (Sigma-Aldrich), 1% normal
goat serum (Sigma-Aldrich) and 1% normal donkey serum
(Sigma-Aldrich). Afterward, oocytes were embedded in 2.5%
agarose (peqGOLD low-melt-agarose, peqlab, Erlangen, Ger-
many) and sectioned into 100-�m thick slices with a
microtome (752 M Vibroslice, Campden Instruments Ltd.,
Loughborough, UK). Slices were incubated in PBS containing
the primary antibody against MCT2 (1:200; chicken anti-
MCT2 polyclonal antibody, Millipore, Temecula, CA) over-
night at 4 °C. Sectioned oocytes were then incubated in PBS
with the secondary antibody (1:100; Alexa Fluor 488 goat anti-
chicken IgG, Invitrogen).
To determine the localization of CAIV, oocytes expressing

CAIV (2 ng RNA) or injected with 35 ng CAIV as well as native
control oocytes were fixed for 20 min in 4% paraformaldehyde
in PBS. One batch of oocytes was permeabilized with 100%
methanol and Triton X-100, the other batch was not permea-
bilized to allow an exclusive detection of extracellularly
expressed proteins. Unspecific binding sites were blocked with
3% BSA and 1% normal goat serum. Anti-hCAIVmousemono-
clonal antibody (R&D Systems GmbH, Wiesbaden-Norden-
stadt, Germany) diluted 1:25 in 1% BSA with or without 0.01%
Triton X-100 was used for detection of CAIV. Oocytes were
then incubatedwith the secondary antibody (1:100, Alexa Fluor
488 goat anti-mouse IgG, Invitrogen).
The sections stained against MCT2 or oocytes stained

against CAIV were analyzed with a confocal laser-scanning
microscope (LSM 700, Carl Zeiss GmbH, Oberkochen,
Germany).
Determination of CA Activity—Activity of CA was deter-

mined by monitoring the 18O depletion of doubly labeled
13C18O2 through several hydration and dehydration steps of
CO2 andHCO3

� at 25 °C (34, 35). The reaction sequence of 18O
loss from 13C18O18O (m/z� 49) over the intermediate product
13C18O16O (m/z � 47) and the end product 13C16O16O (m/z �
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45) was monitored with a quadropole mass spectrometer
(OmniStar GSD 320, Pfeiffer Vacuum, Asslar, Germany). The
relative 18O enrichment was calculated from the measured 45,
47, and 49 abundance as a function of time according to log
enrichment � log (49 � 100/(49 � 47 � 45)). For the calcula-
tion of CA activity, the rate of 18O degradation was obtained
from the linear slope of the log enrichment over the time, using
the spreadsheet analyzing software OriginPro 7 (OriginLab
Corp. Northampton, MA). The rate was compared with the
corresponding rate of the non-catalyzed reaction. Enzyme
activity in units (U) was calculated from these two values as
defined by Badger and Price (36). From this definition, one unit
corresponds to 100% stimulation of the non-catalyzed 18O
depletion of doubly labeled 13C18O2. For the experiments, the
cuvette was filled with 6 ml of oocyte saline with a pH of 7.0.
After addition of 13C18O2, the spontaneous degradation was
measured for 5 min. Batches of 20 oocytes expressing MCT2,
GP70, and CAIV-WT or mutants of CAIV, respectively, were
lysed in 80�l of oocyte saline, pipetted into the cuvette, and the
catalyzed degradation was determined for 10 min. For calibra-
tion, purified CAIV was added directly as protein, yielding a
final concentration of 0.25, 0.5, 1, and 2 �g, respectively.
Western Blot Analysis—For comparison of protein levels of

expressed MCT2 and CAIV, Western blot analyses were per-
formed. For each sample, 20 oocytes were lysed by sonication in
2% sodium dodecylsulfate solution with protease inhibitor
(Complete Mini EDTA-free, Roche) 4 days after injection of
cRNA. Total protein content was determined using a BCA pro-
tein assay kit (Pierce, Fisher Scientific GmbH). Extracts con-
taining 20 �g or 50 �g of protein per sample for detection of
MCT2 or CAIV, respectively, were separated by 4–12% SDS-
PAGE and transferred to nitrocellulosemembranes. Proteins of
interest were detected by antibody staining. For detection of
MCT2 anti-MCT2 (D-5) mouse monoclonal antibody (diluted
1:200, Santa Cruz Biotechnology, Inc., Heidelberg, Germany)
was used, and for detection of CAIV, anti-hCAIV mouse
monoclonal antibody (diluted 1:300, R&D SystemsGmbH) was
used. As a loading control, �-tubulin was labeled with anti-�-
tubulin mouse monoclonal antibody (diluted 1:1000, Sigma
Aldrich). Primary antibodieswere labeledwith goat anti-mouse
IgG horseradish peroxidase-conjugated secondary antibody
(diluted 1:4000, Santa Cruz Biotechnology, Inc.). Membranes
were analyzed after incubation with Lumi-Light Western blot-
ting substrate (Roche) with a Versa Doc imaging system (Bio-
Rad). Quantification of proteins was carried out with the soft-
ware Quantity One 4.5 (Bio-Rad). For each protein band, the
pixel density per square millimeter was calculated and back-
ground pixel density subtracted. To allow comparison of differ-
ent Western blots, all measured protein concentrations on one
blotwere normalized to the concentration of one protein on the
same blot.
Biotinylation—Localization of CAIVwas investigated by bio-

tinylation of extracellular proteinswith PierceCell Surface Pro-
tein Isolation Kit (Thermo Fisher Scientific, Inc.). Four days
after injection of cRNA, 50 CAIV-expressing or native oocytes
were incubated in membrane-impermeable EZ-Link Sulfo-
NHS-SS-Biotin (1 mg/ml PBS, 30 min, 4 °C). After the incuba-
tion period, quenching solution was added to the oocytes to

stop the reaction (30 min, 4 °C), before washing them three
times in Tris-buffered solution. Oocytes were lysed by sonica-
tion and incubation in 400�l of lysis buffer with protease inhib-
itor (Complete Mini EDTA-free, Roche). Oocyte lysate was
then applied on a column filled with 300 �l NeutrAvidin-aga-
rose suspension and incubated for 1 h at room temperature on
an overhead shaker before centrifugation and four times wash-
ing with wash buffer. Elution was carried out by incubation of
the NeutrAvidin-agarose resin in 120 �l SDS-PAGE sample
buffer containing 50mM dithiothreitol for 15min at room tem-
perature on an overhead shaker before heating the sample for 5
min at 95 °C. Each 25 �l of the eluates of CAIV-expressing and
native oocytes as well as 0.1 �g of hCAIV protein were sepa-
rated by SDS-PAGE. Detection of CAIV in Western blot anal-
ysis was performed as described above.
Intracellular pHMeasurements—For measurement of intra-

cellular pH (pHi) and membrane potential, double-barrelled
microelectrodes were used. The manufacture and application
have been described in detail previously (33, 37). For calibra-
tion, electrodes were perfused with HEPES-buffered oocyte
saline (pH 7.0). After a stable electrode potential was reached,
oocyte saline (pH 6.4), was applied until the electrode again
reached a stable potential.
As described previously (38), optimal intracellular pH

changes were detected when the electrode was located near the
inner surface of the plasma membrane. All experiments were
carried out at room temperature.
Extracellular pH Surface Measurements—Electrodes were

manufactured and calibrated in the same way as described for
intracellular pH measurements. Instead of impaling the dou-
ble-barreled microelectrode, its tip was gently pushed against
the outer surface of the oocyte. Oocytes were clamped to a
membrane potential of �40 mV using two additional KCl elec-
trodes. Under these conditions, the reference channel of the
extracellular pH-sensitive electrode displayed a reference
potential between 0 and �5 mV.
Calculation of [H�]i—Themeasurements of pHi were stored

digitally using homemade PC software based on the program
LabView (National Instruments Germany GmbH, München,
Germany) and were routinely converted into intracellular H�

concentration, [H�]i. This should provide changes in the [H�]i
that take into account the different pH baseline, as e.g. mea-
sured in HEPES- and CO2/ HCO3

�-buffered salines (33). The
rate of change of themeasured [H�]iwas analyzed by determin-
ing the slope of a linear regression fit using the spread sheet
program OriginPro 7. Extracellular pH measurements were
presented as pH values.
Buffer Capacity and Proton Fluxes—The intrinsic buffering

power �i was calculated from the maximal “instantaneous” pHi
changes recorded when changing from HEPES- to CO2/
HCO3

�-buffered saline. The CO2-dependent buffering power,
�CO2, was calculated from the intracellular bicarbonate con-
centration in the oocytes (�CO2 � 2.3�[ HCO3

�]), and the bicar-
bonate concentration was obtained from the Henderson-Has-
selbalch equation, assuming a [CO2] of 0.00835 mM in the
HEPES-buffered, nominal CO2-free solution. The total buffer
capacity, �t, was defined as the sum of �i and �CO2.

Transport Activity of MCT2 Is Enhanced by CAIV

AUGUST 5, 2011 • VOLUME 286 • NUMBER 31 JOURNAL OF BIOLOGICAL CHEMISTRY 27783



NetH� flux JH (mM/min), defined as the net transport of acid
and/or base equivalents across the cell membrane, was calcu-
lated as the product of the rate of pHi change, �pHi/t, and the
total buffer capacity �t (33).
Voltage-clamp Recording—A borosilicate glass capillary, 1.5

mm in diameter, was pulled to a micropipette and backfilled
with 3 M KCl. For voltage-clamp, this electrode was used for
current injection and was connected to the head-stage of an
Axoclamp 2B amplifier (Axon Instruments). The actual mem-
brane voltage was recorded by the reference barrel of the dou-
ble-barreled pH-sensitive microelectrode. Oocytes were
clamped to a holding potential of �40 mV.
Calculation and Statistics—Statistical values are presented

as means � S.E. of the mean. For calculation of significance in
differences, Student�s t test or, if possible, a paired t test was
used. In the figures shown, a significance level of p � 0.05 is
marked with *, p � 0.01 with **, and p � 0.001 with ***.

RESULTS

GP70 Is Required for Efficient Expression ofMCT2 inXenopus
Oocytes—It has been shown that functional expression of
MCT2 requires the ancillary protein GP70, which is not endog-
enously expressed in Xenopus oocytes (9, 10). To examine the
need of GP70 for proper expression of MCT2, we either
expressed MCT2 alone or together with GP70 in Xenopus
oocytes. Oocytes expressing GP70 alone and native oocytes
were used as negative control. Activity of MCT2 was tested by
application of 0.3, 1, and 5 mM lactate, and the lactate-induced
increase in intracellular H� concentration was determined
with pH-sensitive microelectrodes (Fig. 1A). Coexpression of
GP70withMCT2 induced a significant increase both in the rate
of rise (Fig. 1B) and in the amplitude (C) of lactate-induced
acidification, in line with a significant increase in functional
MCT2 expression and activity when the transporter is coex-
pressed with its ancillary protein GP70. In native and only
GP70-expressing oocytes, respectively, application of lactate
induced no change in intracellular H� concentration (Fig. 1A).
Therefore the lactate-induced changes in intracellular H� con-
centration inMCT2-expressing oocytes are attributed to trans-
port activity of MCT2. Integration of MCT2 into the oocyte
plasma membrane was further evaluated via antibody staining
using confocal laser scanning microscopy (Fig. 1D). The stain-
ing reveals a sharp signal for MCT2 in the plasma membrane
when it is coexpressedwithGP70,whereas expression ofMCT2
alone results in a diffuse signal for the transporter, both at the
cell membrane and in the cytosol. These results support the
conclusion that incorporation of MCT2 into the plasma mem-
brane of the oocyte is facilitated by GP70.
Activity ofMCT2 Is Not Enhanced by CAII—It has previously

been shown that injected or coexpressed CAII can enhance
transport activity of MCT1 and 4 when heterologously
expressed in Xenopus oocytes (22–26). Injection of 50 ng of
CAII into oocytes coexpressing MCT2�GP70 resulted in no
significant increase in the rate of rise of lactate-induced acidi-
fication (Fig. 2, A and B), indicating no functional interaction
between MCT2 and CAII. Injected CAII displayed significant
catalytic activity in the oocyte, as indicated by the rate of rise in
intracellular H� concentration, induced by application of 5%

CO2/10 mM HCO3
�, which was increased 2.8-fold in CAII-in-

jected oocytes compared with oocytes expressing MCT2 alone
(Fig. 2C).WhenCAIIwas coexpressedwithMCT2 andGP70 in
oocytes, lactate-induced acidification was the same as without
coexpressed CAII (not shown).
Transport Activity of MCT2 Is Enhanced by CAIV in a Non-

catalytic Manner—To test a possible effect of the extracellular,
membrane-bound CAIV on transport activity of MCT2, we
coexpressed CAIV together with MCT2 and GP70. Transport
activity of MCT2 was determined by application of 1 and 5 mM

lactate in the nominal absence and in the presence of 2%CO2/4

FIGURE 1. MCT2 needs GP70 for robust expression and function in Xeno-
pus oocytes. A, original recordings of [H�]i concentration in Xenopus oocytes
either expressing MCT2 alone (blue trace), MCT2�GP70 (red trace), GP70
alone (gray trace), or native oocytes (black trace) during application of 0.3, 1,
and 5 mM lactate. Rate of change (B) and amplitude (C) in [H�]i induced by
application of lactate in oocytes expressing MCT2 (E) and MCT2�GP70 (F),
respectively. The asterisks at the circles for MCT2�GP70-coexpressing
oocytes refer to the values of MCT2-expressing cells. D, fluorescence staining
of MCT2 in slices of oocytes expressing MCT2 alone (left panel) and
MCT2�GP70 (middle panel), respectively. Native oocytes were stained
against MCT2 as control (right panel). A significance level of p 	 0.01 is marked
with **, and p 	 0.001 with ***.
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mM HCO3
� (pH 7.0) before and during application of 10 �M of

the CA inhibitor 6-Ethoxy-2-benzothiazolesulfonamide (EZA)
(Fig. 3A). Both in the absence and in the presence of CO2/
HCO3

�, coexpression of CAIVwithMCT2 and GP70 induced a
�2.5-fold increase in MCT2 activity, as determined from the
rate of rise in lactate-induced acidification (Fig. 3, B and C). In
both cases, CAIV-induced increase in MCT2 activity was
insensitive to the inhibition of CAIV activity by EZA (Fig. 3,
A–C). Inhibition of CAIV catalytic activity by 10 �M EZA was
confirmed by application of CO2/ HCO3

� (Fig. 3D). The rate of
CO2-induced acidification was increased by a factor of 5.4 in
CAIV-expressing oocytes as compared with non-CA-express-
ing cells. In the presence of EZA, no difference between CAIV-
expressing and non-CAIV-expressing oocytes was observed.
It has previously been shown that carbonic anhydrases can

influence intracellular buffer capacity (39, 40). Therefore, we
determined cytosolic buffer capacity of the oocyte via applica-
tion of CO2 in the absence and presence of EZA (Fig. 3E). The
data indicated no change in intrinsic or in CO2/ HCO3

�-depen-
dent buffer capacity when CAIVwas expressed in oocytes, with
a value of 22–24 mM total cytosolic buffer capacity.
With the buffer capacity known, lactate-induced acid/base

flux could be calculated from the rate of change in intracellular
pH. As already demonstrated for the lactate-induced change in
proton concentration, coexpression of MCT2 and GP70 with

CAIV induced a significant increase in acid/base flux by a factor
of �2.9, both in the nominal absence and in the presence of
CO2/ HCO3

� (Fig. 3, F andG). Furthermore, the CAIV-induced
increase in acid/base flux was insensitive to CA inhibition by
EZA. The data indicate that CAIV, heterologously expressed in
Xenopus oocytes, increases transport activity of MCT2 in a
non-catalytic manner.
Mechanism of CAIV-mediated Increase in MCT2 Transport

Activity—To further investigate the role of CAIV catalytic
activity and its intramolecular proton shuttle onMCT2activity,
we applied two mutants of CAIV, the catalytically inactive
mutant CAIV-V165Y and CAIV-H88A, a mutant with an
impaired proton shuttle (analogous to the H64A mutant of
CAII).
To test the influence of these mutants on MCT2 transport

activity, we coexpressed MCT2 and GP70 either with CAIV-
V165Y, with CAIV-H88A, or with CAIV-WT as a control. Both
mutants induced a significant increase in the rate of lactate-
induced acidification, although CAIV-H88A imposed a signif-
icantly lower increase by about 25% in MCT2-mediated acidi-
fication than CAIV-WT (Fig. 4A).
Catalytic activity of the CAIV mutants in intact oocytes was

determined by the rate of intracellular acidification during
application of CO2. CAIV-H88A displayed notable but, com-
pared with CAIV-WT, significantly reduced catalytic activity,
whereas CAIV-V165Y showed no catalytic activity at all (Fig.
4B). Both CAIV-WT and CAIV-H88A were inhibited by appli-
cation of 10 �m EZA.

Potential changes inMCT2 expression level because of coex-
pression of MCT2 with CAIV were checked by quantifying the
amount of MCT2 in oocytes either expressing MCT2 alone or
oocytes coexpressing MCT2, GP70, and CAIV-WT or CAIV
mutants relative to the expression of MCT2 in oocytes injected
with RNA for MCT2 and GP70 alone (Fig. 5, A and C). �-Tu-
bulin was used as a loading control (Fig. 5B). The data revealed
that neither coexpression of CAIV-WT nor that of the two
CAIV mutants alter the expression level of MCT2. In contrast,
oocytes injected with RNA for MCT2 alone without GP70
express only 20% of MCT2 of that expressed with GP70,
whereas the values for the�-tubulin did not showdifferences to
GP70-coexpressing oocytes.
The expression levels of the CAIV mutants, relative to the

expression of CAIV-WT, were checked by relative quantifica-
tion of CAIV in oocytes coexpressing MCT2 and GP70 either
with CAIV-WT or one of the two CAIV mutants (Fig. 5D) and
�-tubulin as loading control (E). The data revealed no signifi-
cant difference in the relative expression level of CAIV-WTand
the mutants (Fig. 5F).
The catalytic activity of the two mutants and CAIV-WT was

also determined in vitro by mass spectrometrical analysis.
Twenty oocytes expressing CAIV-WT showed a catalytic activ-
ity of 8.2 units/ml, whereas oocytes expressing CAIV-V165Y
displayed no increase in activity as compared with native cells
(Fig. 6, A and B). The catalytic activity of the mutant CAIV-
H88Awas decreased to 72% of the activity of CAIV-WT. Coex-
pression of MCT2 and GP70 induced no significant change in
catalytic activity as compared with native oocytes, whereas
the triple expression of MCT2, GP70, and CAIV-WT led to a

FIGURE 2. CAII does not enhance activity of MCT2. A, original recordings of
[H�]i in MCT2�GP70-coexpressing Xenopus oocytes either injected with 50
ng of CAII protein (black trace) or 27.6 nl of H2O as control (gray trace) during
application of 0.3, 1, and 5 mM lactate and 5% CO2/10 mM HCO3

�. Shown is the
rate of change in [H�]i in MCT2�GP70-coexpressing oocytes injected with 50
ng CAII or water, as induced by application of lactate (B) and CO2/ HCO3

� (C),
respectively. A significance level of p 	 0.001 is marked with ***.
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significant increase in catalytic activity. To determine the
amount of CAIV expressed in the oocytes, CA activity was
calibrated by measuring the enzymatic activity of defined
amounts of CAIV protein (0.25, 0.5, 1, and 2 �g) to generate
a calibration curve (Fig. 6C). Calculating the amount of
active CA in the oocytes revealed that expression of CAIV
was reduced to 39% when the enzyme was coexpressed with
MCT2 and GP70 (Fig. 6D).
Localization of CAIV—Localization of CAIV at the oocyte

plasma membrane was determined by measurements of extra-
cellular surface pH using pH-sensitive microelectrodes posi-
tioned on the outer membrane surface (Fig. 7A). In native
oocytes, changing from a HEPES-buffered to a 5% CO2/10 mM

HCO3
�-buffered solution at constant pH 7.0 induced a small

transient extracellular alkalinization, whereas removal of CO2/
HCO3

� induced a small transient acidification. However,
expression of CAIV resulted in an EZA-sensitive increase of
these transients by a factor of 2.7 for the CO2-induced alkalin-
ization (p � 0.001) and by a factor of 4.0 for the acidification
induced by withdrawal of CO2 (p � 0.001, Fig. 7B). In contrast
to CAIV, intracellular CAII induced no increase in the tran-
sients compared with native oocytes. These results indicate
extracellular CA activity because of the localization of CAIV at
the outer face of the cell membrane. This extracellular localiza-
tion of CAIV was confirmed by biotinylation of CAIV (Fig. 7C)
and by antibody staining of expressed and injected CAIV in

FIGURE 3. Transport activity of MCT2 is enhanced by CAIV. A, original recordings of [H�]i in Xenopus oocytes, either coexpressing MCT2�GP70 (gray trace)
or MCT2�GP70�CAIV (black trace) during application of 1 and 5 mM lactate, in the absence and presence 2% CO2/4 mM HCO3

� (at constant pHe of 7.0), before
and during application of 10 �M EZA. Shown is the rate of change in [H�]i in oocytes coexpressing MCT2�GP70 (E and �) and MCT2�GP70�CAIV (F and f),
respectively, as induced by application of lactate in the absence (B) and presence (C) of CO2/ HCO3

� and by application of CO2/ HCO3
� itself (D) before (E and F)

and during application of EZA (� and f). E, intrinsic (�i) and CO2/ HCO3
�-dependent (�CO2) buffer capacity in oocytes coexpressing MCT2�GP70 and

MCT2�GP70�CAIV, and in the absence and presence of EZA, respectively. Shown also is the lactate-induced acid/base flux in oocytes coexpressing
MCT2�GP70 (E and �) and MCT2�GP70�CAIV (� and f), respectively, in the absence (F) and presence (G) of CO2/ HCO3

�, with (� and f) and without EZA
(E and F). The asterisks at the symbols for MCT2�GP70�CAIV-coexpressing oocytes refer to the values of MCT2�GP70-coexpressing cells. A significance level
of p 	 0.01 is marked with **, and p 	 0.001 with ***.
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permeabilized and non-permeabilized oocytes (Fig. 7,D and E).
CAIV, expressed in oocytes injected with 2 ng of CAIV-cRNA,
could be detected in both permeabilized and non-permeabi-
lized oocytes, indicating extracellular localization of the protein
(Fig. 7,D1 and E1). In contrast, CAIV, when injected as purified
protein, missing the GPI anchor, could only be detected when
the oocyteswere permeabilizedwithmethanol and treatedwith

FIGURE 4. Activity of MCT2 is also enhanced by the catalytically inactive
mutant CAIV-V165Y and by CAIV-H88A, a mutant with impaired H� shut-
tle. Rate of rise in [H�]i, as induced by application of 0.3, 1, and 5 mM lactate (A)
and 5% CO2/10 mM HCO3

� (B) in oocytes coexpressing MCT2�GP70 (F in A),
MCT2�GP70�CAIV-WT (� in A), MCT2�GP70�CAIV-V165Y (‚ in A), and
MCT2�GP70�CAIV-H88A (ƒ in A), respectively. A significance level of p 	
0.05 is marked with *, p 	 0.01 with **, and p 	 0.001 with ***.

FIGURE 5. Expression levels of MCT2 are increased by coexpression with
GP70 but not by coexpression with CAIV. Western blot analysis for MCT2
(A) and CAIV (D), respectively, and �-tubulin (B and E) as loading control from
native oocytes (A1 and D1) and oocytes expressing MCT2 (A2), MCT2�GP70
(A3), MCT2�GP70�CAIV-WT (A4 and D2), MCT2�GP70�CAIV-H88A (A5 and
D3), and MCT2�GP70�CAIV-V165Y (A6 and D4). Quantification of the rela-
tive expression levels of MCT2 (C) and CAIV (F), respectively, by Western blot
analyses. The n value is given as blots/badges of oocytes. The expression level
of MCT2 in non-GP70-expressing oocytes is significantly lower (p � 0.001) as
compared with GP70-expressing cells, which do not differ significantly
from each other. The expression levels of CAIV mutants do not differ from
CAIV-WT.

FIGURE 6. Determination of CA catalytic activity of via mass spectrome-
try. A, original recordings of the log enrichment of 20 native oocytes and 20
oocytes expressing either MCT2�GP70, MCT2�GP70�CAIV-WT, CAIV-WT,
CAIV-H88A, or CAIV-V165Y, respectively. The beginning of the traces shows
the rate of degradation of the 18O-labeled substrate in the non-catalyzed
reaction. The black arrowhead indicates the addition of the oocytes. B, enzy-
matic activity in units/ml at pH 7.0. One unit is defined as 100% stimulation of
the non-catalyzed 18O depletion of doubly labeled 13C18O2. The asterisks
above the bars refer to the values of native cells. C, calibration curve for the
determination of the active CAIV concentration in the oocytes by measuring
the activity of different amounts of CAIV protein (0.25, 0.5, 1, and 2 �g) and
fitted by linear regression to calculate the amount of expressed CAIV. The
inset shows the original recordings of the log enrichment for the four
amounts of purified CAIV. D, amount of CAIV in ng/oocyte in oocytes express-
ing CAIV-WT alone and in oocytes coexpressing MCT2�GP70�CAIV-WT. A
significance level of p 	 0.01 is marked with **, and p 	 0.001 with ***.
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detergents (Fig. 7, D2 and E2). Native control oocytes showed
no signal for CAIV at all (Fig. 7, D3 and E3).
GP70 Is Required for CAIV-mediated Increase in MCT2

Transport Activity—To test whether GP70 is necessary for the
CAIV-mediated increase in MCT2 transport activity, we coex-
pressedMCT2 andCAIVwithout GP70 (Fig. 8,A andB). Inter-
estingly, CAIVwas not able to increase the lowMCT2 transport
activity in the absence of GP70 (Fig. 8A), although CAIV
showed full catalytic activity, as determined from the rate of
CO2-induced acidification (B). Furthermore, injection of 35 ng

of purified CAIV protein, with the GPI anchor removed during
purification, showed robust intracellular catalytic activity but
did not increase transport activity of MCT2 coexpressed with
GP70 (Fig. 8, C andD). We also injected 50 ng of CAII into just
MCT2-expressing oocytes, which displayed high catalytic
activity but was again not able to enhance transport activity of
MCT2 (Fig. 8, E and F).

FIGURE 7. Heterologously expressed CAIV is located at the extracellular
surface of the Xenopus oocyte. A, original recordings of pHs at the outer
surface of native (black trace), CAII-expressing (blue trace), and CAIV-express-
ing (red trace) oocytes during application of 5% CO2/25 mM HCO3

�, in the
absence and presence of 30 �M EZA. B, amplitude of the pHs-transient of
native, CAII-expressing, and CAIV-expressing oocytes, as induced by with-
drawal of 5% CO2/25 mM HCO3

�, in the absence and presence of 30 �M EZA.
C, Western blot analysis for CAIV from biotinylated native or CAIV-expressing
oocytes and of 0.1 �g CAIV protein. Antibody staining against CAIV in oocytes
either expressing CAIV (D1 and E1), injected with CAIV protein (D2 and E2),
and native oocytes (D3 and E3), respectively, which were either permeabilized
with methanol (E1–3) or left non-permeabilized (D1–3). A significance level of
p 	 0.001 is marked with ***.

FIGURE 8. Rate of rise in [H�]i as induced by application of 0. 3, 1, and 5 mM

lactate (A, C, and E) and 5% CO2/10 mM HCO3
� (B, D, and F) in oocytes

expressing MCT2 or MCT2�CAIV (A and B), in MCT2�GP70-coexpress-
ing oocytes either injected with 35 ng CAIV protein or H2O as control (C
and D), and in MCT2-expressing oocytes either injected with 50 ng CAII
protein or H2O as control (E and F). A significance level of p < 0.001 is
marked with ***.
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DISCUSSION

Molecular events underlying the regulation of MCT are
poorly understood.However, it was recently demonstrated that
MCTs require association with an ancillary protein to enable
plasma membrane expression and activity. For MCT1, MCT3,
and MCT4, the preferred associated protein has been found to
be CD147, whereas the preferred ancillary protein for MCT2 is
GP70 (9, 10, 41, 42). Furthermore, studies indicate that these
chaperones, both glycoproteins containing a single transmem-
brane domain with a short C terminus located in the cytosol
and immunoglobulin-like domains in the extracellular region
(43), remain tightly associatedwith the transporter in themem-
brane and are also involved in regulation/modulation of inhib-
itor sensitivity (9, 10, 41, 42, 44). In X. laevis oocytes, CD147 is
endogenously expressed, whereas GP70, the preferred ancillary
protein of MCT2, is not (9). These observations are confirmed
by our experiments. Expression of MCT2 without additional
GP70 resulted in rather moderate transport activity. In con-
trast, activity of MCT2 increased about 3- to 5-fold when coex-
pressed with exogenous GP70 (Fig. 1, A–C). The modest activ-
ity of MCT2 in the absence of exogenous GP70 is likely to
reflect its association with endogenous CD147 because knock-
down of intrinsicX. laevisCD147 lead to nearly complete abol-
ishment of lactate transport (9). However, we cannot exclude
association of MCT2 with another, yet unidentified, intrinsic,
ancillary protein.
Furthermore, our data show that the increase inMCT2 activ-

ity seems to be based on two factors. The first is increased
plasmamembrane expression ofMCT2when coexpressedwith
GP70, accompanied by a reduction of MCT2 beneath the
plasma membrane (Fig. 1D). The second is an increase in total
MCT2 protein level, which is also significantly increased in the
presence of GP70 as comparedwith the situationwithoutGP70
(Fig. 5).Whether the observed difference inMCT2 protein lev-
els are in fact attributable to higher expression or to fast degra-
dation of MCT2 protein not yet inserted, as observed when
GP70 is missing, has to be clarified in future experiments.
We have shown previously that CAII can increase the trans-

port activity of MCT1 and MCT4, heterologously expressed in
Xenopus oocytes, by a mechanism independent of the catalytic
activity of the enzyme (22–26). Both in the absence and in the
presence of CO2/ HCO3

�, blocking CAII catalytic activity with
EZA or mutating of the catalytic center of the enzyme (CAII-
V143Y) had no effect on the CAII-induced augmentation of
MCT1 and MCT4 transport activity (22–24). In contrast,
removing the intramolecular H� shuttle of CAII (CAII-H64A)
or the histidine-rich cluster within the N-terminal of the
enzyme (CAII-HEX), which has been suggested to act as a bind-
ing site for different acid/base transporters (45), both lead to a
loss of interaction between CAII and MCT1/MCT4 (24–25).
From this it was concluded that CAII, directly bound to the
transporter, can act as an “H�-collecting antenna” that directly
supplies substrate to MCT1 and MCT4 to support proton/lac-
tate cotransport.
In this study, we have now tested for an interaction between

CAII andMCT2. Interestingly, CAII did not increase transport
activity of MCT2, neither alone nor when GP70 was coex-

pressed in oocytes. Previous studies have suggested that the
interaction between CAII andMCT1 is mediated via the C-ter-
minal of the transporter (22). For the chloride/bicarbonate
exchanger AE1, it has been suggested that binding to CAII is
mediated via an acidic amino acid cluster (D887ADD) (18). Such
acidic clusters can be found in the C-terminal of MCT1 and
MCT4 but are absent in the C-terminal of MCT2. Thus, it can
be speculated that the interaction between MCT1 and MCT4
and CAII might be mediated by binding of CAII to an acidic
cluster within the C-terminal of the two transporters and that
no binding of CAII to MCT2 can occur because MCT2 lacks
such a cluster. Alternatively, the interaction betweenMCT and
CAII could be mediated or influenced by the ancillary proteins
of MCTs. It has been shown, that MCT1 and 4 primarily inter-
act with CD147, which is natively expressed in Xenopus
oocytes, whereasMCT2prefersGP70 as an interaction partner.
Therefore, it might also be possible that the interaction
between CAII and MCTs is mediated by CD147 but not by
GP70, leading to an augmentation of activity of MCT1 and 4
but not of MCT2. Therefore, it could be assumed that direct
binding between CAII and the transporter is mandatory for
initiation of the proton shuttle as described for CAII and
MCT1/MCT4.
Our studies showed, however, that transport activity of

MCT2 is increased by coexpressionwithCAIV.The interaction
requires CAIV to be localized on the extracellular surface of the
oocyte, as injection of CAIV protein has no effect on MCT2-
transport activity. In addition, this interaction requires MCT2
to be coexpressed with GP70 because the low transport activity
of MCT2 expressed without GP70 was unaffected by CAIV. As
already reported for the interaction of MCT1 and MCT4 with
CAII (22–26), the CAIV-induced augmentation of MCT2
transport activity does not depend on the catalytic activity of
the enzyme. Coexpression of CAIV resulted in an increase in
MCT2 transport activity, both in the nominal absence of CO2/
HCO3

� and in the presence of theCA inhibitor EZA.Thedepro-
tonated sulfonamide group of EZA forms a hydrogen bondwith
the zinc ion at the catalytic site of CAII but does not interact
with the histidine at position 64, the central residue of the CAII
intramolecular H� pathway (46). Therefore, it appears likely
that EZA inhibits CAII catalytic activity but not the intramo-
lecular H� shuttle. Furthermore, coexpression of the catalyti-
cally inactive mutant CAIV-V165Y resulted in the same aug-
mentation of MCT2 activity as coexpression of MCT2 with
CAIV-WT.
We have recently shown that CAII-induced augmentation of

MCT1 and MCT4 activity is mediated by the intramolecular
proton shuttle of CAII, with His64 as the central part (25). A
proton shuttle that moves H� between the zinc-bound water
and the solvent surrounding the enzyme is also found in CAIV
with a histidine residue at position 88 as the central residue.
Removal of the intramolecular proton shuttle of CAIV at posi-
tion 88, by replacing His-88 with Ala, caused a significantly
smaller increase in MCT2 activity as compared with wild-type
CAIV but, in contrast to the interaction of MCT1 and MCT4
with CAII, did not result in a complete loss of interaction. It has
been proposed that CAIV might possess a second, yet uniden-
tified, proton shuttle (47). This second proton shuttle in CAIV
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might also contribute to the augmentedMCT2 transport activ-
ity in the presence of CAIV-H88A.
CAIV-induced augmentation of MCT2 transport activity

requires coexpression with GP70. It could be speculated that
coexpression of CAIV increases the expression level of MCT2.
Quantification of the MCT2 expression level in oocytes, how-
ever, showed no changes following coexpression with CAIV.
Therefore, it can be hypothesized that MCT2 and CAIV may
not interact directly with each other but may require GP70 as a
mediator, possibly by allowing binding of CAIV to the immu-
noglobulin-like domains in the extracellular region of theGP70
(Fig. 9). Wherever CAIV might bind, a close approximation to
MCT2 appears to be necessary to provide protons for the
cotransport with lactate. It has been calculated that H�

cotransporters like MCTs, whose substrate is only available at
very low concentrations, remove H� faster from the surround-
ing aqueous phase than H� can diffuse to the transporter,
which would lead to depletion of the immediate vicinity of the
transporter and would impair transport activity. Therefore, the
transporter must exchange H� with protonatable sites present
in membrane proteins and lipids at the plasma membrane,
which need to be located in close proximity to act as a H�-col-
lecting antenna for the transporter (48). We have recently pro-
posed that intracellular CAII, by facilitating its intramolecular
proton shuttle, can act as a proton-collecting antenna for
MCT1 and MCT4 to ensure rapid shuttling of lactate and H�

via the transporters. Similarly, as in the cytoplasm, diffusion of
ions in the extracellular space is restricted. For the brain, where
MCT2 and CAIV are coexpressed in some types of neurons
(16), it has been shown, that extracellular diffusion of ions is
hindered by tortuosity of the extracellular space, proteoglycans
at the outer membrane surface, charges at the extracellular
matrix, but also by extracellular buffers (49, 50). Therefore it
appears likely that an effective cotransport of lactate and H�

across the cellmembrane does require proton handling on both
sides of the plasma membrane. Because we have demonstrated
that extracellular CAIV can enhance transport activity of
MCT2 in a non-catalytic manner, CAIV may also act as an

extracellular proton-collecting antenna for the MCT2 to facil-
itate the uptake of lactate and protons from the ECS into active
neurons, which have a large demand for energetic substrates.
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