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Injection of carbonic anhydrase isoform II (CA) into Xenopus
frog oocytes increased the rate of H� flux via the rat monocarboxy-
late transporter isoform 1 (MCT1) expressed in the oocytes. MCT1
activity was assessed by changes of intracellular H� concentration
measured by pH-selective microelectrodes during application of
lactate. CA-induced augmentation of the rate of H� flux mediated
byMCT1 was not inhibited by ethoxyzolamide (10 �M) and did not
dependon the presence of addedCO2/HCO3

�butwas suppressed by
injection of an antibody against CA. Deleting the C terminus of the
MCT1 greatly reduced its transport rate and removed transport
facilitation by CA. Injected CA accelerated the CO2/HCO3

�-in-
duced acidification severalfold, which was blocked by ethoxyzol-
amide and was independent of MCT1 expression. Mass spectrome-
try confirmed activity of CA as injected into the frog oocytes. With
pulldown assayswe demonstrated a specific binding ofCA toMCT1
that was not attributed to the C terminus of MCT1. Our results
suggest that CA enhancesMCT1 transport activity, independent of
its enzymatic reaction center, presumably by binding to MCT1.

Acid/base transport across cell membranes includes a variety of car-
riers, some of which are instrumental for cellular pH regulation or cel-
lular import and export of metabolites. The monocarboxylate trans-
porters (MCT)2 belong to the SLC16 human gene family, and 14
isoforms have been described so far for this lactate/pyruvate-proton
cotransporter (1). MCT isoforms have been reported for most tissues,
where the removal or supply of L-lactate (pyruvate or other monocar-
boxylates) is related to different metabolic conditions. The MCT iso-
form 1 (MCT1) has been found in most tissues; in the brain, MCT1
appears to be located mainly in glial cells (2). MCT1 has been expressed
in oocytes of the frog Xenopus laevis, where it has been characterized
molecularly and functionally (2–4). MCT1 has a Km value for L-lactate
of 3–5 mM and is believed to be associated in the glia-neuron lactate
shuttle (5, 6). Lactate is exported from astrocytes via MCT1 and is then
taken up by neurons via the high-affinity MCT2 (Km�0.5 mM). The
significance of this lactate shuttle has been demonstrated by showing
that synaptic activity recovers and is maintained under glucose-de-
prived conditions after addition of lactate (7–9).
In the present study we have looked for a possible role for carbonic

anhydrase (CA) inH� fluxes viaMCT1. ExtracellularCA isoform IVhas
been shown to facilitate lactate transport in astrocytes and neurons (10).
Furthermore, CA has been reported to bind to various acid/base trans-
porters, such as the chloride/bicarbonate anion exchanger (11), the
sodium bicarbonate cotransporter (12, 13), and the sodium/hydrogen
exchanger (14). We have expressed MCT1 in Xenopus oocytes and
injected isoform II of CA, which has been shown to be present also in
astrocytes (15). Our results suggest that CA binds to the MCT1 in the
cell membrane of the oocyte and greatly enhances the H� flux via the
MCT1. Surprisingly, the MCT1-CA interaction was independent of
added CO2/HCO3

� and not sensitive to the CA inhibitor ethoxyzol-
amide. A preliminary account of some of the results has been commu-
nicated in abstract form (16).

MATERIALS AND METHODS

Constructs, Oocytes, and Injection of cRNA and Carbonic Anhydrase—
For oocyte expression ratMCT1 cloned in the vector pGEMHeJuel, which
contains the 5�- and the 3�-untranscribed regions of theXenopus �-globu-
lin flanking the multiple cloning site, was used (2). Plasmid DNA was lin-
earized withNotI and transcribed in vitrowith T7 RNA-polymerase in the
presence of the cap analogon m7G(5�)ppp(5�)G (mMessage mMachine,
Ambion Inc.) to produce a cappedRNAtranscript. The cRNAwaspurified
using the Qiagen RNeasy MinElute cleanup kit and stored at �70 °C in
DEPC-H2O. Integrity of the cRNAwas checked by formaldehyde-gel elec-
trophoresis. X. laevis females were purchased from Horst Kähler, Ham-
burg,Germany.Oocyteswere isolated and singularizedbycollagenase (col-
lagenase A, Roche Applied Science) treatment in Ca2�-free oocyte Ringer
solution at room temperature for 2 h. The singularized oocytes were left
overnight in Ca2�-containing oocyte Ringer solution to recover. The
oocyte saline solution (OR2�) had the following composition (in mM):
NaCl, 82.5; KCl, 2.5; CaCl2, 1; MgCl2, 1; Na2HPO4, 1; HEPES, 5, titrated
with NaOH to pH 7.0 or 7.4. The bicarbonate-containing saline solution
contained (in mM): NaCl, 72.5; KCl, 2.5; CaCl2, 1; MgCl2, 1; Na2HPO4, 1;
NaHCO3, 10 (pH7.0) or 24 (pH7.4), gassedwith 5%CO2 andHEPES, 5, to
stabilize the pH. Lactate (3 and 10 mM) was added as sodium lactate and
exchanged for equimolar amounts of NaCl. Oocytes at stages V and VI
were then selected and injected with 7 ng of MCT1-cRNA using glass
micropipettes and a microinjection device (Nanoliter 2000, World Preci-
sion Instruments, Berlin, Germany). Control oocytes were injectedwith an
equivalent volume of DEPC-H2O.

CA was directly injected into the oocytes. Therefore 50 ng of CA,
isolated from bovine erythrocytes (C3934, Sigma), dissolved in 25 nl of
DEPC-H2O, was injected 20–28 h before using oocytes for electro-
physiological measurement. Control oocytes were injected with 25 nl of
DEPC-H2Oalone. For co-injection ofCAwith anti-CA, amixture ofCA
and a 1.5-fold amount of anti-CA (rabbit anti-carbonic anhydrase II
(Bovine Erythrocytes) polyclonal antibody, AB1243, Chemicon Europe,
Hofheim, Germany) was prepared 1–2 days before injection to allow
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enough time for anti-CA to bind to the CA. Injection of the CA �

anti-CA mixture was carried out as described for the CA.
C-terminal Deletion in the MCT1D56 Mutant—Deletion of the

C-terminal tail ofMCTwas carried out by using site-directedmutagen-
esis withmodified oligonucleotide primers, as first described byWeiner
et al. (18). For the deletion, the base triplet, coding for the 56th amino
acid from the C-terminal onward, was changed fromCGA (arginine) to
TGA (stop). For selection of the mutants, a second SpeI restriction side
(ACTAGTG)was added by changing the base triplet coding for the 55th
amino acid (leucine) from CTT to CTA. The mutation was carried out
by using a PCR reaction with the whole pGHJMCT1 plasmid as tem-
plate and the following sense and a complementary antisense primer
(changed nucleotides are written in bold): 5�-GGC ATC AAT TAT
TGA CTA GTG GCC AAA GAA-3�.

After DpnI digestion of the template DNA, the mutated construct
was retransformed into the Escherichia coli strain XL1 blue. Mutations
were verified by restriction digestion and cDNA sequencing. RNA was
then produced as described above.

Intracellular pH Measurements—For measurement of intracellular
pH and membrane potential, double-barreled pH-sensitive microelec-
trodes were used; the manufacture and application have been described
in detail previously (19). Briefly, two borosilicate glass capillaries of 1.0
and 1.5 mm in diameter were twisted together and pulled to a micropi-
pette. The ion-selective barrel was silanized with a drop of 5% tri-N-
butylchlorsilane in 99.9% pure carbon tetrachloride backfilled into the
tip. The micropipette was baked for 4.5 min at 450 °C on a hotplate.
H�-sensitive mixture (Fluka 95291, Fluka, Buchs, Switzerland) was
backfilled into the tip of the silanized ion-selective barrel and filled up
with 0.1 M sodium citrate, pH 6.0. The reference barrel was filled with 3
M KCl. To increase the opening of the electrode tip, it was bevelled with
a jet stream of aluminum powder suspended in H2O. Calibration of the
electrodes was carried out in OR2� with a pH of 7.0 and 6.4. The
recording arrangement was the same as described previously (19, 20).
The central and the reference barrel of the electrodeswere connected by
chlorided silver wires to the head stages of an electrometer amplifier.
Electrodes were accepted for use in the experiments when their
response exceeded 50 mV per unit change in pH; on average, they
respondedwith 54mV for unit change in pH. In the experimental cham-
ber they responded faster to a change in saline pH than the fastest
reaction expected to occur in the oocyte cytosol.
As described previously (3) optimal pH changes were detected when

the electrode was located near the inner surface of the plasma mem-
brane. This was achieved by carefully rotating the oocyte with the
impaled electrode. All experiments were carried out at room tempera-
ture (22–25 °C). Only oocytes with a membrane potential negative to
�30 mV were used for experiments.

Buffering Power and Proton Fluxes—The measurements of pHi were
stored digitally using homemade PC software based on the program
LabView and could be converted into intracellular H� concentration,
[H�]i. This should provide changes in the [H�]i, which take into
account the different pH base lines, e.g. as measured in HEPES- and
CO2/HCO3

�-buffered saline solutions (20).
Amplitude and rate of change of the measured pHi or of the [H�]i

were continuously recorded. The intrinsic buffering power �i was cal-
culated from the maximal “instantaneous” pHi changes recorded when
changing from HEPES- to 5% CO2/10 mM HCO3

�-buffered saline solu-
tion. The CO2-dependent buffering power, �CO2, was calculated from
the intracellular bicarbonate concentration in the oocytes, �CO2 � 2.3 �

[HCO3
�], and the bicarbonate concentration was obtained from the

Henderson-Hasselbalch equation. The total buffer capacity, �t, was
defined as the sum of �i and �CO2.
Net H� flux JH (mM/min), defined as the net transport of acid and/or

base equivalents across the cell membrane, was calculated as the prod-
uct of the rate of pHi change, �pHi/t, and the buffering power �. For
calculation of the flux rates in HEPES-buffered saline solution, �pHi/t
was multiplied with the intrinsic buffer capacity �i of the oocyte. For
calculation of the flux rate in CO2/HCO3

�-buffered saline solution,
�pHi/t was multiplied with the total buffering capacity �t (20).

Voltage Clamp Recording—A borosilicate glass capillary, 1.5 mm in
diameter, was pulled to a micropipette and backfilled with 3 M KCl. The
resistance of the electrode measured in oocyte saline solution was
around 1 megohm. For voltage clamp recording, both electrodes were
connected to the head stages of anAxoclamp 2B amplifier (Axon Instru-
ments). The experimental bath was grounded with a chlorided silver
wire coated by agar dissolved in OR2�.

Determination of CA Activity—Activity of CA was determined by
monitoring the 18O depletion of doubly labeled 13C18O2 through several
hydration and dehydration steps of CO2 and HCO3

� at 25 °C (21, 22).
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 � 45) was monitored with a quadrupole mass spec-
trometer (MSD 5970; Hewlett Packard, Waldbronn, Germany) by cou-
pling the machine to a cuvette via an aqueous membrane inlet system.
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 calculation of the CA activity of
the sample, the rate of 18O degradation was obtained from the linear
slope of the log(enrichment) over the time, using the spreadsheet-ana-
lyzing software Origin 6.0 (Microcal Software Inc.). The rate was com-
paredwith the corresponding rate of the non-catalyzed reaction. For the
experiments, the cuvette was filled with 10 ml of OR2� with a pH of
7.35 according to the mean intracellular pH of CA-injected oocytes and
tempered to 25 °C. 1�g of CAwas added directly as protein, dissolved in
water in a concentration of 0.2 �g/�l. Oocytes, injected with 50 ng of
CA each, were pipetted into the cuvette in a batch of 20, making a total
amount of 1 �g of CA.

Covalent Coupling of Carbonic Anhydrase and Bovine Serum Albu-
min (BSA) to Sepharose and Non-covalent Binding of Glutathione
S-transferase to Glutathione-Sepharose—For pulldown assays CA and,
as control, BSA, were linked covalently to N-hydroxysuccinimide-acti-
vated Sepharose 4 Fast Flow (Amersham Biosciences). Briefly CA and
BSA were dissolved in phosphate-buffered saline solution and incu-
bated with activated N-hydroxysuccinimide-Sepharose beads (5 mg of
protein/ml medium) overnight at 4 °C. The remaining active groups
were blocked for 3 h at room temperature with 0.5 M ethanolamine/0.5
MNaCl, pH 8.0. To remove uncoupled protein, the beads were washed
alternately with 0.2 M NaHCO3/0.5 M NaCl, pH 8.0, and 0.2 M NaOAc/
0.5 M NaCl, pH 4.0. The efficiency of protein coupling was assessed by
comparing protein content before and after coupling on SDS-PAGE/
Coomassie stain. GST expressed in E. coli was bound to glutathione-
Sepharose 4 Fast Flow (Amersham Biosciences). BL21 cells then were
transformed with the vector pGEX 4T-2 (Amersham Biosciences) and
cultured, and at A578 nm of 0.7, expression of the GST protein was
induced by the addition of 0.1 mM isopropyl 1-thio-�-D-galactopyrano-
side. After incubation for 3 h at 29 °C, cells were harvested by centrifu-
gation (15 min, 5000 � g) and lysed by sonification, and proteins were
extracted with 1% (v/v) Triton X-100 in 150 mM NaCl/50 mM Tris (pH
7.4) (Tris-buffered saline) for 1 h at 4 °C. After centrifugation (50,000 �
g, 4 °C, 20 min) the supernatant was incubated with glutathione-Sepha-
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rose beads. Beads were washed with Tris-buffered saline, and the
amount of purified GST bound to the Sepharose was determined by
SDS-PAGE and Coomassie staining.

In Vitro Translation of MCT1 and MCT1D56 and Pulldown Assays
on Immobilized CA-Sepharose—In vitro translation of MCT1 and
MCT156 in pGEMHeJuel was performed under the control of the T7
promoter using the TNT7� Quick translation kit (Promega). Therefore
1 �g of cDNA and 10 �Ci of L-[35S]methionine were incubated with
rabbit reticulocyte lysate in a final volume of 30 �l. After incubation for
90 min at 30 °C, the probes were frozen at �20 °C. The in vitro trans-
lated products were checked by SDS-PAGE and analyzed by a phospho-
rimaging device before they were used for the pulldown assays. 7 �l of
the protein probes were diluted in 1 ml of RIPA-CaMg buffer (150 mM

NaCl, 50 mM Tris-HCl, pH 8.0, 1% Nonidet P-40, 0.1% SDS, 0.5%
sodium deoxycholate, 1% BSA, 1 mM CaCl2, 1 mM MgCl2) and incu-
bated for 3 h at room temperature with 50 �l of CA-Sepharose (�3.75
mg/ml), GST-Sepharose (�0.1 mg/ml), and BSA-Sepharose (�3.75
mg/ml) equilibrated in RIPA-CaMg buffer. Protein columns were
washed five times for 5 min with 1 ml of RIPA-CaMg buffer at room
temperature. Columns and bound proteins were eluted with SDS-
PAGE sample buffer (8% (w/v) SDS, 120 mM Tris, pH 6.8, 20% (v/v)
glycerine, 0.01% (w/v) bromphenol blue, 10% (v/v) �-mercaptoethanol)

and transferred to SDS-PAGE. After drying, gels were exposed to phos-
phorimaging screens.

Calculation and Statistics—Statistical values are presented as
means� S.E. For the calculation of significance in differences, Student�s
t test or, if possible, a paired t test was used.

RESULTS

A typical experiment, which we used for analysis of the effect of CA
on the activity of MCT1, is shown in Fig. 1. Oocytes were injected with
14 ng of MCT1-cRNA and either 25 �l of CA (50 �g) or 25 �l of H2O
20–28 h before the experiment. The oocytes were voltage clamped at
�40 mV, and intracellular pH changes, converted to changes in [H�]i,
were measured with ion-selective microelectrodes. Lactate (3 and 10
mM) was applied for 5–10 min to activate the MCT1, both in HEPES-
buffered, nominally CO2/HCO3

�-free saline solution (which contains
less than 70�MHCO3

� at pH 7.0) and, for comparison, in saline solution
buffered with 5% CO2/10 mM HCO3

� (pH 7.0). The [H�]i changes in
oocytes injected with CA (Fig. 1A) occurred much faster during the
application of lactate and also upon the addition of CO2/HCO3

�, as
compared with the [H�]i changes measured in oocytes injected with
H2O instead of CA (Fig. 1B). Ethoxyzolamide (EZA, 10�M), an inhibitor
of CA, slowed the CO2-dependent [H�]i changes but not the lactate-
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FIGURE 1. Increase of the rate of [H�] change via
MCT1 by carbonic anhydrase II. A and B, intracel-
lular pH recordings, converted to [H�], during
repeated application of 3 and 10 mM L-lactate in
oocytes expressing MCT1 injected with 50 ng of
CA (A) or with H2O (B) in HEPES-buffered and in
CO2/HCO3

�-buffered saline solutions at pH 7.0 in
the absence and in the presence of the CA inhibi-
tor EZA (10 �M). C–F, superimposed traces (C), the
mean relative changes of [H�] (D), and rates of H�

changes (E and F) as induced by lactate in MCT1-
expressing oocytes with or without (H2O) injected
CA in the presence and absence of CO2/HCO3

� and
the CA inhibitor ethoxyzolamide (E and F). Signifi-
cance levels: *, p 	 0.05; **, p 	 0.01; and ***, p 	
0.001.
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induced acidification in CA-injected oocytes and was without effect in
theH2O-injected oocytes (Fig. 1,A andB).Wehave analyzed the change
of [H�]i and the rate of [H�]i change in both types of oocytes, as shown
for the superimposed traces of [H�]i changes evoked by lactate in
HEPES-buffered saline solution (Fig. 1C). The change of [H�]i plotted
against time indicated for both lactate concentrations that transport is
considerably faster in oocytes injected with CA (Fig. 1D). The half-time
of the [H�] change was 22 s in CA-injected oocytes and 43 s in H2O-
injected oocytes. Surprisingly, this augmentation of transport activity
via the MCT1 was achieved in HEPES-buffered, nominally CO2/
HCO3

�-free saline solution and was not affected by EZA. In both cases
the enhancement of the rate of [H�]i change by CAwas 3–5-fold (Fig. 1,
E and F). Themembrane currentmeasured at a holding potential of�40
mV remained virtually constant (not shown here), as the MCT1,
cotransporting one lactate anionwith oneH�, is electroneutral, as dem-
onstrated previously (3, 23).
MCT1 and CA, stained with fluorescently labeled antibodies, were

clearly visible in the cellmembrane of the oocytes injectedwith cRNAof
MCT1 or injectedwithCA (data for CAnot shown here; forMCT1 data
see Ref. 23). There was no staining of the oocyte cytosol, indicating that
both proteins were incorporated into or attached to the cell membrane.
Native oocytes, labeled with antibodies against CA or MCT1, showed
no staining at all.
Native oocytes, which were injected with H2O instead of MCT1-

cRNA but also injected with CA, showed a fast acidification upon the
addition of CO2/HCO3

�; the rate of [H�]i change was about four times
greater than in oocytes injected with H2O instead of CA (Fig. 2, A–C).
This increase in the rate of [H�]i change induced by CA was fully
reversed by the CA inhibitor EZA (Fig. 2, D and E). The rate of acidifi-
cation induced by propionate (10 and 20 mM) was not affected by the
injection of CA in native oocytes (Fig. 2, F andG), indicating that active
CA does not per se stimulate the rate of [H�]i change.
The buffer capacity of the oocyte cytosol was determined by theCO2-

induced intracellular pH change (intrinsic buffer capacity �i) and by
using the bicarbonate concentration calculated under steady-state con-
ditions in CO2/HCO3

�-buffered saline solution (CO2-dependent buffer
capacity �CO2), the sum of both giving the total buffer capacity �t (23).
As seen in Fig. 3A, the buffer capacities remained unaffected by the
presence of either CA or EZA, indicating that CA did not contribute to
the global cytoplasmic buffering of oocytes. This does not exclude, how-
ever, that CAmight still contribute to the local buffer capacity near the
cell membrane, where the CA is located (as will be discussed later).
With the buffer capacity and the rate of pH change known, the rate of

H� flux (JH) was calculated and plotted for the MCT1-expressing
oocytes with and without injected CA in the absence and presence of
EZA (Fig. 3, B and C). Because the global oocyte buffer capacity was not
affected (see above), the H� flux rate reflected a similar difference
between the CA-injected and the H2O-injected oocytes. A 3–5-fold

FIGURE 2. The effect of carbonic anhydrase on
acid fluxes in native oocytes. A–C, CO2/HCO3

�-
induced change of [H�] and rates of [H�] changes
in native oocytes (injected with H2O instead of
cRNA) that were injected with CA or again with
H2O. In B, ***, p 	 0.001. Rate of [H�] change in
native oocytes with and without CA in the absence
and presence of the CA inhibitor EZA (10 �M) (D
and E). In E, *, p 	 0.05; **, p 	 0.01; and ***, p 	
0.001. The inset in E shows the CA activity measure-
ment in mass spectrometry before and after the
addition of 10 �M EZA. Rate of [H�] change as
induced by propionic (Prop) acid in native oocytes
with and without CA (F and G).
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increase in H� flux rate in CA-injected oocytes was obtained during
activation of MCT1 by lactate both in the presence and absence of EZA
and in the absence and presence of CO2/HCO3

�. These results suggest
that the presence of CA increases the transport activity of theMCT1 by
amechanism that is independent of CO2/HCO3

� and of the inhibition of
the CO2 reaction center of CA by EZA.
We tried to inhibit the effect of CA on MCT1 transport activity by

injecting antibodies against CA (anti-CA) alone and together with CA
into oocytes. In comparison with a MCT1-expressing oocyte with CA
injected alone, the rate of [H�]i change induced by lactate (in HEPES-
buffered saline solution) was much slowed in oocytes into which CA
and anti-CAor anti-CA alonewas injected (Fig. 4,A andB). The lactate-
induced rate of [H�]i change in oocytes into which CA and anti-CA
were injected was the same as in oocytes injected only with anti-CA but
was 2–3 times smaller than in oocytes injected with CA. In contrast, the
rate of CO2-induced acidification in oocytes injected with CA and
anti-CA was intermediate to that with oocytes injected with CA alone
and to that in oocytes injected only with anti-CA (Fig. 4,C andD). In the
presence of EZA (10�M), no difference in theCO2-induced rate of [H�]i
change was detected between all three types of oocytes. The injection of
BSA, instead of anti-CA, inMCT1-expressing oocytes injected with CA
had no effect on the CA-induced increase of the rate of the lactate-
induced acidification and the amplitude of acidification caused by the
application of CO2. These results suggest that injection of CA together
with its antibody results in complete inhibition of the CA-mediated
enhancement of the lactate-induced rate of [H�]i change via MCT1
activity but only in a partial inhibition of the CA-mediated facilitation of
the CO2-induced rate of [H�]i change.

We measured the activity of the CA as injected into the oocytes
20–24 h after injection of 50 ng of CA into each oocyte using mass
spectrometry. CA activity measured in vitro (addition of 1 �g of CA)
and in 20 oocytes (corresponding to 1 �g of CAwith 50 ng injected into
each oocyte) showed an activity of around 25 units/ml, whereas no
activity was measured in the absence of CA (Fig. 4, E and F). Thus, CA

injected into oocytes had the same activity as CA in vitro, although the
reaction of CA-injected oocytes was accompanied by a small delay, as
expected. Addition of anti-CA antibody to CA, both in vitro and in
oocytes, did not inhibit themeasured CA activity. These results indicate
that the CA used was neither degraded in the oocytes nor affected in its
catalytic activity by the antibody.
We hypothesized that the facilitation of H� flux via theMCT1 by CA

injected into the oocytes might be achieved by binding of CA to MCT1
at the C terminus, as has been shown for other anion transporters (24).
We therefore deleted the C terminus of the MCT1 by cutting 56 amino
acids from the C terminus by using site-directed mutagenesis. The
mutated MCT1 (MCT1D56) was then expressed in oocytes as
described under “Materials and Methods.”
To check for the deletion of the C terminus, MCT1D56-expressing

oocytes were stained with an antibody against the C terminus of the
MCT1. The fluorescently labeled antibody showed no visible staining in
the cell membrane or in the cytosol (data not shown). MCT1D56
showed, in comparison with the wild-type MCT1, a much reduced
transport activity, indicated by a decrease in the lactate-induced rate of
[H�]i change by 70–85%. There was still detectable transport activity in
MCT1D56-expressing oocytes, as measured by the change in pHi and
the labeled lactate flux, which was well above the control in native
oocytes. The facilitation of the rate of [H�]i change by CA, as observed
in the wild-type MCT1, was completely suppressed in the MCT1D56
mutant (Fig. 5, A–C). The rate of [H�]i change was the same in
MCT1D56-expressing oocytes whether or not CA or H2O had been
injected (Fig. 5D). The CO2-induced rate of H� flux was, however, still
increased 4–5 times by the injection of CA in oocytes expressing the
MCT1D56 mutant, as compared with oocytes injected with H2O
instead of CA (Fig. 5E). These results indicated that deletion of the C
terminus of theMCT1 abolished the effect of injectedCAon the lactate-
induced, but not on the CO2-induced, rate of acidification.

To demonstrate the direct binding between MCT1 and CA, MCT1
cDNA was translated in vitro, and the MCT1 protein was incubated in

FIGURE 3. H� buffer capacity and H� flux as
affected by carbonic anhydrase. A, the H� buffer
capacity of Xenopus oocyte cytosol, indicated as
intrinsic (�i), CO2-dependent (�CO2), and total (�t)
buffer capacity in MCT1-expressing oocytes
injected with CA or H2O in the absence and presence
of EZA (10 �M) and the rates of H� fluxes JH, JH �
�t, or �i � dpHi, as induced by 3 and 10 mM L-lactate
in HEPES (B)- and CO2/HCO3

� (C)-buffered saline solu-
tions. In B and C, *, p 	 0.05 and **, p 	 0.01.
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RIPA-CaMg buffer with immobilized CA. After extensive washing,
boundMCT1proteinwas eluted by SDS sample buffer. As shown in Fig.
6), MCT1 (43 kDa) was retained on CA. No binding of MCT1 was
observed when the in vitro translated protein was incubated with BSA-
coupled Sepharose or GST bound to glutathione-Sepharose or on
blocked NHS-Sepharose (Fig. 6, lanes 2, 4, and 6). Recently it has been
shown that the binding of the sodium bicarbonate cotransporter (NBC)
or the chloride/bicarbonate exchanger 1 (AE1) to CA depends on an
acidic amino acid cluster followed by hydrophobic amino acids (11, 12,
24). At the C terminus of MCT1 are two acidic amino acid clusters
(amino acids 456–458 and 489–491). To test whether these residues
are crucial for the interaction, we in vitro translated the MCT1mutant,
which lacks the last 56 amino acids of the C terminus (Fig. 6A, lane 9),
and incubated the proteinwithCA-Sepharose. Interestingly, the in vitro
translated mutantMCT1D56 protein (34 kDa) was also retained on CA
(Fig. 6A, lane 11), meaning that the binding domain is not localized
within the 56-amino acid stretch of the C terminus.

DISCUSSION

CA binding to various acid/base transporters, such as the AE, NBC,
and sodium/hydrogen exchanger, has been shown to result in consid-
erable augmentation of transport activity in these proteins (14, 25, 26).
The present study shows that the activity of themonocarboxylate trans-
porterMCT1, expressed in many different tissues (including the brain),
is also enhanced by CA. There is evidence that this enhancement by CA
is because of direct interaction between the enzyme and the MCT1, as

already demonstrated for AE and NBC (11, 12, 27). Our experiments
identify MCT1 as a binding protein of CA isoform II. The full-length in
vitro translated MCT1 was retained on carbonic anhydrase, which was
immobilized on Sepharose beads. The CA interaction sites of AE1 and
NBChave been identified as a hydrophobic amino acid residue followed
by acidic amino acids. Although there are some similar motifs in the C
terminus ofMCT1 (amino acids 437–494), these residues are obviously
not required for the binding because theC-terminalmutantMCT1D56,
which lacks the last 56C-terminal amino acids, was also able to retain on
CA beads. It is not known whether the amino acid motifs at the N
terminus or the putative intracellular loops are responsible forCA inter-
action. Future experiments are necessary to identify the CA binding
domain and analyze its impact on MCT1 transport activity by express-
ingMCT1 cDNA, inwhich theCAbinding domain has beenmutated or
deleted.
Even though the C terminus of MCT1 is not required for the binding

ofCA, it seems to play a crucial role in the interaction between these two
proteins because C-terminal deletion removes the enhancement of
transport activity by CA. That a direct interaction between MCT1 and
CA is needed for the enhancement of H� flux over the transporter is
also supported by the findings that the co-injection of CA together with
an antibody against the enzyme suppresses the CA-induced increase in
the rate of the lactate-induced acidification, possibly by sterically hin-
dering the binding of CA to MCT1. Surprisingly, and in contrast to
other acid/base transporters, blocking the CO2 reaction center of CA by
the sulfonamide ethoxyzolamide does not affect the augmentation of

FIGURE 4. Carbonic anhydrase antibody abol-
ishes enhancement of MCT1 activity. A–D,
superimposed traces of [H�] changes (A and C)
and plots of the rates of [H�] changes (B and D) as
induced by 3 and 10 mM L-lactate (A and B) and by
CO2/HCO3

� in the absence and presence of the CA
inhibitor EZA (10 �M) (C and D) measured in
oocytes expressing MCT1 with injected CA alone,
or together with the CA antibody (CA � Anti-CA),
or injected with the anti-CA alone. In B and D, **,
p 	 0.01 and ***, p 	 0.001. E and F, activity meas-
urement of CA using mass spectrometry with CA
added (1 �g) and injected into 20 oocytes (50
�g/oocyte 20 –24 h before) with and without
anti-CA antibody and with no CA added (F). The
beginning of the trace in E shows the rate of deg-
radation of the 18O-labeled substrate in the non-
catalyzed reaction.
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MCT1 transport activity by CA. This is supported by the finding that
CA-mediated enhancement of MCT1 transport activity was independ-
ent of added CO2/HCO3

� but dependent on the C terminus of MCT1,
which itself had no effect on the CA-enhanced rate of [H�]i change
induced by CO2. Saline solution buffered with HEPES to pH 7.0 in the
nominal absence of CO2/HCO3

� contains less than 70 �M HCO3
�. This

would result in 160 �MH� buffer capacity and, with a 5-fold increase in
the rate of [H�]i change by CA, would still result in less than 1mM extra
buffer capacity, which is less than 10% of the intrinsic buffer capacity.
We therefore conclude that lactate-H� cotransport via MCT1 is
enhanced by direct binding of CA to theMCT1, whichmight involve an

allosteric conformation change of the MCT1. The enhancement of
MCT1 transport activity by CA is not dependent on the CO2 reaction
center of CA, which catalyzes the reversible reaction of CO2 andH2O to
H� and HCO3

�; rather, it may be mediated by CA removing H�, trans-
ported into the oocyte by the MCT1 directly from the inner mouth of
the transporter, and thereby stabilizing the H� gradient into the cell.
Deletion of the C terminus ofMCT1 resulted in a considerable loss of

transport activity by up to 85%. In C terminus-deleted anion exchanger
AE1 and human NBC3, it was found that the C terminus appears to be
instrumental for processing of the transport protein into themembrane
(27, 28). Therefore, C-terminal deletion may not necessarily be the pri-
mary cause for the reduction in transport activity of theMCT1 but may
impair the incorporation of MCT1 into the membrane, which then
results in loss of transport activity. Nevertheless, although greatly
reduced, significant transport activity could still be measured in the
MCT1D56mutant. Enhancement of transport activity by CA, however,
was abolished in the mutant.
It is noteworthy that the CO2-dependent buffer capacity was not

affected by injection of CA, although H� shuttling was greatly acceler-
ated. It has been shown in other cells, e.g. cardiac myocytes (29) and
cultured oligodendrocytes (30), thatmembrane-attachedCA can create
pH microdomains and local buffering. In smaller cells (	20 �M), these
CA-mediated pH microdomains may significantly affect the cytosolic
buffer capacity. In larger cells, such as Xenopus oocytes, however, pH
microdomains near the cell membrane, created by CA-catalyzed con-
version of CO2 to and fromH� and HCO3

�, may have little effect on the
global cytosolic H� buffer capacity, unless soluble, freely diffusing CA
increases the diffusion of acid/base equivalents. CA-coupled metabo-
lons of acid/base transporters may increase pH differentials at the cell
membrane, which likely creates gradients of H� and HCO3

� concentra-
tions and buffer capacity. As discussed by Ro and Carson (30) these
gradients would be influenced by the partition coefficient between
freely diffusing and metabolon-associated CA.
In summary, our study provides evidence for another interaction

betweenCAand an acid/base transporter, amember of theMCT family.
In contrast to other transporters, however, this transporter seems to be

FIGURE 5. C-terminal deletion of MCT1 removes
transport enhancement by carbonic anhy-
drase. Shown are changes of [H�] as induced by
L-lactate and CO2/HCO3

� (A–C) and the rate of [H�]
changes (D and E) in oocytes expressing the C-ter-
minus-deleted mutant MCT1D56 with injected
carbonic anhydrase (CA) (A) or with injected H2O
(B), as compared with wild-type MCT1 injected
with CA (C). E, ***, p 	 0.001.
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FIGURE 6. MCT1 and MCT1D56 is retained on CAII-Sepharose. Phosphorimaging anal-
ysis of MCT1 pulldown assay (A) and corresponding Coomassie stain (B) are shown. In
vitro translated [35S]MCT1 (lanes 2– 6) and [35S]MCT1D56 (lanes 8 –12) were incubated
with CAII-Sepharose (lanes 5 and 11), blocked Sepharose (lanes 4 and 10), BSA-Sepharose
(lanes 6 and 12), and glutathione-Sepharose (lanes 2 and 8). After extensive washing,
Sepharose was resuspended in SDS sample buffer, and eluted proteins were separated
by 12–7% SDS-PAGE. Gels were dried and exposed to a phosphorimaging screen.
Approximately 25% of the input of MCT1 (lane 3) and MCT1D56 (lane 9) was retained on
CAII-Sepharose (lanes 5 and 11).
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insensitive to the inhibition of the CO2 reaction center by sulfonamides
and to the absence of CO2/HCO3

�. The hypothesis that CA removesH�

imported by theMCT1directly from the innermouth of the transporter
and thereby stabilizes the inwardly directed proton gradient needs to be
clarified by additional experiments. The functional significance of CA-
enhanced lactate transport has been shown in cell cultures, where extra-
cellular CA isoform IV activity was needed to achieve maximum lactate
influx into astrocytes and neurons (10). This underlines a role of CA
activity in an increased lactate shuttling from glial cells to neurons and
the interaction of acid/base-coupled transporters with H�/HCO3

� han-
dling, accelerated byCA. The cooperation betweenCA andMCTmight
also be relevant in other tissues where these two proteins are expressed,
such as in muscle and in epithelia, for the import and export of lactate/
pyruvate or other monocarboxylates and ketone bodies and/or when
lactate is accumulated under hypoxic/anoxic conditions.
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