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Abstract
The glutamine transporter SNAT3 (SLC38A3), which
also transports asparagine and histidine, exchanges
sodium for protons, and displays a non-
stoichiometrical conductance, which is suppressed by
the catalytic activity of carbonic anhydrase II (CAII).
In this study, we show that this conductance of rat
SNAT3, expressed in Xenopus oocytes, is also
suppressed following co-expression with CAI, CAIII,
CAIV, and CAII-H64A (mutant with impaired
intramolecular H+ shuttling). All CA isoforms and the
CAII mutant displayed catalytic activity in intact
oocytes, although in vitro studies had reported only
very low catalytic activity of CAIII and CAII-H64A. The
CA-mediated suppression of conductance was only
observed, however, when glutamine, but not when
asparagine, was the substrate. We hypothesized that
this substrate specificity of the CA action might be
due to the different ion selectivity induced by the
different amino acid substrates, which induce currents
carried by sodium and/or protons. The ion selectivity

and conductance was dependent on both pH and
extracellular sodium concentration for glutamine and
asparagine; however the sodium dependence of the
conductance, when asparagine was the substrate,
was significantly greater at higher sodium
concentrations, which might explain the difference in
the sensitivity of the conductance to CAs. Given the
presence of CAs in most cells, substrate sensing of
SNAT3 would be indicated by different membrane
potential changes.

Introduction

Glutamine is the most abundant amino acid, and a
major carrier of ammonium in mammalian cells and tis-
sues. The transport of glutamine across cell membranes
is mediated by several amino acid carriers with different
specificity for glutamine and other neutral amino acids.
In rodent astrocytes, we identified both, Na+-dependent
and Na+-independent carriers of glutamine, including sys-
tem N, SNAT3, SLC38A3; [1, 2]. Glutamine efflux from
astrocytes is believed to be required by neurons to syn-
thesize glutamate and GABA. The members of this mem-
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brane transporter family have been characterized in some
detail [3-6], revealing that SNAT3 is an electroneutral
Na+-glutamine/H+ exchanger with an associated conduct-
ance, when heterologously expressed in Xenopus oocytes.
Hence, activation of SNAT3 with substrate results in a
current and an increased membrane conductance. This
conductance has been identified to be due to monovalent
cations or H+, depending on the extracellular pH, being
uncoupled from substrate transport [7]. Recently, we have
also shown that this glutamine-induced associated con-
ductance is suppressed, if carbonic anhydrase isoform II
(CAII) had been injected or co-expressed in frog oocytes
[1]. Accordingly, activation of SNAT3 with glutamine in
tissues would not be expected to generate a current, since
virtually all cells and tissues express catalytically active
CAII [8].

The substrate glutamine is transported significantly
faster than asparagine, while asparagine induces a larger
current and conductance than glutamine [3, 4, 7]. We
compared the membrane conductance of rat SNAT3,
heterologously expressed in Xenopus oocytes, as induced
by either glutamine or asparagine at different Na+ and
H+ gradients, and tested different CA isoforms on the
membrane conductance. We found that the effect of dif-
ferent cytosolic CA isoforms, CAI, CAII, and CAIII, and
the extracellular carbonic anhydrase CAIV, which dis-
played catalytic activity in intact oocytes, suppressed the
membrane conductance, when glutamine, but not when
asparagine, was the substrate. Our results suggest that
the different ions involved in the conductance when
glutamine or asparagine is the substrate, modulate the
sensitivity of the transporter conductance to the catalytic
activity of CA. This may enable SNAT3-expressing cells
to discriminate between the two substrates.

Material and Methods

Molecular biology
Rat SNAT3-DNA was isolated from E. coli XL-1 blue

transfected with pGEM-He-Juel-SNAT3 [6]. Isolation of the
plasmid was carried out using the Plasmid MiniPrep Kit II
(PeqLab Biotechnologie GmbH, Erlangen, Germany). Isolated
plasmids were linearised and cleaned up with the QIAquick
PCR purification kit (Qiagen GmbH, Hilden, Germany), followed
by in vitro transcription (mMessage mMachineTM, Ambion Inc.,
Huntington, Cambridge, UK) and another clean-up (RNeasy®
MinEluteTM-Cleanup, Qiagen). The cRNA was stored at –80°C.
CAII-, CAIII-, CAII-H64A- and CAIV-DNA for coexpression
was isolated from E.coli DH5α either transfected with pGHJ-
CAII-WT (wild type), pGHJ-CAIII-, pGHJ-CAII-H64A or pGHJ-
CAIV. Isolation to transcription followed the protocol for

SNAT3-DNA. Enzymes used for linearization were NotI (Roche
Diagnostics GmbH/Mannheim) or SalI (Sigma-Aldrich/
Munich).

Oocytes
Female frogs (Xenopus laevis) were supplied by Xenopus

Express, Haute-Loire, France. Oocytes were isolated as
described before [9], separated by collagenase treatment
(Collagenase A, Roche, Mannheim, Germany) and left to recover
overnight. Oocytes of the stages V and VI were selected and
injected with either 11 ng SNAT3-cRNA (23 nl) or equivalent
volume DEPC-H2O. For co-expression, cells were injected with
11 ng SNAT3-cRNA mixed with 11 ng cRNA of CAII-WT, CAII-
H64A, or CAIII (46 nl) using glass micropipettes and a
microinjection device (Nanoliter 2000, World Precision
Instruments, Berlin, Germany). Control oocytes were injected
with an equivalent volume of DEPC-H2O instead of SNAT3-
RNA or with the same amount of CA-cRNA alone as used for
co-expression (23 nl). In the experiments with co-expression of
SNAT3 and CAIV, we used a concentration of 6.9 ng SNAT3-
RNA and 2.07 ng CAIV-RNA.

For experiments with injected protein of CAI or CAII, we
used the CAI- and CAII-protein from human or bovine
erythrocytes, supplied by Sigma-Aldrich, Munich. SNAT3-
expressing oocytes as well as control oocytes were injected
the day before experiments with protein in a concentration of 2
µg/µl. Oocytes were stored in HEPES-buffered salt solution
(NaCl 82.5 mmol, KCl 2.5 mmol, Na2HPO4 1 mmol, HEPES 5
mmol, MgCl2 + 6 H2O 1 mmol, CaCl2 + 2 H2O 1 mmol; pH 7.8,
Gentamycin, 2 mg/l) at 18°C, and the medium was exchanged
every day. This buffer -without antibiotics- was also used in
the experiments as the non-bicarbonate buffer, with pH adjusted
to 7.0, 7.4, 7.9 or 8.4.For measurements with CO2-buffered
solution, the composition differed in NaCl and NaHCO3 content
(in mM): NaCl – 5.5, NaHCO3 – 77 for pH 7.9, and NaCl – 58.5,
NaHCO3 – 24 for pH 7.4, and NaCl -72.5, NaHCO3 -10 for pH 7.0,
respectively. Amino acids were applied in concentrations of 10
mM, the carbonic anhydrase inhibitor 6-ethoxy-2-
bezothiazolsulfonamide (EZA, Sigma-Aldrich, Munich) at 10
or 30 µM. For experiments with reduced sodium, the normal
sodium concentration was substituted by equimolar amounts
of NMDG (N-Methyl-D-Glucamine, Sigma, Germany).

Electrophysiology
Experiments were performed with microelectrodes impaled

into oocytes as reported previously [10-11]. Current- and ion-
selective double-barrelled microelectrodes were connected to
HS-2A headstages (AxoClamp 2B amplifier, Axon Instruments,
CA. U.S.A), gain 10x MG and 1x LU, respectively. For pH-
sensitive electrodes, two borosilicate glass capillaries (1 mm
and 1.5 mm in diameter) were twisted together and pulled to a
micropipette. The tips of the 1.5 mm-micropipettes were
backfilled with a mix of tri-N-butylchlorosilane and pure carbon
tetrachloride and baked on a hotplate for 4 min 45 sec at 450°C.
For filling of electrodes see [11]. Calibration of pH-sensitive
electrodes was accomplished by changing the pH of
extracellular solution by one pH unit, to which the electrodes
responded with 52-54 mV/pH unit change.Oocytes were
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voltage-clamped at –40 mV and perfused with either 10 mM
glutamine or 10 mM asparagine added to HEPES-buffered
oocyte saline or to 5% CO2/HCO3

--buffered saline. Intracellular
pH (pHi), current (Im), and membrane potential (Um) were
recorded and displayed with software based on the program
LabView (National Instruments Corporation, USA). The pH data
were converted into changes of intracellular H+ (ΔH+, nM) and
H+ changes per time (ΔH+/t, nM/min) were analysed from the
original traces. Changes of the membrane potential in steps of
20 mV from –100 to +20 mV were carried out to obtain current/
voltage-relationships (I/V) of native oocytes and SNAT3-
expressing oocytes with injected CAII protein or DEPC-H2O,
or of SNAT3 and CA-co-expressing oocytes. To gain the
substrate-induced I/V-relationships, the current values without
substrate were subtracted from the corresponding values in
substrate. The substrate-induced slope conductance (ΔGm) was
calculated by using the values between -60 and -20 mV from
the I/V-curves. Data were analysed and displayed by calculation
software Origin (Origin Lab Corporation, Northampton/USA)
or by EXCEL (Microsoft Corporation, USA).

Statistics
In the graphs, each data point represents the mean ±

standard error of the mean (S.E.M.). For I/V-diagrams the mean
values of control oocytes (H2O-injected) are subtracted from

values of each SNAT3-expressing oocyte, thus data points
represent the mean ± S.E.M. of differences, which represent
only SNAT3-induced changes in membrane current (all non-
substrate-mediated currents subtracted). For calculation of
significance, the Student’s t-test, and if appropriate, a paired
t-test was used. In the figures, a significance level of p = 0.05 is
marked with *, p = 0.01 with **, and p = 0.001 with ***.

Results

The effect of CAI and CAII on membrane cur-
rents and conductance
We had shown that CAII, either injected as protein

or co-expressed in oocytes, suppresses the membrane
conductance associated with SNAT3 activity induced by
addition of glutamine to the external solution [1]. Since
glutamine and asparagine induced quite different conduct-
ances of SNAT3, we compared these substrates in the
presence of different CA isoforms. CAII- or CAI-pro-
tein was injected into Xenopus oocytes expressing
SNAT3, and intracellular pH and membrane current were
recorded at a holding potential of -40 mV. In Fig. 1A an

Fig 1.  SNAT3-associated membrane
conductance is suppressed by catalytic
activity of CAI or CAII when glutamine, but
not when asparagine is the substrate. (A)
Original recording of the changes in
intracellular H+ and membrane current of a
SNAT3+CAI-injected oocyte upon appli-
cation of 10 mM asparagine (Asn) or
glutamine (Gln) in HEPES- and in CO2/HCO3

-

-buffered solution (pH 7.9) with and without
the carbonic anhydrase inhibitor EZA. (B,
C) Current-voltage relationships in 10 mM
asparagine and in 10 mM glutamine for
SNAT3- and SNAT3+CAI-injected (B) as
well as for SNAT3- and SNAT3+CAII-
injected oocytes (C). The reversal potentials
do not change when asparagine is the
substrate with one of the cytosolic CA
isoforms present. With glutamine as
substrate, the conductance is suppressed
in the presence of either CAI or CAII. (D, E)
I/V curves of substrate-mediated currents in
oocytes with and without injected CAI- or
CAII-protein in normal saline, showing that
the endogenous conductance induced by
the amino acids is negligible.

Cell Physiol Biochem 2011;27:79-90
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original trace for a SNAT3-expressing, CAI-injected
oocyte is shown. We started the measurement in HEPES-
buffered saline, pH 7.9, and then changed to CO2/HCO3

-

-buffered saline, pH 7.9, in the absence and in the pres-
ence of the CA inhibitor ethoxyzolamide (EZA, 10 µM).
We chose the high pH of the solution, because the amino
acid-induced conductance is larger at these pH values
[7], and we used CAI to evaluate, if its lower catalytic
activity as compared to CAII may also suppress the
membrane conductance in the presence of glutamine.
Glutamine and asparagine both induced a drop in the in-
tracellular H+ concentration due to uptake of substrate in
exchange of H+. Introduction of CO2 induced an intrac-
ellular acidification, which was rapid with CAI injected,
but slow with no CAI, or when enzymatic CAI activity
was inhibited by EZA (Fig. 1A). The rate of acidification
is an indication of the rate of conversion of CO2 to H+

and HCO3
- and hence of the catalytic CA activity. Na-

tive oocytes have very little or no intrinsic CA activity
[12, 13].

The deflections in the current trace indicate the cur-
rents at varying membrane potentials between -100 and

+20 mV, from which I/V relationships were plotted (Fig.
1B-E). These I/V curves indicated larger currents, when
asparagine was the substrate as compared to glutamine.

When CAI had been injected, the current was sup-
pressed in glutamine (Fig. 1B), similarly as could be shown
when CAII was injected into SNAT3-expressing oocytes
(Fig. 1C; see also [1]). Surprisingly, while the currents
and conductance were suppressed in oocytes when
glutamine was the substrate, the currents induced by as-
paragine were entirely unaffected by injection of either
CAII or CAI (Fig. 1A-C). In native oocytes, or in oocytes
injected with either CAII- or CAI-protein without SNAT3,
only negligible currents were elicted by glutamine (Fig.
1D, E) or asparagine (not shown).

Inhibition of CAII and CAI by EZA partially recov-
ered the glutamine-induced currents, but had no effect
on the asparagine-induced currents (Fig. 1A-C). From
the I/V curve, the slope conductance was calculated and
plotted for the SNAT3 substrates (Fig. 2A, B). The plots
show that first, the SNAT3-associated membrane con-
ductance in asparagine was more than twice that in
glutamine and second, that for both, CAII and CAI, the

Fig 2. Substrate-induced membrane conductance
as modulated by CAI and CAII in absence and
presence of a CA inhibitor. (A, B) The amino acid-
induced conductance for SNAT3-expressing cells
without (white bars) and with injected CAI (grey
bars) (A) or CAII (B), as shown in Fig. 1 (left
panels), and after blocking the catalytic activity
of CAs with ethoxyzolamide (EZA, 10 µM; right
panels). (C, D) Intracellular rise of the proton
concentration during application of CO2/HCO3

--
buffered solution indicate catalytic activity by
increased rate of H+ rise (C), and corresponding
statistics of the rate of H+ change for oocytes
containing SNAT3, SNAT3+CAI, and
SNAT3+CAII with and without EZA (D).

Cell Physiol Biochem 2011;27:79-90
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conductance was suppressed in glutamine, but not in as-
paragine. Inhibition of the catalytic CA activity by EZA
recovered the glutamine-induced conductance, both when
CAI or CAII protein had been injected. The activity of
the injected CAII- and CAI-protein was confirmed by
an increased rate of intracellular acidification during ap-
plication of CO2 as compared to oocytes expressing
SNAT3 alone (or native oocytes), which was sensitive to
EZA (10 µM; Fig. 2C, D). A robust increase in the rate
of acidification was obtained with CAII or CAI injected,
and was about 30% larger with CAII than with CAI
present. This significant difference in the rate of acidifi-
cation between CAII and CAI, indicating the catalytic
activity of the two CA isoforms, was not reflected by the
strength of suppression in glutamine-induced conductance;
both CA isoforms suppressed this conductance by more
than 95%.

Table 1 summarizes the results for substrate trans-
port (ΔH+ in nM) and membrane current (ΔIm in nA) for
extracellular pH of 7.9 in HEPES- and in CO2/HCO3

--
buffered solution. Larger transport in bicarbonate-buff-
ered solution was due to a more expedient proton gradi-
ent as a result of the CO2-induced intracellular acidifica-
tion, as compared to the HEPES buffer system. This re-
lationship was also shown in an independent set of ex-
periments with radio-labeled glutamine [1], where the
transport of 0.5 mM 14C-Gln was 440 pmol/oocyte*5min
for SNAT3+H2O-injected oocytes in HEPES and 700
pmol/oocyte*5min in CO2-buffered solution (p=0.001).
SNAT3+CAII-injected oocytes had comparable values,
with 450 pmol/oocyte x 5min in HEPES and 650 pmol/
oocyte x 5min in CO2-buffered solution (p=0.01). How-
ever, a higher total transport did not result in larger asso-
ciated current, which confirmed that the proton-depend-
ent conductance is uncoupled from substrate transport in
SNAT3 [7].

Fig 3. Currents and conductance associated with SNAT3
activity for the substrates glutamine and asparagine at different
extracellular sodium concentration and at two different
extracellular pH (7.0 and 7.9). (A) Original traces of the membrane
current of SNAT3-expressing oocytes as induced by the
substrates Gln and Asn in HEPES-buffered saline at extracellular
pH (pHe) 7.9 and 7.0, and at normal Na+-concentration (85.5
mM; deflection in the traces are currents at different holding
potentials between -100 and +20 mV to obtain current-voltage
relationships). (B) Semi-logarithmic plot of the substrate-
induced slope conductance as determined at different
extracellular Na+-concentrations and at two pHe values. Note
the linear relationship when Gln is the substrate, and the
discontinuous relationship when Asn is the substrate.

Table 1. Transport activity (delta H+) and membrane current (delta Im) of SNAT3-
and SNAT3+CAII-wild type-expressing oocyte in HEPES and in CO2/HCO3

--buffered
saline with pH of 7.9.

Cell Physiol Biochem 2011;27:79-90
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In order to characterize the different modes of con-
ductance induced by glutamine and asparagine in SNAT3-
expressing oocytes, we measured the membrane current
in different external Na+ concentrations at two different
pH values (7.9, 7.0, see Fig. 3 A). The currents and the
conductance as induced by 10 mM amino acid substrate
at a holding potential of -40 mV were considerably larger

at pH 7.9. The asparagine-induced current was always
larger and faster at external pH 7.0 as compared to the
currents induced by glutamine (Fig. 3A).

At normal Na+ concentration, the conductance was
larger in asparagine than in glutamine at both pH values,
but the difference was more pronounced at pH 7.0 than
at pH 7.9 (see Fig. 3B). The slope conductance plotted

Fig 4. The sodium-dependence of the
current-voltage relationship for SNAT3-
expressing oocytes in HEPES-buffered
solution. Currents were recorded at pH
7.4 (A, B) and pH 8.4 (C, D), for asparagine
(A, C) and for glutamine (B, D),
respectively at three different Na+

concentrations as indicated. The currents
were sodium-dependent at pH 7.4, where
also the reversal potentials varied with
the sodium concentration, but sodium-
independent at pH 8.4.

Table 2. Intracellular pH, H+ and Na+ equilibrium potentials (assuming 5 mM
intracellular Na+), and reversal potentials of SNAT3-associated currents, as determined
from the current-voltage plots shown in Fig. 4, at different sodium concentrations
and pH.

Cell Physiol Biochem 2011;27:79-90
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against the extracellular Na+ concentration revealed, how-
ever, an increased slope of 6.1 and 9.0 µS/ tenfold change
in the sodium concentration (10*[Na+]o) for the asparag-
ine-induced conductance at higher Na+ concentrations
(>28.5 mM) at pH 7.0 and pH 7.9, respectively, while the
glutamine-induced conductance increased linearly with
the extracellular Na+ concentration with 1.8 and 3.3 µS/
(10*[Na+]o), respectively. At low extracellular Na+ con-
centration (<28.5 mM), the conductance increase as in-
duced by asparagine was similarly small as induced by
glutamine with 2.1 and 2.6 µS/(10*[Na+]o), respectively.
(Fig. 3B). These results indicate that, at both low and
high pH value, the SNAT3-associated conductance de-
pends on extracellular Na+ concentration (as does the
transport activity). If asparagine was the substrate, the
conductance, especially at the lower pH, was carried
more by sodium than by protons, as compared to
glutamine, and was more strongly rectifying.

To determine the reversal potentials, which might
help to identify the ion species that are involved in the
uncoupled conductance, we took current-voltage relation-
ships at three different sodium concentrations in HEPES-
buffered solution adjusted to pHe 7.4 (40 H+) nM or 8.4
(4 nM H+). The I/V plots indicated that both slope con-
ductance and reversal potential changed with the extra-
cellular sodium concentration at pH 7.4, but not at pH 8.4
(Fig. 4), suggesting that Na+ ions contribute to the trans-
port-associated conductance at pH 7.4, but not at pH
8.4, when H+ are the major carriers, as reported previ-
ously [7]. The ionic equilibrium potentials for H+ and Na+,
and the reversal potentials of the associated conductance,
are summarized in Table 2. The intracellular pH was
measured and the intracellular Na+ concentration was
assumed to be 5 mM in the oocytes [6]. Both, Fig. 4 and
Table 2, show that the conductance induced by asparag-
ine has a different Na+ dependence than that induced by
glutamine at pH 7.4, with the asparagine-induced con-
ductance revealing a stronger Na+ dependence, with the
reversal potential being 30 to 40 mV more positive at
higher extracellular Na+ concentrations.

Effect of other CA isoforms and mutants
We also co-expressed SNAT3 with CAIII and with

the CAII-H64A mutant. CAIII, which lacks the H+

shuttling histidine at position 64, has very little enzymatic
activity in vitro, as has also been determined for the mutant
CAII-H64A [14-16]. The current traces in Fig. 5A show
that the asparagine-induced conductance is not affected
by either CA, while the glutamine-induced conductance
is suppressed in the presence of both CAIII and CAII-

H64A (Fig. 5A, B). The rate of acidification upon intro-
duction of CO2 indicated similar CA activity for CAII-
WT, CAIII and CAII-H64A, which was sensitive to EZA,
except for CAIII, which is only partially inhibited by EZA

Fig 5. The CAII-H64A mutant and the isoform CAIII showed
catalytic activity in oocytes and suppressed the SNAT3-
associated, glutamine-induced conductance. (A) Superimposed
original traces of membrane current recording (Im) in CO2/HCO3

-

-buffered solution for SNAT3+CAIII- and SNAT3+CAII-H64A-
expressing oocytes. Gln and Asn are applied repeatedly, first
without and then with EZA. (B) Glutamine-induced membrane
conductance for SNAT3, SNAT3+CAII, SNAT3+CAIII and
SNAT3+CAII- H64A-expressing cells. The suppressed
conductance in the presence of CA activity is fully or partly
(CAIII) rescued after inhibition of CA activity by EZA (10 µM).
The significance refers to the values in oocytes expressing
SNAT3 alone, if not otherwise indicated by horizontal lines.
(C) Changes in the rate of intracellular proton rise during
application of CO2/HCO3

--buffered solution for the same types
of oocytes as in B. CAIII shows significant catalytic activity in
oocytes, but inhibition by EZA is incomplete.

Cell Physiol Biochem 2011;27:79-90
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Fig 6. The extracellular carbonic
anhydrase IV (CAIV) also reduced Gln-
induced, SNAT3-associated membrane
conductance. (A, B) Current/voltage
relationships (A) and the corresponding
Gln-induced slope conductance (B) for
SNAT3- and SNAT3+CAIV-expressing
oocytes in the absence and presence of
the CA-inhibitor EZA. (C, D) Original
trace of the changes in surface pH (pHs)
of oocyte expressing CAIV (C), measured
with pH-selective microelectrode gently
pushed onto the surface of a cell (at pH
7.4). The pH transients are recorded
upon addition and removal of CO2/HCO3

-

which are greatly reduced in the presence
of 30 µM EZA. The large pHs transient
upon removal of CO2/HCO3

- (D) was taken
as a measure for extracellular catalytic CA
activity.

(Fig. 5C; [17]). The high catalytic activity of CAIII and
the shuttling mutant CAII-H64A in intact oocytes was
surprising, since both have little activity in vitro as com-
pared to CAII. However, the glutamine-induced conduct-
ance of cells co-expressing SNAT3+CAIII was still meas-
urably larger than in cells co-expressing SNAT3+CAII
(Fig. 5B). In the presence of EZA, SNAT3+CAIII-ex-
pressing oocytes showed still a significant suppression of
glutamine-induced conductance conductance (1.2 ± 0.2
µS, n=8, p<0.05-0.01), at least compared to the other
SNAT3- and CA-expressing oocytes (2.2 ± 0.2 µS, n=7
for SNAT3 alone, 1.8 ± 0.2 µS, n=9, for SNAT3+CAII-
and 1.9 ± 0.2 µS, n=6 for SNAT3+CAII-H64A-
coexpressing oocytes), which is probably due to the lower
sensitivity of CAIII to the inhibitor. The results for aspar-
agine are not shown, because they were not different for
the different co-expressions with CAIII and CAII-H64A,
and in the absence and presence of EZA.

We also co-expressed SNAT3 with the extracellu-
lar carbonic anhydrase CAIV. As we found for the intra-
cellular CAs, co-expression with CAIV had no effect on
the SNAT3-associated membrane conductance, when
asparagine was the substrate (data not shown). With
glutamine as substrate, however, the conductance was
greatly reduced, as shown by the I/V curves and the slope
conductance (Fig. 6A, B). Ethoxyzolamide, applied at a
concentration of 10 µM, could, however, only partially

recover the conductance. In order to confirm extracellu-
lar expression and catalytic activity of CAIV, the surface
pH was measured with a pH-sensitive microelectrode,
gently pushed against the outer surface of oocytes in-
jected with CAIV-cRNA (Fig. 6C, D). Upon application
of CO2/HCO3

--buffered solution at constant bath pH of
7.4, the membrane surface pH transiently alkalinized from
7.3 to near 7.8, and after withdrawal of the CO2/HCO3

-

-buffer transiently acidified to 6.8. On average, upon
removal of CO2, the surface pH transient amounted to
-0.56 ±0.05 pH units, which was reduced in the presence
of EZA (30 µM) to 0.16 ±0.02 pH units (n=7), which was
not different from the pH transients in native oocytes.
Thus, although these experiments do no exclude intracel-
lular activity displayed by CAIV, they indicate CAIV ex-
pression with the catalytic site at the extracellular face
of the cell membrane.

Discussion

The present study shows that the associated con-
ductance of SNAT3 depends on the amino acid substrate
in magnitude, ion selectivity and sensitivity to carbonic
anhydrases. We found that CAII suppresses glutamine-
induced conductance [1], while it has no effect on the
asparagine-induced conductance. We also tested the in-

Cell Physiol Biochem 2011;27:79-90
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tracellular cytosolic carbonic anhydrase isoforms CAI and
CAIII, as well as a CAII-mutant, defective of its H+-
shuttling properties by replacement of the histidine resi-
due at position 64 with alanine, and we tested the mem-
brane-bound, extracellularly active isoform, CAIV. De-
spite their differences in conversion rates tested in vitro,
and differences in the location of their active centre, ei-
ther cytosolic or extracellular, all catalytically active CA
isoforms suppressed the glutamine-induced, uncoupled,
SNAT3-associated membrane conductance, but did not
affect the currents and conductance elicited by the
substrate asparagine.

We could show a linear relationship of the
conductance with rising extracellular sodium concentration
for two different extracellular pH values (7.0 to 7.9), when
glutamine was the substrate. Asparagine revealed a
biphasic relationship (Fig. 3B), with a similar Na+

dependence at low extracellular Na+ as glutamine, and a
steep increase in sodium affinity at higher extracellular
Na+ concentration (>28 mM). Hence, the large
conductance in the presence of asparagine at normal Na+

concentration is carried mostly by Na+, and less by H+.
The IV-curves and reversal potentials (Fig. 4, Tab. 2)
support this conclusion. At pH 8.4 no shift of reversal
potentials due to lower extracellular sodium concentration
was observed (Fig. 4). Interestingly, at pHe 7.4, in
asparagine the reversal potential even shifted to more
positive potentials by a reduction of sodium. In glutamine,
in contrast, the reversal potentials change to more negative
values with lowering the extracellular Na+ concentration;
since it is more negative than both H+ and Na+ equilibrium
potentials, this suggests that other cations, presumably
K+, may contribute to the total current/conductance [7].
These ionic differences might be the reason why CAs
would not interfere with the SNAT3-associated
conductance activated by asparagine, although the
mechanism of the substrate specificity of the CA effect
on the SNAT3-associated membrane conductance
remains unresolved at this point. Asparagine transport by
SNAT3 may indeed serve as a Na+-signaling gate in
astrocytes, similar to the anion conductance of the
glutamate transporter of the excitatory amino acid
transporter (EAAT) family in neurons [18]. The
physiological relevance of the anion conductance of
the EAAT was suggested as an inhibitory signal at
presynaptic terminals [19, 20]. The sodium conductance
of SNAT3 associated with asparagine as substrate may
represent a gate for Na+ removal from astrocytes after
being Na+-loaded by glutamate uptake via GLT-1 and
GLAST.

We analyzed the maximum transport activity of
SNAT3-expressing cells, measured with H+-sensitive
microelectrodes, and compared these values to the
maximal current amplitude detected during transport
activity. Asparagine induced a significantly larger current
than glutamine in both buffer systems. This aspect might
have led to the conclusion by Fei et al. [5] that there is an
electrogenic mode for SNAT3, since they worked with
asparagine as substrate. Experiments with glutamine [6]
predicted a precise 1:1 stoichiometry for Na+ and H+,
when a proton and a sodium gradient were available to
fuel transport process. Table 1 shows that asparagine
transport (measured as ΔH+) did not differ from the
transport values for glutamine. Higher transport in
bicarbonate-buffered solution was due to a larger proton
gradient as compared to the HEPES-buffered solution.
This increase in substrate transport did not, however, result
in a larger SNAT3-associated current. A considerable acid
uptake into astrocytes would be expected in bicarbonate-
buffered solution during release of glutamine, because
more protons would be taken up than ions flowing back
by associated conductance as compared to non-
bicarbonate buffer. This acidification is in good agreement
for the need of the astrocyte to re-acidify after
depolarization-induced alkalinisation [21].

Glutamine is required to refill synaptic
neurotransmitter pools, both at glutamatergic [2, 22] as
well as at GABAergic synapses [23-25]. A similar role
for asparagine as a precursor for aspartate as
neurotransmitter is not known. Studies in the rat dorsal
horn with immunogold labeling technique for aspartate
and glutamate as neurotransmitters in relation to the
synaptic vesicle density gave only a positive result for
glutamate in A- and C-fibers and supported the hypothesis
that aspartate is a low level metabolic amino acid [26].
Pawlik et al. [27] discussed a stimulatory action of the
low-affinity substrate asparagine on glutamine transport;
especially during starvation, when glutamine is needed in
higher amounts for urea synthesis following protein
anabolism. Indeed Hutson et al. [28] described an amino
acid-dependent up-regulation of asparagine synthase (AS)
during starvation. AS catalyses the transaminase
conversion of aspartate and glutamine to asparagine and
glutamate, respectively [29-30]. Supplying cells with
asparagine might involve enhanced SNAT3 activity, if
more glutamine than usual is consumed.

CAIII-co-expressing oocytes showed significant
catalytic activity, as estimated from the increased rate of
acidification (see Fig. 5C), although CAIII was reported
to have a very low activity in vitro of only 0.3 % of that

Cell Physiol Biochem 2011;27:79-90



88 Weise/Schneider/McKenna/Deitmer

of CAII [31]. With a lysine at position 64 and a
phenylalanine at position 198, which are both very
inefficient proton shuttles [32-33], CAIII also lacks three
of six charged residues from the cluster in the CAII-N-
terminus [34]. With these properties of CAIII, it is
remarkable that CAIII showed significant catalytic activity
at all, when expressed in oocytes. This discrepancy might
be due to cytosolic factors rescuing activity of CAIII in
intact oocytes, or interfering with the conversion rate by
using another catalytic center of the CAIII-protein, the
phosphomonoesterase activity [35]. It appears that the
activity of CAI and CAIII has been restored or activated
by a yet unknown factor in the cytosol. Scozzafava and
Supuran [36] have shown an increase of catalytic activity
of CA by micromolar concentrations of histamine or
activators, e.g. carnosine and imidazole derivates, in
human erythrocytes. The activity of CAIII was also
shown to be increased by small mobile buffers, especially
imidazole, in membrane-inlet mass spectrometry and
stopped-flow spectrophotometry [37-38]. In the present
study, CAIII showed a weaker enzymatic interference
with the protons transferred by the conductance during
SNAT3-mediated glutamine transport as compared to
CAII or CAI.

There are few reports on the specific expression of
SNAT3 in muscle tissue, the only organ, where CAIII
is highly expressed. Hundal et al. [39] described
sarcolemmal glutamine transport mediated by a SNAT
family member formerly named system N that was shown
to be pH-independent and regulated by insulin -features
described by Evans et al. [40] for SNAT2. This System
A family member is recently under discussion as a
transceptor, a membrane protein with a double role as a
transporter and a receptor, being able to sense the nutrition
state of preferred amino acids [41]. Onan et al. [42] found
SNAT3mRNA in skeletal muscles, but did not measure
SNAT3-protein expression. CAI, II and III are expressed
in muscle tissue [43]; while immunostaining for CAIII
was positive in all muscle fibers, CAII was found
mainly in the connecting tissue, and CAI was stained
weakly in the sarcolemma. It might be worth testing
the significance of glutamine transporter SNAT3 in
muscle tissue, first to determine the amount of transport
mediated by this pH-dependent amino acid transporter
and second to check how strong this protein is regulated
by exercise-dependent metabolic changes, for example
changes in membrane expression due to insufficient
food supply during prolonged exercise or acidification
due to increased physical excercise - processes where
carbonic anhydrase might beneficially interact with

this membrane protein.
CAII and CAIV are expressed in the kidney, as well

as SNAT3. E.g., SNAT3 and CAIV are both expressed
the at the basolateral membrane of the proximal tubulus
[44-45], where glutamine uptake is mainly used to fuel
urea production. It might be hypothesized that CAIV
support the supply H+, and CAII dissipates the H+

accumulation (“pH microdomain”) around SNAT3
transport pores by a ‘push and pull’ mechanism, already
discussed by Purkerson & Schwartz  [46] for other acid-
base transporters in the kidney.

There are several cell types in the brain that might
co-express SNAT3 and cytosolic CAII, like astrocytes in
the granule cell layer and Bergmann glia dendrites in the
molecular layer [47-50]. In the hippocampus, where
SNAT3 is shown to be strongly co-localized with the
GABA-transporter VGAT [47], inhibition of
CAII modified the responses at the basket cell - pyramidal
cell synapse of CA1 region [51-52]. In the eye, SNAT3
and CAII are expressed in Müller glial cells of rat and
mouse [53-54]. The transport of glutamine appears to
be directly related to the recycling of the neurotransmitter
glutamate and GABA, and probably serve for the
availability of these transmitters during increased
activity.

CAIV was equally able to suppress glutamine-
induced, but not asparagine-induced conductance. This
extracellular CA isoform is known to contribute to
extracellular local proton buffering, as e.g. in the
hippocampus [55], where it was also reported to enhance
anion exchanger 3 (AE3; [56]). By interacting with AE3,
the membrane-bound CAIV was suggested to modify
also intracellular pH changes. The activity of CAIV can
be monitored by large extracellular pH transients near
the membrane surface (“surface pH”), much larger than
recorded in native oocytes and oocytes expressing CAII
(unpublished observations).

In summary, our results indicate that all CA isoforms
and the CAII mutant, which display significant catalytic
activity in intact oocytes, also reduce the SNAT3-
associated membrane conductance, when glutamine, but
not when asparagine is the substrate. It is hypothesized
that this substrate difference may be attributable to the
different ion selectivity of the conductance. It remains to
be studied, why these two substrates evoke a membrane
conductance which is different in magnitude and ion
selectivity, raising the possibility that the amino acid
substrates themselves are part of the ion selectivity
filter of the SNAT3-associated membrane conductance
[57].
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