
Molecular Basis for Proton Regulation of Glycine Transport by
Glycine Transporter Subtype 1b

KARIN R. AUBREY, ANN D. MITROVIC, and ROBERT J. VANDENBERG

Department of Pharmacology, University of Sydney, Sydney, New South Wales, Australia

Received October 25, 1999; accepted March 14, 2000 This paper is available online at http://www.molpharm.org

ABSTRACT
In the central nervous system, glycine is a coagonist with
glutamate at the N-methyl-D-aspartate subtype of ionotropic
glutamate receptors. The GLYT1b subtype of glycine transport-
ers is expressed in similar regions of the brain as the excitatory
N-methyl-D-aspartate receptors and has been postulated to
regulate glycine concentrations within excitatory synapses. We
have expressed GLYT1b in Xenopus laevis oocytes and used
electrophysiological techniques to investigate the pH regulation
of glycine transporter function. We found that H1 inhibits gly-
cine transport by a noncompetitive mechanism, with half-max-
imal inhibition occurring at concentrations found in both phys-
iological and pathological conditions. Charge-to-flux experi-
ments revealed that the decreased current measured corre-

sponds to a decreased influx of [3H]glycine and that the proton
inhibition of GLYT1b does not alter the coupling ratio of trans-
port. The membrane potential does not affect proton inhibition
of transport, suggesting that the site of action on GLYT1b is not
within the electric field of the membrane. Mutation of histidine
421 to an alanine residue, in the fourth extracellular loop of
GLYT1b, renders the transporter insensitive to regulation by
pH, but does not seem to alter the kinetics of glycine transport.
These results suggests that histidine 421 is responsible for
mediating the inhibitory actions of protons. Proton modulation
of GLYT1b may be an important factor in determining the
dynamics of excitatory neurotransmission.

In the central nervous system, the amino acid glycine acts
as a coagonist with glutamate on the N-methyl-D-aspartate
(NMDA) subtype of ionotrophic glutamate receptors (John-
son and Ascher, 1987). One of the postulated mechanisms for
regulation of synaptic glycine concentrations is by high af-
finity glycine transport [see below and Bergeron et al.
(1998)]. Glycine transporters (GLYTs) are members of the
Na1/Cl2-dependent neurotransmitter transporter family
that includes the g-aminobutyric acid, dopamine, norepi-
nephrine, serotonin, choline, proline, betaine, and taurine
transporters (Amara and Kuhar, 1993). Two high-affinity
glycine transporters, both with multiple splice variants, have
been identified (Guastella et al., 1992; Liu et al., 1992, 1993;
Smith et al., 1992; Ponce et al., 1998; Hanley et al., 2000).
The GLYT1 subtypes are expressed in the glial elements of
the hippocampus, cortex, and cerebellum, as well as the
brainstem and spinal cord. On the basis of tissue distribution
studies, it has been suggested that the GLYT1 transporter
subtypes are responsible for regulation of glycine levels at
excitatory synapses (Smith et al., 1992). Glycine also acts as
a classical inhibitory neurotransmitter in the spinal cord
(Aprison and Werman, 1965). GLYT2 transporters are ex-
pressed in neurons of the spinal cord and brain stem directly
associated with strychnine-sensitive glycine receptors and

are likely to provide the principal uptake mechanism at
inhibitory glycinergic synapses (Jursky and Nelson, 1995;
Poyatos et al., 1997; Spike et al., 1997).

The concentration of glycine present within excitatory syn-
apses is not well established, in particular whether or not the
concentration in the immediate vicinity of NMDA receptors
is sufficient to saturate the glycine-binding site on these
receptors. The glycine concentration in the cerebrospinal
fluid is estimated to be ;14 mM (Semba and Patsalos, 1993),
which is well above the EC50 value for glycine activation of
NMDA receptors [0.2–1.7 mM (Hollmann and Heinemann,
1994)]. However, in a recent study using a novel glycine
transport inhibitor, it was demonstrated that glycine concen-
trations within the synapse are not sufficient to saturate the
glycine site on NMDA receptors (Bergeron et al., 1998). The
concentrating capacity of glycine transporters is determined
by the stoichiometry of ion flux coupling. The stoichiometry
of glycine transport is likely to be 2 Na1:1 Cl2:1 glycine
(Aragon et al., 1987); from this ratio, the equilibrium glycine
concentration can be calculated. In standard ionic solutions,
the equilibrium glycine concentration is calculated to be 149
nM (Attwell et al., 1993). The factors that will determine
whether this concentration is reached within the time frame
of excitatory neurotransmission are the discrete volume of
the synapse, the number of transporters present within the
immediate vicinity of the synaptic cleft, and the turnover
rate for the transport process. If the resting concentration of
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149 nM is achieved, it would be well within the dynamic
response range of glycine activation of NMDA receptors. In
this case, subtle changes in glycine transporter activity
would be expected to greatly influence the occupancy of gly-
cine at NMDA receptors. A reduction in the rate of glycine
clearance from the synapse would transiently elevate glycine
concentrations and increase NMDA receptor activity.

Fluctuations in pH, under physiological and pathological
conditions, modulate the activity of a number of proteins
involved in neurotransmission. Glutamate transport is ther-
modynamically coupled to the pH gradient, with 1 H1 trans-
ported with each glutamate molecule (Zerangue and Ka-
vanaugh, 1996). However, under pathological conditions of
elevated extracellular K1, reduced pH inhibits reverse glu-
tamate transport (Billups and Attwell, 1996). The activity of
NMDA receptors is also modulated by fluctuations in pH.
Protons act as noncompetitive inhibitors of NMDA receptors
with half-maximal inhibition occurring at pH 7.3 (Traynelis
and Cull-Candy, 1990). Thus, under physiological conditions,
the activity of NMDA receptors may be dramatically altered
by subtle fluctuations in pH. Another important factor that
may influence the dynamics of excitatory neurotransmission
is that pH may regulate the activity of glycine transport.
Aragon et al. (1987) reported that glycine uptake by C6
glioma cells, which contain a mixture of high- and low-affin-
ity transporters, is inhibited by reduced pH. In the light of
recent studies suggesting that glycine transporters may play
a dynamic role in regulating glycine concentrations within
excitatory synapses, we have investigated in more detail the
mechanism and site of action of protons on the glycine trans-
porter, GLYT1b, expressed in Xenopus laevis oocytes. The
results presented suggest that protons regulate the activity
of GLYT1b, which may provide an important regulatory
mechanism in excitatory neurotransmission.

Experimental Procedures
Materials. All chemicals were obtained from Sigma Chemical Co.

(Sydney, Australia) unless otherwise stated. Restriction enzymes
were obtained from Bresatec (Adelaide, Australia). Dr. Marc Caron
kindly supplied the plasmid containing the human GLYT1b cDNA.

Expression of GLYT1b in Xenopus laevis Oocytes and Elec-
trophysiological Recordings. cDNAs encoding human GLYT1b
were subcloned into pOTV (oocyte transcription vector). The
GLYT1b-OTV plasmid was linearized with SpeI and cRNA tran-
scribed from the cDNA construct with T7 RNA polymerase and
capped with 597-methyl guanosine using the mMESSAGE mMA-
CHINE kit (Ambion Inc., Austin, TX). Mutations in GLYT1b were
generated using the Quickchange Site-Directed Mutagenesis kit
from Stratagene (La Jolla, CA) and used according to the manufac-
turer’s instructions. Oocytes were harvested from Xenopus laevis as
described previously (Vandenberg et al., 1997). cRNA (50 nl) was
injected into defoliculated, stage V Xenopus laevis oocytes and incu-
bated at 16°C in standard frog Ringer’s solution (96 mM NaCl, 2 mM
KCl, 1 mM MgCl2, 1.8 mM CaCl2, and 5 mM HEPES, pH 7.55),
supplemented with 2.5 mM sodium-pyruvate, 0.5 mM theophylline,
and 50 mg/ml gentamicin. Two to eight days later, current recordings
were made using the two-electrode voltage clamp technique with a
Geneclamp 500 (Axon Instruments, Foster City, CA) interfaced with
an MacLab 2e chart recorder (ADInstruments, Sydney, Australia).
In experiments concerning the voltage dependence of glycine trans-
port, the Geneclamp was interfaced with a Digidata 1200 (Axon
Instruments) controlled by an IBM-compatible computer using the
pCLAMP software (version 7; Axon Instruments).

Recordings were made using the standard frog Ringer’s solution
and, in experiments investigating the effects of pH, HCl and NaOH
were used to adjust pH of the extracellular recording solutions. In
experiments in which the sodium concentration was altered, equimo-
lar choline was substituted for sodium and KOH was used to adjust
pH. The current-voltage relationships for glycine transport at differ-
ent pH values were determined by subtraction of steady-state cur-
rent measurements in the absence of glycine, obtained during
300-ms voltage pulses to potentials between 2100 mV and 160 mV
in 10-mV steps, from corresponding current measurements in the
presence of glycine as described previously (Vandenberg et al., 1995).

[3H]Glycine Uptake Studies. [3H]Glycine uptake by oocytes
expressing GLYT1b and uninjected oocytes was measured under
voltage-clamp conditions. Oocytes were voltage-clamped at 260 mV
and 30 mM [3H]glycine applied for 1 min with constant flow followed
by a 2-min wash out. The oocyte was removed from the recording
chamber and the [3H]glycine flux for each oocyte was measured by
scintillation counting. Estimates of the net charge generated by
[3H]glycine transport were calculated by integrating the transport
current over 1 min using the Chart software (Version 3.5; ADInstru-
ments).

Analysis of Kinetic Data. Current (I) as a function of glycine
concentration ([Gly]) was fitted by least-squares analysis to I/Imax 5
[Gly] / (EC50 1 [Gly]), where Imax is the maximal current and EC50 is
the concentration of glycine that generates a half-maximal current.
Imax for glycine dose responses at different pH values were normal-
ized to a maximal glycine dose at pH 7.5. Current as a function of
proton concentration ([H1]) was also fitted by least-squares analysis
to I/Imax 5 (1 2 [H1]) / (IC50 1 [H1]) 1 C / Imax, where IC50 is the [H1]
at half-maximal reduction in transport current and C is the residual
transport current at maximal proton inhibition of transport. Sodium
dose responses at pH values of 7.5 and 5.5 were fitted to I/Imax 5
[Na1]n / (EC50)n 1 [Na1]n), where n is the Hill coefficient.

ANOVA in Excel 5 (Microsoft Corp., Redmond, WA) was used to
test for significant differences between measurements, and P values
less than .05 were taken as being significant.

Results
Glycine transport is coupled to the Na1 and Cl2 gradients

across the cell membrane with a probable stoichiometry of 2
Na1:1 Cl2:1 glycine (Aragon et al., 1987), generating a net
transfer of one positive charge per transport cycle. The elec-
trogenic nature of glycine transport allows the use of electro-
physiology techniques to characterize the transport process
(Supplisson and Bergman, 1997; Lopez-Corcuera et al.,
1998). Application of glycine to oocytes expressing GLYT1b,
voltage clamped at 260 mV, generates dose-dependent in-
ward currents with an EC50 value of 20 6 4 mM (n 5 11) (Fig.
1).

Proton Modulation of Glycine Transport. Dose-depen-
dent glycine transport currents were measured at pH values
of 5.5, 6.0, and 7.5 for each oocyte. The maximal transport
currents were reduced at pH values of 5.5 and 6.0 compared
with pH 7.5. However, there was no significant difference in
the EC50 values for glycine at the different pH levels [EC50 at
pH 5.5 5 20 6 5 mM (n 5 8); EC50 at pH 6.0 5 17 6 4 mM (n 5
5); EC50 at pH 7.5 5 20 6 4 mM (n 5 11)] (Fig. 2A). The
reduction in maximal current amplitude with no change in
EC50 values suggests that proton inhibition is noncompeti-
tive with respect to glycine transport. Glycine transport was
measured, using a fixed glycine concentration of 30 mM, at
pH levels varying from 5.0 to 8.0 to get an indication of the
pH range at which inhibition occurs and also the extent of
maximal inhibition (Fig. 2B). The pH at which inhibition was
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half-maximal was 7.0 6 0.1 (n 5 7) with a maximal inhibition
of 63 6 8% (n 5 7). Thus, at a physiological pH of 7.3, the rate
of glycine transport by GLYT1b is at 79% of maximal activity.

Protons modulate the activity of a number of sodium chan-
nels and sodium-dependent transporters by competing with
sodium in binding to the protein (Woodhull, 1973; Tolner et
al., 1995). We investigated this idea as a possible mechanism
for proton inhibition of glycine transport by measuring gly-
cine transport currents using a fixed glycine concentration
and varying the sodium concentration (Fig. 3). At pH 7.5, the
EC50 value for sodium dependence of glycine transport was
24 6 3 mM (n 5 8) with a Hill coefficient of 1.7 6 0.3 (n 5 8).
Although the glycine transport current at a maximal dose of
sodium was reduced at pH 5.5 compared with pH 7.5, the
EC50 value for sodium was not significantly different (EC50 5
33 6 3 mM; Hill coefficient 5 2.3 6 0.2; n 5 8; single-factor
ANOVA). These results suggest that sodium and protons do
not compete for the same binding site on the transporter. A
small difference in Hill coefficients for sodium were observed
at the two pH levels, but the significance of this difference in
terms of a kinetic mechanism for inhibition of transport is not
clear (Colquhoun, 1998). Although glycine transport currents
are voltage-dependent, the extent of inhibition of glycine
transport was constant over the membrane potential range of

2100 mV to 1 60 mV (Fig. 4). This indicates that the proton-
binding site on GLYT1b is unlikely to be within the electric
field of the membrane. These results, together with the non-
competitive interaction between glycine and protons and so-

Fig. 1. Glycine transport by GLYT1b
is electrogenic. Application of glycine
to oocytes expressing GLYT1b gener-
ates a dose-dependent inward current
when voltage-clamped at 260 mV. A,
current trace from a representative
oocyte in response to application of in-
creasing doses of glycine (mM). B, a
normalized dose-response curve. Re-
sults presented represent the mean 6
S.E., n 5 11 oocytes.

Fig. 2. Protons inhibit glycine transport without interfering with glycine binding. Oocytes expressing GLYT1b were voltage-clamped at 260 mV. A,
glycine dose-dependent transport currents were measured in buffers at pH 7.5 (F; EC50 5 20 6 4 mM; n 5 11); pH 6.0 (E; EC50 5 17 6 4 mM; n 5
5), and pH 5.5 (f; EC50 5 20 6 5 mM; n 5 8). B, transport of 30 mM glycine in frog Ringer’s solution was measured at the indicated pH values (n 5
7). Current measurements were normalized to the maximal current at pH 7.5 and fit to I/Imax 5 (1 2 [H1]) / (IC50 1 [H1]) 1 c/Imax (see Experimental
Procedures). All data represent mean 6 S.E. for the number of oocytes indicated.

Fig. 3. Protons reduce maximal transport, but do not change the EC50
value for [Na1]. Glycine (30 mM) was applied to oocytes expressing
GLYT1b with varying extracellular [Na1] at pH 7.5 (F; EC50 (Na1) 5
24 6 3 mM; n 5 8) and pH 5.5 (E; EC50 (Na1) 5 33 6 3 mM; n 5 8).
Transport currents were normalized to the maximal current at pH 7.5
and fitted to I/Imax 5 ([Na1]n)/(EC50

n 1 [Na1]n). Data represent mean 6
S.E. from the indicated number of oocytes.

Protons Regulate Glycine Transport 131

 by guest on D
ecem

ber 1, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


dium and protons, suggest that protons are unlikely to di-
rectly interfere with ion coupling of glycine transport.

In other members of the Na1/Cl2-dependent neurotrans-
mitter transporter family, protons have been shown to poten-
tiate substrate activated conductances without altering the
influx of substrate (Cao et al., 1997). We investigated the
relationship between glycine transport currents and [3H]gly-
cine flux measurements and the effects of pH on this rela-
tionship. [3H]glycine (30 mM) was applied to oocytes voltage-
clamped at 260 mV in frog Ringer’s buffer at pH 5.5 or 7.5 for
1 min. The rate of [3H]glycine transport was calculated after
subtraction of [3H]glycine uptake of nude oocytes from oo-
cytes expressing GLYT1b. At pH 5.5, the transport currents
and [3H]glycine uptake were reduced by 64 6 7 and 55 6 8%,
respectively, compared with pH 7.5 (Fig. 5). The total charge
transferred across the membrane was calculated by integrat-
ing the current measured during the 1 min application of 30
mM [3H]glycine and from this value the charge-to-flux ratio
was calculated. At pH 5.5, the charge to flux ratio of 1.0 6 0.3
was not significantly different from the value obtained at pH
7.5 of 1.2 6 0.3 (single-factor ANOVA) (Fig. 5). These results
demonstrate that the reduction in transport current at re-
duced pH is caused by a reduction in transport rate. The
charge-to-flux ratios obtained are consistent with the stoichi-

ometry of 2 Na1:1 Cl2:1 glycine, as suggested by Aragon et
al. (1987).

Site-Directed Mutagenesis of Histidine Residues in
the Extracellular Domains of GLYT1b. The pKa value for
proton inhibition of glycine transport by GLYT1b is 7.0 6 0.1
(Fig. 2B), which is within the range of reported pKa values for
the titration of histidine residues. We tested the hypothesis
that a histidine residue in an extracellular domain of
GLYT1b is responsible for conferring pH sensitivity using a
site-directed mutagenesis strategy. Histidine residues at po-
sitions 199, 239, 410, 421, and 588 in the extracellular loops
of GLYT1b were mutated to alanine, and histidine 213 was
mutated to proline because in the closely related GLYT2
subtype of glycine transporters, a proline is found at this site.
Application of glycine to oocytes expressing the six mutant
transporters generated inward currents of similar magnitude
to wild-type GLYT1b, which demonstrates that the func-
tional integrity of the transporters was not compromised.
The activity of the mutants was initially compared with
wild-type GLYT1b by measuring glycine transport currents
at pH 6.0 and 7.5; only the H421A mutant showed activity
significantly different from wild type (Fig. 6A). In wild-type
GLYT1b, the amplitude of the transport current at pH 6.0
was 44 6 6% (n 5 8) of the current measured at pH 7.5,

Fig. 4. Proton inhibition of glycine transport is independent of membrane potential. Glycine (100 mM) was applied to oocytes expressing GLYT1b at
pH 8.0 (E; n 5 7), pH 7.5 (F; n 5 13), pH 6.5 (M; n 5 8), and pH 5.5 (f; n 5 12) and transport currents measured by the voltage step protocol outlined
under Experimental Procedures. Data was normalized to the transport current generated at 260 mV at pH 7.5 for each oocyte.

Fig. 5. Charge, flux and charge-to-flux ratio measurements for [3H]glycine uptake at pH 5.5 and 7.5. Oocytes expressing GLYT1b were voltage-
clamped at 260 mV and 30 mM [3H]glycine applied for 1 min, followed by a 2-min washout. The total charge transfer was calculated from the
current-time integral (A) and [3H]glycine flux was measured by liquid scintillation counting (B). Values represent mean 6 S.E. The charge-to-flux
ratios were obtained by dividing the charge transfer by the flux of [3H]glycine and adding proportional errors (C). Although there were significant
differences in charge transfer and [3H]glycine flux values at pH 5.5 (n 5 10) compared with pH 7.5 (n 5 12) (P , 0.05; single-factor ANOVA), the
charge-to-flux ratio at the two pH values was not significantly different (single-factor ANOVA).
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whereas for H421A, the transport current at pH 6.0 was 95 6
2% of the value at pH 7.5 (Fig. 6, A and B). The EC50 value for
glycine transport by the H421A-GLYT1b was 14 6 3 mM (Fig.
6C), which is not significantly different from wild-type
GLYT1b (EC50 5 20 6 4), which suggests that the mutation
has disrupted the proton regulatory site on GLYT1b without
affecting the glycine transport function.

Discussion
It has been assumed that glycine concentrations within

excitatory synapses are sufficient to saturate glycine binding

sites on NMDA receptors. However, in a recent study, glycine
concentrations of up to 100 mM (2 orders of magnitude
greater than the EC50 value for NMDA receptors) were re-
quired to get maximal glycine enhancement of NMDA-medi-
ated synaptic currents in neonatal hypoglossal motoneurons
of the rat (Berger et al., 1998). This study concluded that
glycine concentrations within certain synapses are not suffi-
cient to saturate the NMDA receptor and are tightly regu-
lated by glycine transporters. In a separate study, employing
a novel GLYT1-selective blocker, N[3-(49-flurophenyl)-3-(49-
phenylphenoxy)propyl]sarcosine, it was demonstrated that
blocking glycine transport enhanced NMDA-mediated synap-
tic currents in slices from the brainstem of the rat (Bergeron
et al., 1998). This observation also suggests that resting
glycine concentrations within the synapse are not sufficient
to saturate NMDA receptors. These conclusions are in con-
trast to those of earlier studies, which in most cases con-
cluded that the resting glycine concentration within the syn-
apse was sufficient to saturate the binding site for glycine on
NMDA receptors (Kemp and Leeson, 1993; Westergren et al.,
1994). An explanation that accounts for both these findings is
that glycine transporters may be abundantly expressed near
NMDA receptors and are highly efficient at controlling gly-
cine concentrations within a confined space (Supplisson and
Bergman, 1997). Therefore, exogenous application of glycine,
at concentrations well above the EC50 value for glycine acti-
vation of NMDA receptors, is required to potentiate the re-
sponse. From this argument, it follows that processes modu-
lating the rate of glycine clearance from the synapse may be
important determinants of the extent of glycine occupancy of
NMDA receptors. In addition to the requirement for glycine
as a coagonist of NMDA receptors, glycine also slows the rate
of desensitization of NMDA receptors (Vyklicky et al., 1990).
Therefore alterations in glycine concentrations in the syn-
apse caused by modulation of glycine transport would mod-
ulate both amplitude and time course of NMDA receptor-
mediated currents. NMDA receptors bind glycine with an
affinity of 0.2 to 2 mM; therefore, a transient elevation in
glycine concentrations from 150 nM to, say, 1 mM, caused by
inhibition of glycine transport, would cause a 2- to 5-fold
increase in occupancy of NMDA receptors. Thus, endogenous
or exogenous modulators of glycine transporters may be ex-
pected to influence the dynamics of excitatory neurotrans-
mission mediated by NMDA receptors. Protons may be such
modulators. In this study we have used electrophysiological
techniques to investigate in detail the mechanism of proton
regulation of glycine transport.

Protons Regulate the Rate of Glycine Transport. Gly-
cine transport has been demonstrated to be sensitive to
changes in pH in C6 glioma cells (Zafra and Gimenez, 1989).
We have further characterized this process for the GLYT1b
subtype expressed in X. laevis oocytes. Protons inhibit gly-
cine transport by GLYT1b with half-maximal inhibition at
pH 7.0 6 0.1 (Fig. 2B). Lowering the pH did not alter the
EC50 values for either glycine or sodium transport but did
reduce the maximal transport rate (Figs. 2 and 3), suggesting
that proton inhibition is noncompetitive with respect to both
glycine and sodium. Proton inhibition of glycine transport is
independent of the membrane potential (Fig. 4), indicating
that the proton inhibition site is unlikely to be within the
electrical field of the membrane and that protons are unlikely
to influence any voltage-dependent steps in the transport

Fig. 6. Proton inhibition of glycine transport currents for mutant and
wild-type GLYT1b. A, glycine (100 mM) was applied to oocytes expressing
the various mutant and wild-type GLYT1b transporters that were voltage
clamped at 260 mV and at pH 7.5 and 6.0. Current measurements are
normalized to the transport current measured at pH 7.5 for each trans-
porter. Results presented are the mean 6 S.E. from three cells expressing
the H199A, H213P, H239A, or H588A mutants and five cells expressing
the H421A mutant. The data for the wild-type GLYT1b are derived from
Fig. 2. B, pH titration curves for 100 mM glycine transport currents
measured over the pH range of 5.5 to 8.0 for the wild-type and H421A
GLYT1b transporters. The data are normalized to the transport currents
measured at pH 7.5 and are mean 6 S.E. from five cells. C, glycine dose
response curves for transport currents by wild-type and H421A GLYT1b.
The data presented for the H421A GLYT1b are mean 6 S.E. from five
cells and the fitted curve for the wild-type from Fig. 1 are replotted
(dotted line) to assist comparison with the mutant.
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process. Finally, the reduction in transport currents at low
pH values directly correlates with a reduction in the rate of
glycine transport, which demonstrates that protons do not
alter the ion flux-coupling ratio of glycine transport (Fig. 5).
In light of these findings, we propose that protons modulate
glycine transport by binding to an extracellular site on the
transporter that is distinct from the sites that bind and
transport glycine and sodium through the pore of the protein.

The H1 Modulatory Site on GLYT1b and Compari-
sons with Other Neurotransmitter Transporters. Mu-
tation of histidine 421 in the fourth extracellular loop to an
alanine residue selectively removes pH sensitivity of
GLTY1b without altering glycine transport. Thus, this resi-
due seems to confer the pH sensitivity of GLYT1b. This
residue is not conserved in the GLYT2 subtypes of glycine
transporters or other members of the Na1/Cl2-dependent
neurotransmitter transporter family; although an exhaustive
study has not been performed, of the transporters investi-
gated to date, only the GLYT1 transporters seem to be non-
competitively inhibited by protons. The structurally related
serotonin transporter is also modulated by pH, but in a very
different manner. Protons increase the amplitude of the
transport conductance, but do not seem to alter the rate of
serotonin transport (Cao et al., 1997). A serine residue at
position 490 and a glutamate residue at position 493 in
extracellular loop 5 have been identified as conferring this
property (Cao et al., 1998). It is interesting to note that this
proton regulatory site is in a different extracellular loop of
the transporter than the proton regulatory site of GLYT1b,
which suggests that the different loops may play different
functional roles in regulating transporter function. The do-
pamine transporter (DAT) is noncompetitively inhibited by
zinc ions by a mechanism that shows a number of parallels
with the mechanism of proton inhibition of glycine transport
(Norregaard et al., 1998). Two of the amino acid residues that
form part of the zinc binding site are located at the beginning
and end of the fourth extracellular loop (Loland et al., 1999).
The location of the proton regulatory site on GLYT1b and the
zinc-binding site on DAT to the fourth extracellular loop of
this family of structurally related transporters suggests that
this loop may form part of an important regulatory domain.
The interaction of zinc with DAT, or H1 with GLYT1b, may
alter the conformation of this loop and transmit this change
to transmembrane domains 7 and 8 to regulate the rate of
transport. It would be of considerable interest if mutations of
residues in other members of the Na1/Cl2-dependent neuro-
transmitter transporter family in this extracellular domain
that correspond to the zinc and H1 binding sites of DAT and
GLYT1b are capable of altering the regulatory properties of
these other transporters. The identification of an extracellu-
lar regulatory domain may also be exploited in attempts to
develop compounds designed to mimic the actions of H1 or
Zn21 ions. Such compounds may be of therapeutic value in
treating various neurological disorders in which altered
transporter function have been implicated.

Physiological and Pathological Implications of Proton
Regulation of Glycine Transport. The IC50 value for proton
modulation of glycine transport is close to the standard physi-
ological extracellular pH of 7.3; therefore, small fluctuations in
pH will significantly alter the rate of glycine clearance from the
synapse. An acidic shift in the extracellular pH reduces the rate
of glycine transport and may cause a transient elevation in

synaptic glycine concentrations. An alkaline shift in extracellu-
lar pH increases the rate of glycine transport and will bring the
resting glycine concentration closer to the theoretical equilib-
rium concentration of 149 nM. The physiological consequences
of changes in the rate of glycine transport on the dynamics of
excitatory neurotransmission are complex because protons also
modulate the activity of a number of other proteins involved in
neurotransmission. Protons inhibit NMDA receptors by binding
to an extracellular site on the receptor with an IC50 value of pH
7.3, but do not seem to influence the activity of the AMPA and
kainate subtypes of ionotropic glutamate receptors (Tang et al.,
1990; Traynelis and Cull-Candy, 1990). Protons play a dual role
in determining the activity of glutamate transporters. First, the
proton gradient across the cell membrane is coupled to the
transport process and will influence the concentrating capacity
of the transporter (Zerangue and Kavanaugh, 1996; Levy et al.,
1998) Second, protons also inhibit reverse glutamate transport
into the synapse (Billups and Attwell, 1996). Thus, under mild
acidic conditions, glycine concentrations may be elevated, glu-
tamate concentrations may initially be unchanged, but may
increase with prolonged acidic conditions (see below), and
NMDA receptor activity will be reduced. The inhibition of
NMDA receptors under these conditions has generally been
thought of as being the overriding factor in determining the
dynamics of excitatory neurotransmission (Tang et al., 1990;
Traynelis and Cull-Candy, 1990; Billups and Attwell, 1996).

However, splice variants of the NR1 subunit of NMDA
receptors containing exon 5 are less sensitive to proton inhi-
bition (Traynelis et al., 1995). Exon 5 is spliced into NR1
subunits expressed in the brainstem, thalamus, cerebellum,
colliculi, CA3 region of the hippocampus, pontine nucleus,
sensory motor cortex, and the subthalamic nucleus (Stan-
daert et al., 1993; Laurie and Seeburg, 1994); therefore,
NMDA receptors in these regions, which contain exon 5 in
NR1 subunits, will not be significantly modulated by acidic
shifts in pH. Thus, in these regions, elevations of glycine
concentrations under mild acidic conditions, because of inhi-
bition of glycine transport, may play an important role in
increasing the activity of NMDA receptors.

Fluctuations in extracellular pH occur as a consequence of
normal excitatory neurotransmission (Chesler and Kaila, 1992)
and also under pathological conditions, such as an ischemic
insult (von Hanwehr et al., 1986). The time frame for these
fluctuations is an important factor in determining which pro-
cesses may be modulated. Transport rates for the g-aminobu-
tyric acid and glutamate transporters have been estimated to be
of the order of 10 s21 (Mager et al., 1993; Wadiche et al., 1995).
If we assume that the rate of transport by GLYT1b is similar,
then if pH fluctuations are to influence the rate of glycine
transport, they must occur over a comparable time frame. Pro-
longed acidic pH shifts, measured using extracellular pH mi-
croelectrodes, have been measured in a number of brain regions
after repetitive stimulation and epileptiform activity [reviewed
by Chesler and Kaila (1992)]. Changes in pH of up to 0.3 pH
units develop in a matter of seconds and may be maintained for
several minutes. If such changes occur near glycine transport-
ers, then modulation of transporter activity may be an impor-
tant factor in determining the dynamics of neurotransmission.
During the first minute of cerebral ischemia, extracellular pH
steadily declines from 7.3 to approximately 6.7, which would
cause significant inhibition of glycine transport. With prolonged
ischemia, there are large changes in sodium and potassium
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gradients across the cell membrane and elevations in extracel-
lular glutamate concentrations caused by reverse glutamate
transport (Rossi et al., 2000) and also elevated glycine concen-
trations (Globus et al., 1991). Excessive stimulation of NMDA
receptors during prolonged ischemia is thought to be largely
responsible for triggering cell death. The results presented in
this study suggest that the elevation in glycine concentrations
may be caused in part by pH inhibition of glycine transport.
Although glycine is a necessary factor in the pathological pro-
cesses of ischemia (McNamara et al., 1990; Lazarewicz et al.,
1997), its impact may be most critical in the early phase of
ischemia, before large changes in the Na1 and K1 gradients
develop and glutamate concentrations become elevated. The
elevation in glycine concentrations within the synapse caused
by pH inhibition of glycine transport may lead to increased
activity of NMDA receptors containing the exon 5 in the NR-1
subunits and may be one of the factors triggering the subse-
quent destructive phase of ischemia.

In light of the results presented here and those of Berger et
al. (1998) and Bergeron et al. (1998), investigations into the
effects endogenous and exogenous compounds on glycine
transporters may lead to a more complete understanding of
the role of glycine transporters in the regulation of excitatory
neurotransmission. This information may also provide the
basis for the development of novel therapeutic targets for the
treatment of neurological disorders.

Acknowledgment

We thank Drs. Mark Connor and Mac Christie for critical review
of the manuscript.

References
Amara SG and Kuhar MJ (1993) Neurotransmitter transporters: Recent progress.

Annu Rev Neurosci 16:73–93.
Aprison MH and Werman R (1965) The distribution of glycine in cat spinal cord and

roots. Life Sci 4:2075–2083.
Aragon MC, Gimenez C and Mayor F (1987) Stoichiometry of sodium- and chloride-

coupled glycine transport in synaptic plasma membrane vesicles derived from rat
brain. FEBS Letters 212:87–90.

Attwell D, Barbour B and Szatkowski M (1993) Nonvesicular release of neurotrans-
mitter. Neuron 11:401–407.

Berger AJ, Dieudonne S and Ascher P (1998) Glycine uptake governs glycine site
occupancy at NMDA receptors of excitatory synapses. J Neurophysiol 80:3336–3340.

Bergeron R, Meyer TM, Coyle JT and Greene RW (1998) Modulation of N-methyl-
D-aspartate receptor function by glycine transport. Proc Natl Acad Sci USA 95:
15730–15734.

Billups B and Attwell D (1996) Modulation of non-vesicular glutamate release by pH.
Nature (Lond) 379:171–174.

Cao Y, Mager S and Lester HA (1997) H1 permeation and pH regulation at a
mammalian serotonin transporter. J Neurosci 17:2257–2266 (1997).

Cao Y, Ming L, Mager S and Lester HA (1998) Amino acid residues that control pH
modulation of transport-associated current in mammalian serotonin transporters.
J Neurosci 18:7739–7749.

Chesler M and Kaila K (1992) Modulation of pH by neuronal activity. Trends
Neurosci 15:396–402.

Colquhoun D (1998) Binding, gating, affinity and efficacy: The interpretation of
structure-activity relationships for agonists and of the effects of mutating recep-
tors. Br J Pharmacol 125:924–947.

Globus MY, Busto R, Martinez E, Valdes I, Dietrich WD and Ginsberg MD (1991)
Comparative effect of transient global ischemia on extracellular levels of gluta-
mate, glycine and gamma-aminobutyric acid in vulnerable and nonvulnerable
brain regions in the rat. J Neurochem 57:470–478.

Guastella J, Brecha N, Weigmann C, Lester HA and Davidson N (1992) Cloning,
expression and localization of a rat brain high-affinity glycine transporter. Proc
Natl Acad Sci USA 89:7189–7193.

Hanley JG, Jones EMC and Moss SJ (2000) GABA receptor r1 subunit interacts with a
novel splice variant of the glycine transporter, GLYT-1. J Biol Chem 275:840–846.

Hollmann M and Heinemann S (1994) Cloned glutamate receptors. Annu Rev Neu-
rosci 17:31–108.

Johnson JW and Ascher P (1987) Glycine potentiates the NMDA response in cul-
tured mouse brain neurons. Nature (Lond) 325:529–531.

Jursky F and Nelson N (1995) Localization of glycine neurotransmitter transporter
(GLYT2) reveals correlation with the distribution of glycine receptor. J Neurochem
64:1026–1033.

Kemp JA and Leeson PD (1993) The glycine site of the NMDA receptor—five years
on. Trends Pharmacol Sci 14:20–25.

Laurie DJ and Seeburg PH (1994) Regional and developmental heterogeneity in
splicing of the rat brain NMDAR1 mRNA. J Neurosci 14:3180–3194.

Lazarewicz JW, Gadamski R, Parsons CG and Danysz W (1997) Protection against
post-ischaemic neuronal loss in gerbil hippocampal CA1 by glycineB and AMPA
antagonists. Short communication. J Neural Transm (Budapest) 104:1249–1254.

Levy LM, Warr O and Attwell D (1998) Stoichiometry of the glial glutamate trans-
porter GLT-1 expressed inducibly in a Chinese hamster ovary cell line selected for
low endogenous Na1-dependent glutamate uptake. J Neurosci 18:9620–9628.

Liu QR, Lopez-Corcuera B, Mandiyan S, Nelson H and Nelson N (1993) Cloning and
expression of a spinal cord- and brain-specific glycine transporter with novel
structural features. J Biol Chem 268:22802–22808.

Liu QR, Nelson H, Mandiyan S, Lopez-Corcuera B and Nelson N (1992) Cloning and
expression of a glycine transporter from mouse brain. FEBS Lett 305:110–114.

Loland CJ, Norregaard L and Gether U (1999) Defining proximity relationships in
the tertiary structure of the dopamine transporter. Identification of a conserved
glutamic acid as a third coordinate in the endogenous Zn21-binding. J Biol Chem
274:36928–36934.

Lopez-Corcuera B, Martinez-Maza R, Nunez E, Roux M, Supplisson S and Aragon C.
(1998) Differential properties of two stably expressed brain-specific glycine trans-
porters. J Neurochem 71:2211–2219.

Mager S, Naeve J, Quick M, Labarca C, Davidson N and Lester HA (1993) Steady
states, charge movements and rates for a cloned GABA transporter expressed in
Xenopus oocytes. Neuron 10:177–188.

McNamara D, Smith EC, Calligaro DO, O’Malley PJ, McQuaid LA and Dingledine R
(1990) 5,7-Dichlorokynurenic acid, a potent and selective competitive antagonist of
the glycine site on NMDA receptors. Neurosci Lett 120:17–20.

Norregaard L, Frederiksen D, Nielsen EØ and Gether U (1998) Delineation of an
endogenous zinc-binding site in the human dopamine transporter EMBO (Eur Mol
Biol Organ) J 17:4266–4273.

Ponce J, Poyatos I, Aragon C, Gimenez C and Zafra F (1998) Characterization of the
59 region of the rat brain glycine transporter GLYT2 gene: Identification of a novel
isoform. Neurosci Lett 242:25–28.

Poyatos I, Ponce J, Aragon C, Gimenez C and Zafra F (1997) The glycine transporter
GLYT2 is a reliable marker for glycine-immunoreactive neurons. Brain Res Mol
Brain Res 49:63–70.

Rossi DJ, Oshima T and Attwell D (2000) Glutamate release in severe brain isch-
aemia in mainly by reversed uptake. Nature (Lond) 403:316–321.

Semba J and Patsalos PN (1993) Milacemide effects on the temporal inter-
relationship of amino acids and monoamine metabolites in rat cerebrospinal fluid.
Eur J Pharmacol 230:321–326.

Smith KE, Borden LA, Hartig PR, Branchek T and Weinshank RL (1992) Cloning
and expression of a glycine transporter reveal colocalization with NMDA recep-
tors. Neuron 8:927–935.

Spike RC, Watt C, Zafra F and Todd AJ (1997) An ultrastructural study of the
glycine transporter GLYT2 and its association with glycine in the superficial
laminae of the rat spinal dorsal horn. Neuroscience 77:543–551.

Standaert DG, Testa CM, Penney JB Jr and Young AB (1993) Alternatively spliced
isoforms of the NMDAR1 glutamate receptor subunit: Differential expression in
the basal ganglia of the rat. Neurosci Lett 152:161–164.

Supplisson S and Bergman C (1997) Control of NMDA receptor activation by a
glycine transporter co-expressed in Xenopus oocytes. J Neurosci 17:4580–4590
(1997).

Tang CM, Dichter M and Morad M (1990) Modulation of the N-methyl-D-aspartate
channel by extracellular H1. Proc Natl Acad Sci USA 87:6445–6449.

Tolner B, Ubbink-Kok T, Poolman B and Konings WN (1995) Cation-selectivity of the
[scap]l[r]-glutamate transporters of Escherichia coli, Bacillus stearothermophilus
and Bacillus caldotenax: Dependence on the environment in which the proteins are
expressed. Mol Microbiol 18:123–133.

Traynelis SF and Cull-Candy SG (1990) Proton inhibition of N-methyl-D-aspartate
receptors in cerebellar neurons. Nature (Lond) 345:347–350.

Traynelis SF, Hartley M and Heinemann SF (1995) Control of proton sensitivity of the
NMDA receptor by RNA splicing and polyamines. Science (Wash DC) 268:873–876.

Vandenberg RJ, Arriza JL, Amara SG and Kavanaugh MP (1995) Constitutive ion
fluxes and substrate binding domains of human glutamate transporters. J Biol
Chem 270:17668–17671.

Vandenberg RJ, Mitrovic AD, Chebib M, Balcar VJ and Johnston GA (1997) Con-
trasting modes of action of methylglutamate derivatives on the excitatory amino
acid transporters, EAAT1 and EAAT2. Mol Pharmacol 51:809–815.

von Hanwehr R, Smith ML and Siesjo BK (1986) Extra- and intracellular pH during
near-complete forebrain ischemia in the rat. J Neurochem 46:331–339.

Vyklicky L Jr, Benveniste M and Mayer ML (1990) Modulation of N-methyl-D-
aspartic acid receptor desensitization by glycine in mouse cultured hippocampal
neurones. J Physiol (Lond) 428:313–331.

Wadiche JI, Arriza JL, Amara SG and Kavanaugh MP (1995) Kinetics of a human
glutamate transporter. Neuron 14:1019–1027.

Westergren I, Nystrom B, Hamberger A, Nordborg C and Johansson BB (1994) Con-
centrations of amino acids in extracellular fluid after opening of the blood-brain
barrier by intracarotid infusion of protamine sulfate. J Neurochem 62:159–165.

Woodhull AM (1973) Ionic blockage of sodium channels in nerve. J Gen Physiol
61:687–708.

Zafra F and Gimenez C (1989) Characteristics and adaptive regulation of glycine
transport in cultured glial cells. Biochem J 258:403–408.

Zerangue N and Kavanaugh MP (1996) Flux coupling in a neuronal glutamate
transporter. Nature (Lond) 383:634–637.

Send reprint requests to: Dr. R. J. Vandenberg, University of Sydney, Blackburn
Bldg., D06, Sydney, NSW 2006, Australia. E-mail: robv@pharmacol.usyd.edu.au

Protons Regulate Glycine Transport 135

 by guest on D
ecem

ber 1, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/

