
A chloride conductance in VGLUT1 underlies maximal
glutamate loading into synaptic vesicles

Stephan Schenck1–3, Sonja M Wojcik4, Nils Brose4 & Shigeo Takamori1–3

Uptake of glutamate into synaptic vesicles is mediated by vesicular glutamate transporters (VGLUTs). Although glutamate uptake

has been shown to depend critically on Cl–, the precise contribution of this ion to the transport process is unclear. We found

that VGLUT1, and not ClC-3 as proposed previously, represents the major Cl– permeation pathway in synaptic vesicles. Using

reconstituted VGLUT1, we found that the biphasic dependence of glutamate transport on extravesicular Cl– is a result of the

permeation of this anion through VGLUT1 itself. Moreover, we observed that high luminal Cl– concentrations markedly enhanced

loading of glutamate by facilitation of membrane potential–driven uptake and discovered a hitherto unrecognized transport mode

of VGLUT1. Because a steep Cl– gradient across the synaptic vesicle membrane exists in endocytosed synaptic vesicles, our

results imply that the transport velocity and the final glutamate content are highly influenced, if not determined, by the

extracellular Cl– concentration.

Intracellular compartments such as endosomes and lysosomes, as well
as secretory granules such as chromaffin granules or synaptic vesicles,
are energized by the proton-translocating activity of a vacuolar-type
H+-ATPase (V-ATPase)1–4. The V-ATPase builds up a proton electro-
chemical gradient (DmH+) that is used for transport processes across
the membrane. DmH+ consists of two components, the membrane
potential (DC) and the pH gradient (DpH), and the ratio of these two
components is modulated by the permeability of the membrane for
certain ions by leaks or channels5,6. Notably, isolated intracellular
organelles such as synaptic vesicles acidify only in the presence of
small anions such as Cl– (refs. 5,6). This indicates that Cl– pathways
provide a shunting current for the electrogenic V-ATPase and thereby
lead to an increase of DpH at the expense of DC by net accumulation of
HCl. Regarding the transport of solutes, bothDC and DpH can be used
to energize the translocation process. For instance, biochemical inves-
tigations on isolated synaptic vesicles have revealed that the preference
for either component depends on the specific transport system for
different classical neurotransmitters7.

Vesicular transport of glutamate, the major excitatory transmitter in
the vertebrate brain, is carried out by VGLUTs8,9 and is believed to be
driven primarily by DC10. A prominent feature of the vesicular
glutamate transport is its biphasic dependence on extravesicular
Cl–, which has been characterized in biochemical investigations of
native synaptic vesicles11 and in membranes containing heterologous
VGLUTs8,12–15. The transport activity is very low in the absence of
external Cl–, maximal at low concentrations of Cl– (2–4 mM) and
declines with rising Cl– concentrations from 10–100 mM. Although the
decrease in glutamate uptake under conditions of high concentrations
of extravesicular Cl– has been attributed to the increase of DpH

resulting from a Cl– channel on synaptic vesicles10, the very low uptake
in the absence of Cl–, despite DC being maximal under these condi-
tions, remains largely unexplainable. The transport of glutamate was
therefore believed to be activated in the presence of low millimolar
concentrations of Cl– by regulatory binding of this ion to the trans-
porter itself16. However, there are also indications for a role of the
luminal pH, which could explain the activation of transport by low
concentrations of Cl– (ref. 17). Because the ratio of DC and DpH
profoundly influences the uptake of glutamate and other trans-
mitters, the molecular signature of the Cl– channel is crucial for
understanding the loading process and its regulation. Despite some
progress6, the underlying Cl– shunt in synaptic vesicles has remained
elusive for a long time.

ClC-3, a member of the CLC gene family, has been an attractive
candidate for Cl– shunting on synaptic vesicles because the acidification
of synaptic vesicles derived from Clcn3–/– mice is partially impaired18.
However, the loss of ClC-3 does not cause major changes in neuro-
transmission and vesicular glutamate transport of isolated vesicles
retains its biphasic dependence on Cl– even in the absence of ClC-3
(ref. 18). This is surprising, as the loss of a Cl– shunt would be expected
to influence DpH and, consequently, glutamate loading. Recently,
indications for a Cl–/H+ exchange have been found for ClC-3
(ref. 19). This has already been demonstrated for ClCec1 (a bacterial
homolog of eukaryotic ClCs)20, ClC-4/5 (refs. 21,22) and ClC-7
(ref. 23). The Cl–/H+ exchange mechanism does not exclude a role for
ClC-3 in acidification. However, it nevertheless complicates the inter-
play with a proton pump, and together with the pronounced outward
rectification of intracellular ClCs19,24, the observed co-transport of Cl–

and H+ in isolated synaptic vesicles cannot be well explained.
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Notably, the loss of ClC-3 is accompanied by a decrease of the
VGLUT1 content in synaptic vesicle fractions and of glutamate uptake
into synaptic vesicles18, presumably as a result of neurodegeneration,
including the complete loss of hippocampus. VGLUT1, in turn, has
been shown to induce a Cl– conductance when heterologously
expressed, which can be inhibited by glutamate8. This is a strong
indication for a Cl– conductance in the transporter itself. These
observations cast doubts on whether the observed partial reduction
in Cl–-dependent acidification in synaptic vesicles from Clcn3–/– brains
is caused by the loss of ClC-3, but suggest that it is an indirect effect
linked to the reduction of VGLUT1. In view of the biphasic dependence
of glutamate transport on extravesicular Cl– and the indications for
direct binding of Cl– (ref. 16), there is a clear need to elucidate the
contribution of VGLUT1 in this context and to unmask the molecular
identity of the Cl– translocator on synaptic vesicles to gain a correct
understanding of glutamate loading.

RESULTS

Impaired synaptic vesicle acidification in Vglut1–/– mice

To clarify the contribution of either ClC-3 or VGLUT1 on the anion
conductance of synaptic vesicles, we prepared synaptic vesicle fractions
from the brains of mice lacking ClC-3 or VGLUT1 (refs. 25,26) and
analyzed ATP-dependent acidification using acridine orange fluores-
cence quenching (see Methods) (Fig. 1). The previous investigation of
synaptic vesicle fractions from Clcn3–/– mice was carried out with
material obtained from adult mice after severe neurodegeneration had
affected the brain, including the complete loss of the hippocampus18.
To rule out possible bias resulting from neurodegeneration, we sought
to isolate vesicles from Clcn3–/– brains before the onset of degeneration
at the age of 3 weeks. In contrast with the former data from adult
brains, we did not detect any signs of reduction of either Cl–- or
glutamate-dependent acidification in knockout samples (Fig. 1a,b,g).
Notably, we did not detect a reduction in the VGLUT1 content (Fig. 1h
and Supplementary Fig. 1 online), which also differed from previously
published data. Furthermore, we estimated the copy number of ClC-3
per vesicle to be approximately 0.001 ClC-3 per synaptic vesicle (only
every 2,000th synaptic vesicle may thus bear a functional dimer),
making a contribution of ClC-3 as a Cl– translocator on bulk synaptic
vesicles very unlikely (Supplementary Fig. 2 online).

In contrast, synaptic vesicle fractions from Vglut1–/– (also known as
Slc17a7) mice showed a strong reduction in both Cl–- and glutamate-
dependent acidification at the age of 3 (Fig. 1c,d,g) and 8 weeks
(Fig. 1e–g). There were no major changes in the expression levels of
relevant synaptic proteins; in particular, there was no reduction on the
ClC-3 content (Fig. 1h and Supplementary Fig. 1). The remaining
acidification in the Vglut1–/– samples can be well explained with the
fractional content of synaptic vesicles that are positive for VGLUT2 and
the vesicular inhibitory amino acid transporter (VIAAT), which pre-
sumably also bear a Cl–-translocating factor27,28. Taken together, the
comparison of the two knockout strains favored the idea that VGLUT1
is serving as a Cl– shunt on a major fraction of synaptic vesicles
(approximately 65%)28.

Purified VGLUT1 shows a Cl– conductance

To verify that the Cl– conductance is indeed an intrinsic property of
VGLUT1, we attempted to purify the transporter (Fig. 2). We were able
to obtain a pure preparation of recombinant rat VGLUT1 from tsA201
cells (see Methods; Fig. 2a). The transporter was efficiently reconsti-
tuted into membranes, eluted as a single peak without signs of
aggregation in analytical gel filtration (data not shown) and showed
biological activity as described below. We used a bacterial ATP synthase
(TF0F1)29 (Fig. 2a) to energize reconstituted liposomes, which acidified
in symmetric potassium gluconate solution only when free counter-ion
movement was made possible by addition of the K+ ionophore
valinomycin (VAL; Fig. 2b). The electrogenic properties of this TF0F1

preparation resemble the V-ATPase2 and are therefore suitable for
examining the conductance in VGLUT1. Co-reconstitution of VGLUT1
and TF0F1 into liposomes revealed a conductance for Cl– in VGLUT1
(Fig. 2d,e), as evident from acidification, but not for a bulky anion such
as gluconate or a cation such as K+ (Fig. 2d,e). Similar results were seen
when we replaced internal gluconate with acetate or Cl– (data not
shown). Control liposomes bearing only TF0F1 did not acidify when
external Cl– was present (Fig. 2c,e).

When we reconstituted increasing amounts of VGLUT1 and mea-
sured the acidification depending on Cl– and in Cl–-free medium by the
addition of VAL (Fig. 2f), we found that reconstitution of VGLUT1 did
not affect the properties of the liposomes, except for the introduced
Cl– conductance. We further ruled out major contaminations as a
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Figure 1 Acidification of synaptic vesicles from

Clcn3–/– and Vglut1–/– brains in the presence of

external Cl– or glutamate. (a,b) Acidification of

synaptic vesicles from wild-type and Clcn3–/– mice

at the age of 3 weeks in the presence of 100 mM

KCl (a) or 4 mM KCl + 10 mM potassium

glutamate (KGlu) (b) measured under standard

conditions (see Methods). A decrease in
fluorescence reflects acidification. (c–f) Cl–- and

glutamate-dependent acidification of synaptic

vesicles from wild-type and Vglut1–/– mice at the

age of 3 (c,d) and 8 weeks (e,f) was measured as

described in a and b. Scale bars for all traces

represent 500 AU and 120 s. (g) Quantitative

summary of the extent of acidification for Clcn3–/–

and Vglut1–/– samples compared with wild-type

samples (from a–f). Data were quantified as

described in Methods and analyzed with two-tailed

unpaired t test (* P 4 0.1, ** P o 0.05).

(h) Representative immunoblots of relevant

proteins in the synaptic vesicle fractions from

Clcn3–/– and Vglut1–/– mice compared with wild

type. Syp, synaptophysin. Error bars represent s.d.
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source of the observations to verify that the Cl– conductance arose from
VGLUT1 by removing the transporter from the liposome premix with
an affinity purified antibody (Supplementary Fig. 3 online).

Intravesicular Cl– strongly increases glutamate uptake

Having verified that VGLUT1 is responsible for both glutamate
transport and Cl– permeability in liposomes and synaptic vesicles, we
attempted to test in detail how the Cl– conductance in VGLUT1
influences glutamate transport. To date, only the effects of extravesi-
cular Cl– could be investigated using native vesicles and those of
intravesicular Cl– have never been examined experimentally, to the
best of our knowledge. However, synaptic vesicles engulf extracellular
fluid during endocytosis and should therefore be filled with B130 mM
NaCl. Thus, we preloaded liposomes with 100 mM KCl or 100 mM
potassium gluconate and measured glutamate uptake in the presence of
4 mM external Cl–, which is known to be optimal for uptake11,17 (see
Fig. 3a for an illustration of Cl– and gluconate distributions). Notably,
the ATP-dependent uptake of glutamate was strongly enhanced in the
presence of luminal Cl– compared with impermeable gluconate
approximately threefold (Fig. 3b).

A time course of glutamate uptake indicated an increased velocity as
well as a higher loading capacity (Fig. 3c). The uptake kinetics revealed

a substantial increase in vmax (3.3-fold), whereas the affinities
measured for both gluconate- and Cl–-loaded liposomes differed
only slightly and approximated previously reported values (KM

B1–2 mM11,30; Fig. 3d,e).

External Cl– modulates glutamate uptake into liposomes

To investigate whether the biphasic dependence of glutamate transport
on extravesicular Cl– is preserved in our minimal system and can be
explained by the conductance in VGLUT1, we measured glutamate
uptake in the presence of different external Cl– concentrations for both
of the tested internal anions (Fig. 4a–c). Notably, the dependence on
external Cl– for gluconate-loaded liposomes resembled the pattern that
was observed for isolated synaptic vesicles11,17, where the uptake was
very low in the absence of external Cl–, was enhanced by low millimolar
Cl– (B6-fold) and was attenuated by rising external Cl– concentrations
(Fig. 4b,c). Cl–-loaded liposomes also showed enhanced uptake at low
millimolar concentrations of Cl–, albeit weaker (B1.2-fold) than that
observed for gluconate-loaded liposomes, and uptake was attenuated
by rising external Cl– concentrations in a similar manner (Fig. 4b,c). In
the absence of external Cl–, however, the uptake by Cl–-loaded
liposomes was about tenfold higher than that of gluconate-loaded
liposomes ([Cl–]out ¼ 0; Fig. 4b,c).

For all the conditions tested, we essentially observed a higher uptake
for the Cl–-loaded liposomes than for the gluconate-loaded liposomes,
but this was most obvious under conditions with high DC. For uptake
with close to physiologically relevant concentrations of glutamate
(5 mM), the difference in uptake between the two tested anions was
even bigger (Fig. 4c).

Intravesicular Cl– facilitates DW-driven glutamate uptake

To evaluate the role of protons in the transport process, we used the
K+/H+ exchanger nigericin (NIG), which selectively dissipates DpH.
This allowed us to estimate the relative contributions of either DC or
DpH on the net uptake of glutamate into liposomes (Fig. 4b,c). The
NIG-resistant uptake, driven by DC, was much larger if the liposomes
were loaded with Cl–, maximal in the absence of external Cl– and
gradually decreased with raising external Cl– concentrations. In con-
trast, the transport driven by DC into gluconate-loaded liposomes was
very low, although minimal uptake at low millimolar concentrations of
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Figure 2 Purified VGLUT1 shows a Cl– conductance. (a) Coomassie blue

staining of recombinant rVGLUT1 (18 mg, 10% SDS-PAGE, left) and TF0F1

(10 mg, 15% SDS-PAGE, right). (b) Electrogenic properties of reconstituted

TF0F1 (5 mg). Efficient proton coupling appeared only in the presence of

the K+-ionophore VAL as measured by fluorescence quenching of acridine

orange. Representative traces are shown. The sketch below illustrates

ion movements. TF0F1 is represented by black filled circles and VAL by an

open circle. The strength of DC is symbolized by + and low pH by H+.
(c) Acidification in control liposomes containing only TF0F1 in the presence

of gluconate (dashed line) or Cl– (solid line). (d) Acidification in liposomes

co-reconstituted with TF0F1 and VGLUT1 in the presence of external

gluconate (dashed line) or Cl– (solid line). Sketches are labeled as in b.

The gray circle symbolizes VGLUT1. (e) Quantitative summary of the traces

in c and d normalized to the acidification of TF0F1 liposomes in symmetric

potassium gluconate buffer (control). Data were analyzed with two-tailed

paired (** P o 0.001) and two-tailed unpaired t-tests (* P 4 0.3,

*** P o 0.005). (f) Cl– influx was VGLUT1 dose dependent, as shown by

increasing concentrations of VGLUT1. The VAL-dependent acidification

(single measurements) was not affected. Values are normalized to the

mean acidification of TF0F1-liposomes without VGLUT1 in the presence

of 100 mM external KCl (filled squares) or 100 mM symmetric potassium

gluconate buffer containing VAL (open circles). All scale bars represent

500 AU and 120 s. Data were quantified as described in Methods. Error

bars represent s.d.
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external Cl– remained. Clearly, DC-driven transport of glutamate is
only possible when Cl– is present in the lumen. Uptake for gluconate-
loaded liposomes appeared to be entirely fueled by DpH, indicating an
H+/glutamate antiport. It should be noted that this component is also
present in Cl–-loaded liposomes and contributes to the total uptake. An
additional conclusion that can be drawn from the effect of NIG is that
high external Cl– concentrations do not necessarily reduce uptake by
imposing a larger DpH, as this component must be negligible in the
presence of the ionophore. This can be seen for Cl–-loaded lipo-
somes (Fig. 4b,c) and indicates competition of Cl– with glutamate
for entering the lumen.

We further characterized the uptake of Cl–-loaded liposomes in the
absence of external Cl–, which demonstrated its marked dependence on
the membrane potential. Dissipation of DC by application of VAL
abolished the transport (Fig. 4d). The transport was consequently

strongly reduced by dissipation of DmH+ (NIG + VAL and carbonyl
cyanide p-(trifluoromethoxy)phenylhydrazone (FCCP); Fig. 4d). We
observed a strict dependence on the actual internal Cl– concentration
(Fig. 4e), which indicates that Cl– is a substrate during the transport.
Alternatively, the inside positive membrane potential generated by
leaking Cl– through VGLUT1 could also contribute to the driving
force. It might explain the slightly elevated uptake in the absence
of ATP when compared with gluconate-loaded liposomes (Fig. 3b),
but generation of DC by TF0F1 is essential, probably by inducing
conformational changes in the transporter that are necessary for
substrate translocation30.

Uptake was inhibited by 1 mM Evan’s Blue, a known inhibitor of
vesicular glutamate transport31, by approximately 60% (Fig. 4f), but
Cl–-dependent acidification was not affected at the same concentration
(Fig. 4g). This supports the view of two independent binding sites for
glutamate and Cl– on the transporter16, but it does not exclude a
possible overlap.

In summary, liposomes preloaded with either gluconate or
Cl– clearly showed distinct biophysical characteristics. Therefore,
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slight differences in the volume of liposomes formed in potassium
gluconate– or KCl-based buffers are very unlikely to explain our
observations (Supplementary Fig. 4 online).

DISCUSSION

Departing from uncertainties and unresolved issues concerning the Cl–

conductance on synaptic vesicles, we found clear indications that
VGLUT1 (and probably VGLUT2 as well) underlies the Cl– conduc-
tance of a major fraction of synaptic vesicles by analyzing the acidifica-
tion in synaptic vesicles of mice lacking this transporter. We further
validated this conductance in a reconstituted system of minimal
complexity. As the conductance and the glutamate transport activity
arise from the same protein, all further experiments can be interpreted
with this in mind. Notably, we observed a biphasic dependence of
uptake on the extravesicular Cl– concentration in our reconstituted
system, which strongly indicates that previous observations on synaptic
vesicles are also based on only two components, the V-ATPase and
VGLUT. This makes an additional Cl– channel for VGLUT-positive
vesicles obsolete, although we cannot exclude its existence with
certainty (VGLUT1/2-positive synaptic vesicles comprise B80% of
all synaptic vesicles28). However, the most important finding is
represented by the strong enhancement of glutamate transport by
luminal Cl–, a condition that was experimentally inaccessible before
reconstitution of purified components.

In summary, our observations allow for a number of conclusions
about the glutamate-loading mechanism of synaptic vesicles. First,
VGLUT1 efficiently transports glutamate solely driven by DC, but to do
so a charge-compensating exchange with a luminal anion is necessary.
Cl– serves this role and the Cl– permeation pathway is provided by
VGLUT1 itself (Supplementary Fig. 5 online). If a permeable internal
anion is missing, the DC-driven transport is extremely low. Second,
when external Cl– is present, part of the transport will depend on
DpH and therefore be sensitive to NIG (Fig. 4b,c and Supplementary
Fig. 5). Again, this can be attributed to the Cl– conductance in
VGLUT1, as only VGLUT1 can provide a shunting current that
would lead to an increase of DpH in our reconstituted system.
Apparently, VGLUT1 can operate also as an H+/glutamate exchanger
and, if no permeable anion is present on the luminal side, will transport
glutamate almost entirely in this fashion, as the remaining NIG-
insensitive component was very small (Fig. 4b,c). Finally, low
millimolar concentrations of extravesicular Cl– do not activate
transport by regulatory binding to VGLUT1, contrary to previous
interpretations16,32,33. When the DpH component was abolished
by NIG, glutamate uptake was reduced also at low extravesicular
Cl– concentrations (Fig. 4b,c). This effect was stronger when glutamate
concentrations were low, pointing to the competitive character
of Cl–. Consequently, high external Cl– concentrations reduce
the uptake further, as Cl– is competing with glutamate for DC-
driven entry and/or occupies the transporter in a certain conforma-
tional state.

Because synaptic vesicles are loaded with B100 mM glutamate34, it
appears more likely that the bigger portion of the uptake in synaptic
vesicles is driven by DC, as the H+/glutamate exchange is restricted by
osmotic barriers and would require swelling of synaptic vesicles.
Storage of glutamate as a free acid in synaptic vesicles would result in
a very low pH of 3–3.5, over two pH units lower than reported values35,
and the luminal osmolality would reach values of 400–500 mOsm,
which are unlikely to persist in synaptic vesicles. The only way to evade
this physical barrier is the efflux of other osmolytes, as there is no
evidence for a transmitter-storing matrix in glutamate-filled synaptic
vesicles28. In a scenario where Cl– is extruded in parallel with glutamate

uptake (Supplementary Fig. 5), the transmitter would be stored
mainly as sodium glutamate, thus overcoming the drop of pH,
insolubility and osmotic imbalance, as proposed earlier36. It also
explains why the uptake that is usually assayed in isolated synaptic
vesicles under maximal DC is very low and resembles the uptake that
we observed in gluconate-loaded liposomes. Isolated synaptic vesicles
must have lost most of the luminal Cl– during the glutamate loading
process (Supplementary Fig. 5).

Indications for the exchange of Cl– and glutamate have also been
obtained with native vesicles, which led to the proposal of an antiporter
model30. When synaptic vesicles were preloaded with glutamate and
DpH was clamped, application of Cl– in relatively high concentrations
to the assay medium induced efflux of glutamate. Our data are largely
compatible with this model. However, VGLUT1 translocates Cl– even
in the absence of glutamate and DpH can also be used for the uptake.
Currently, we cannot clearly distinguish whether influx and efflux of
Cl– are mediated by the same mechanism in VGLUT1.

Some recent experiments aimed to influence the glutamate content
of synaptic vesicles by raising the cytosolic Cl– concentration above
normal levels37,38, as this could be predicted by the long-known
biphasic dependence on extravesicular Cl– (refs. 11,17). On the basis
of our data, however, we would expect a net influx of HCl into synaptic
vesicles rather than a glutamate efflux from already charged vesicles.
Future investigations might resolve some of these issues in more detail,
but must also confirm turnover of synaptic vesicles to see changes in the
dynamics of vesicle loading.

VGLUTs have been proposed to be involved in the determination
and regulation of quantal size7,39. This has been mainly addressed to
their copy number26,40,41 or to changes in vesicle size40 and critically
depends on the filling model applied for synaptic vesicles7. The
transport mode described here is therefore an important factor to
consider in this context. Although we cannot provide experimental
evidence for it, the Cl– content of freshly endocytosed synaptic vesicles
would be a major determinant for the total glutamate load. If the
extracellular Cl– concentration is the limiting factor, the size of quanta
in these terminals can be expected to be very stable. In addition, the
reloading kinetics of synaptic vesicles with glutamate should be closely
linked to the initial intravesicular Cl– concentration just after endo-
cytosis. Because the loading of synaptic vesicles with glutamate is
potentially a limiting step in neurotransmission when rapidly recycling
synaptic vesicles are involved, the utilization of intravesicular Cl– in the
translocation process could be a means to ensure fast reloading and
therefore stable quantal size during prolonged high release rates.
However, this assumption has to be confirmed experimentally; for
example, by replacing extracellular Cl– with an impermeable anion
under conditions that ensure turnover of synaptic vesicles in all pools in
the necessary dimensions.

METHODS
Synaptic vesicle preparations. Crude synaptic vesicle fractions (LP2) were

isolated as described42, adjusted to 2.5 mg of protein per ml and stored at

–80 1C. Acidification was measured with 20–60 mg LP2 by acridine orange

quenching in 1 ml of assay buffer (0.3 M sucrose, 4 mM MgSO4, 2 mM acridine

orange, 10 mM MOPS, pH 7.3) in a Hitachi F2500 fluorometer (excitation,

492 nm, emission, 530 nm) at 32 1C. ATP (4 mM) and FCCP (40 mM) were

added as indicated. For Cl–-dependent acidification, KCl was added to final

concentrations of 100 mM, and for glutamate-dependent acidification, KCl and

potassium glutamate were added to reach 4 mM and 10 mM, respectively.

Measurements were quantified by taking the difference in fluorescence 10 s

after ATP mixing and 10 s before FCCP addition. Traces were normalized to

the fluorescence at t ¼ 0. The rapid increase of acridine orange-fluorescence

caused by the addition of ATP was subtracted. LP2 fractions were obtained
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from 5–12 mice. In one preparation, equal numbers of animals were used, and

two independent preparations for each developmental stage were made to

verify the observations.

Antibodies. The rabbit polyclonal antisera to VGLUT1, VGLUT2, VIAAT,

V-ATPase a-subunit (pp116) and GFP that we used were a kind gift from

R. Jahn (Max-Planck-Institute for Biophysical Chemistry) and are commer-

cially available from Synaptic Systems GmbH. VGLUT1, VGLUT2 and VIAAT

antibodies were affinity purified with the corresponding antigens. Synaptophy-

sin was detected with the mouse monoclonal antibody Cl 7.2 (Synaptic

Systems) and also donated by R. Jahn. Guinea pig antibody to VGLUT1

(ref. 43) was a kind gift of T. Kaneko (University of Kyoto). The affinity-

purified rabbit polyclonal antibody-to rClC-3 came from Alomone Labs.

DNA constructs. The entire open reading frame of rat VGLUT1 was cloned

into pcDNA3.1 (Invitrogen), N-terminally connected to the streptavidin

binding–peptide tag by a TEV-linker. The streptavidin binding–peptide tag

was amplified by PCR from the plasmid pTAG2K44. The 5¢-UTR of human

VEGF (PCR amplified from pcDNA4-Hismax, Invitrogen) was positioned

upstream of the start codon. Rat VGLUT1 and hClC3 (a kind gift of

T.J. Jentsch, Leibniz-Institut), C-terminally fused to Venus (a kind gift of

A. Miyawaki, BSI-RIKEN) and EGFP (Clontech), respectively, were cloned into

pcDNA3.1. All constructs were verified by Sanger sequencing.

Protein purification. VGLUT1 was heterologously expressed in tsA201 cells

and purified in a single step with streptavidin beads. The cells were grown in

DMEM with 4.5 g l–1 glucose, supplemented with 2 mM L-glutamine, 1 mM

sodium pyruvate, 50 U ml–1 penicillin, 50 mg ml–1 streptomycin (all from

Sigma) and 10% FBS (vol/vol) under 5% CO2. For expression, typically 100

10-cm dishes of cells at 60–70% confluency were transfected with 2 mg of

plasmid DNA (Maxi Prep, Macherey-Nagel) by the calcium-phosphate

method45. After overnight transfection with CO2 set to 2.8%, the medium

was changed and expression was continued for 24 h under 5% CO2, until the

cells were harvested by centrifugation. The pellets were resuspended in 80 ml of

ice-cold Buffer A (300 mM KCl, 40 mM Tris-Cl and 2 mM EDTA, pH 7.5).

Cells were lysed after addition of b-mercaptoethanol (5 mM final), PMSF

(1 mM final) and solid n-dodecyl-b-D-maltopyranoside (DDM) (2% wt/vol

final) at 4 1C for 30 min under stirring. The lysate was cleared for 20 min by

centrifugation (300,000 g, 4 1C). After additional ultrafiltration, the clear

supernatant was incubated in batch with B1 ml of streptavidin beads

(UltraLink, Pierce) for 3 h at 4 1C. The beads were washed with 20 bed

volumes of ice-cold Buffer A supplemented with 5 mM b-mercaptoethanol and

0.08% DDM (wt/vol). For elution, 1 ml of elution buffer (100 mM KCl, 13 mM

Tris-Cl, 0.6 mM EDTA, 2 mM (+)-biotin, 5 mM b-mercaptoethanol and 0.04%

DDM (wt/vol), pH 7.4) was incubated with the beads for 10 min on ice for five

cycles. The supernatants were pooled and concentrated with Amicon Spin

concentrators (50-kDa cutoff, Millipore) to approximately 1 mg ml–1 VGLUT1

and 1% DDM. Purified VGLUT1 was frozen in liquid nitrogen and stored at

–80 1C. We regularly obtained yields of 200–400 mg VGLUT1.

His-tagged ATP synthase holoenzyme (TF0F1) from the thermophilic

Bacillus sp. PS3 was constitutively expressed in E. coli DK8 (native unc operon

deleted) from the plasmid pTR19ASDS29. Cells were grown to an OD600 of

1.5–2 in the presence of 100 mg of ampicillin per ml in 2 l TB medium. After

harvesting by centrifugation, the pellet was resuspended in 50 mM Tris-Cl,

0.5 mM EDTA and 1 mg ml–1 lysozyme at pH 8.0, and incubated at 37 1C for

1 h. After the addition of MgCl2 (5 mM final), the suspension was sonicated for

2 min on ice. DNase I, Na2SO4 and sodium cholate were added to reach final

concentrations of 1 mg ml–1, 250 mM and 0.7% (wt/vol), respectively. The

suspension was stirred for 20 min at 25 1C and centrifuged at 20,000 g at 4 1C.

The washed pellet was resuspended in Buffer C (100 mM KCl, 20 mM

imidazole, 5 mM MgCl2 and 1% DDM (wt/vol), pH 7.6), stirred at 25 1C

for 45 min and centrifuged with 20,000 g at 4 1C. The supernatant was batch

incubated with Talon beads (Clontech) for 2 h at 25 1C and washed with ten

column volumes of Buffer C, but with DDM reduced to 0.08% (wt/vol).

Elution of the protein complex was achieved with 250 mM imidazole, 50 mM

KCl, 5 mM MgCl2 and 0.05% DDM (wt/vol), which was then dialyzed at 25 1C

against 20 mM NaCl, 20 mM HEPES and 5 mM MgCl2, pH 7.5. The sample

was concentrated using a MonoQ column and subsequently eluted from a

Superdex 200 column using an ÄKTA System (GE) in 100 mM KCl, 10 mM

HEPES, 5 mM MgCl2 and 0.05% DDM (wt/vol), pH 7.4. Yields of 10 mg were

obtained and TF0F1 was stable at 4 1C for several weeks.

Proteoliposomes. For reconstitution, soybean phospholipids (type II from

Sigma, 40 mg ml–1 in 7% n-octyl-b-D-glucopyranoside) were mixed with

cholesterol (Wako, 5 mg ml–1 in 7% n-octyl-b-D-glucopyranoside) to a

cholesterol content of B25% (mol/mol) and proteins were subsequently

added. Lipids and proteins were mixed at a ratio (wt/wt) of B50 for TF0F1

and B25 for VGLUT1. A final lipid concentration of 2.5 mg ml–1 was kept by

adjusting with buffer. When VGLUT1 was omitted, the corresponding elution

buffer containing 1% DDM was added instead. Liposomes were formed by

dialysis in 5 mM MOPS (pH 7.3) containing 2 mM MgSO4 and either 100 mM

potassium gluconate or 100 mM KCl at 4 1C for 12 h. Intermediate Cl–

concentrations were achieved by mixing potassium gluconate– and KCl-based

buffers accordingly. After dialysis, DDM was complexed by addition of solid

2,6-di-O-methyl-b-cyclodextrin (Wako) in twofold molar excess46. For the

acidification assay, we typically suspended 50 ml of liposomes (125 mg lipids,

2.5 mg TF0F1 and 5 mg VGLUT1) in 1 ml of assay buffer (100 mM potassium

gluconate, 2 mM MgSO4 and 5 mM MOPS, pH 7.3). Acridine orange, ATP and

FCCP were added and data were recorded as described for synaptic vesicles. KCl

(100 mM final) was included where indicated. VAL was added where indicated

to a final concentration of 5 nM. The data were quantified as described for

synaptic vesicles.

Glutamate uptake. 1–2 ml liposome suspension was applied to gel filtration

onto Sephadex-25 columns (10–20-ml bed volume) to exchange the external

anion as indicated. The standard uptake was measured at 32 1C with final

concentrations of 4 mM ATP, 40 mM potassium glutamate, 10 mM potassium

aspartate, 4 mM KCl and 2 mCi [3H]-glutamic acid (GE) per data point (if not

indicated differently in the figure legends) by addition of liposomes to a 10�
reaction mixture. The reaction was stopped by flushing aliquots of 200–600 ml

into 4 ml of ice-cold uptake buffer (100 mM potassium gluconate, 2 mM

MgSO4 and 5 mM MOPS, pH 7.3). The liposomes were then filtered through

nitrocellulose membranes and washed three times with 4 ml of uptake buffer,

and trapped radioactivity was counted by liquid scintillation. NIG, VAL and

FCCP were included into the 10� reaction mixture where indicated to get final

concentrations of 200 nM, 100 nM and 20 mM, respectively. Typically,

10–20 mg of reconstituted VGLUT1 were assayed per data point.

Electron microscopy. For negative staining, a solution containing liposomes

was applied on a glow-discharged collodion-coated nickel grid, fixed with 4%

paraformaldehyde and 0.5% glutaraldehyde in phosphate buffer (pH 7.4). The

grids were washed with phosphate buffer and water and stained with 1.5%

uranyl acetate (wt/vol). Grids were observed and imaged in a Hitachi H-7100

electron microscope at 75 kV.

Data analysis and miscellaneous procedures. All data in this study, including

trace recordings, represent mean values of triplicate measurements, unless

indicated differently in the figure legends. Confidence was assessed by either

two-tailed unpaired or paired Student’s t tests between datasets where indicated

in the figure legends. Protein concentrations were measured with the BCA assay

(Pierce). Purity of proteins was evaluated by SDS-PAGE and Coomassie blue

staining. Mice were genotyped by PCR as described25,26. To compare protein

levels in wild-type and mutant brain samples, equal amounts of protein were

applied to SDS-PAGE gels and transferred on PVDF-membranes by standard

procedures. Proteins were detected with corresponding primary antibodies and

HRP-conjugated secondary antibodies (BioRad) using ECL (Perkin Elmer) and

ChemidocXRS-J (BioRad). The resulting data were analyzed with Quantity

One Software (BioRad). Mouse experiments followed protocols approved

by the Institutional Animal Care and Use Committee of Tokyo Medical and

Dental University.

Note: Supplementary information is available on the Nature Neuroscience website.
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