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Measurements of the Acidification Kinetics of Single SynaptopHluorin
Vesicles
Kristi L. Budzinski,† Maxwell Zeigler,† Bryant S. Fujimoto,† Sandra M. Bajjalieh,‡ and Daniel T. Chiu†*
†Department of Chemistry and ‡Department of Pharmacology, University of Washington, Seattle, Washington
ABSTRACT Uptake of neurotransmitters into synaptic vesicles is driven by the proton gradient established across the vesicle
membrane. The acidification of synaptic vesicles, therefore, is a crucial component of vesicle function. Here we presentmeasure-
ments of acidification rate constants from isolated, single synaptic vesicles. Vesicles were purified frommice expressing a fusion
protein termedSynaptopHluorin created by the fusion of VAMP/synaptobrevin to the pH-sensitive super-ecliptic green fluorescent
protein. We calibrated SynaptopHluorin fluorescence to determine the relationship between fluorescence intensity and internal
vesicle pH, and used these values to measure the rate constant of vesicle acidification. We also measured the effects of ATP,
glutamate, and chloride on acidification.We report acidification time constants of 500ms to 1 s. The rate of acidification increased
with increasing extravesicular concentrations of ATP and glutamate. These data provide an upper and a lower bound for vesicle
acidification and indicate that vesicle readiness can be regulated by changes in energy and transmitter availability.
INTRODUCTION
The acidification of the synaptic vesicle lumen is a crucial
component of neurotransmitter uptake (1), a feature that
allows vesicles to undergo multiple rounds of fusion. The
main components of the uptake system are the Hþ-ATPase,
glutamate transporter (VGLUT), which may contain a chlo-
ride activation site, and a putative chloride transporter that
remains to be identified, as shown by the cartoon presented
in Fig. 1 A. Synaptic vesicles contain a V-type Hþ-ATPase,
which generates an electrochemical gradient across the
vesicle membrane by shuttling protons into the vesicle inte-
rior. This gradient provides the driving force utilized by the
VGLUT transporter to move glutamate up its concentration
gradient (2). In addition to the proton gradient, VGLUTalso
requires cytosolic chloride in a concentration range of
2–8 mM to pump at its maximal rate (3).

The rate of synaptic vesicle acidification has been mea-
sured using synaptosomes (axon terminals) (4) and cultured
neurons. In synaptosome preparations, vesicle acidification
is typically measured using acridine orange, a membrane-
permeant dye that accumulates in acidic compartments
with concomitant quenching due to aggregation (5). A
more recent method utilized SynaptopHluorin (SpH), a
pH-sensitive green fluorescent protein (GFP) fused to the
lumenal domain of a transmembrane synaptic vesicle pro-
tein, synaptobrevin/VAMP-2 (6), to estimate time constants
of vesicle acidification after recycling in cultured neurons
(7). Using single action potential stimulation, Gandhi and
Stevens (8) derived an acidification time constant of
430 ms from endocytic/refilling events in SpH vesicles. In
contrast, Atluri and Ryan (7) reported an acidification
time constant of 4–5 s for vesicles in a single bouton using
trains of action potential stimulation. In both cases, the acid-
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ification step had to be deconvolved from the endocytosis
step because the poststimulus decay of SpH fluorescence
reflects both the endocytosis of the vesicle and its reacidifi-
cation. As a result, the interpretation of the data to obtain the
acidification rate could be affected by the presence of
different pools of synaptic vesicles at the nerve terminal
as well as by the variation in response depending on the
type and duration of the stimulus used to initiate release.
These studies were also complicated by the presence of
SpH in the plasma membrane as well as in synaptic vesicles.
Diffusion of this pool of SpH may be mistaken for fast endo-
cytosis/acidification of vesicles (9).

The purpose of this study was to measure acidification
rates in isolated synaptic vesicles. By using individual vesi-
cles purified from mice brain expressing a synaptopHluorin
transgene (10), we are able to separate effectively acidifica-
tion kinetics from endocytosis kinetics. The use of isolated
SpH vesicles also allows the passive proton leakage,
proton permeability, and buffering capacity to be quantified.
Understanding the vesicle’s permeability to protons will
provide further clues as to how synaptic vesicles regulate
the proton motive force; respond to rapidly changing condi-
tions at the synapse; and store neurotransmitters. We
measured acidification rates under different loading condi-
tions to determine the effect of glutamate and chloride on
the acidification rate. Quantifying the rate at which synaptic
vesicles acidify provides information about synaptic vesi-
cles’ ability to undergo rapid fire recycling. Our approach
also provides a measure of intervesicle variance and thus
sets the upper and lower bounds for acidification rates.
MATERIALS AND METHODS

Details regarding synaptic vesicle isolation, microwell fabrication, and total

internal reflection fluorescence (TIRF) microscopy and data analysis are

described in the Supporting Material.
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FIGURE 1 Measurement of the acidification kinetics of synaptic vesicles

using isolated SynaptopHluorin (SpH) vesicles and total-internal-reflection

fluorescence (TIRF) microscopy. (A) Schematic representation of the

glutamate uptake components. The proton motive force generated by the

V-ATPase is utilized by VGLUT to transport glutamate into the vesicle

lumen. Chloride (2–8 mM) is required for optimal glutamate loading. In

SpH vesicles, pH-sensitive GFP molecules (stars) are bound to the luminal

domain of VAMP-2. (B) Home-built TIRF setup using 488-nm laser light as

excitation source. SpH vesicles were placed in PDMS well for imaging.

Fluorescence was collected with a charge-coupled device camera. (C)

SpH vesicle bleaching curve, indicating that photobleaching is insignificant

over our experimental timescale (<30 s). (Inset) Bleaching of SpH vesicles

over 250 s in load buffer (no ATP or glutamate present); 70% decrease in

fluorescence intensity.

Synaptic Vesicle Acidification Kinetics 1581
RESULTS

Measuring fluorescence intensity of individual
SpH vesicles

Acidification of isolated SpH vesicles was monitored using
a home-built TIRF microscopy setup (Fig. 1 B). The pH-
sensitive green fluorescent protein (GFP) fluoresces when
excited by 488 nm light at neutral pH (~7.4). As the pH
decreases, the excitation peak at 475 nm is eclipsed until
it disappears completely in pH < 6.0 environments; this
spectral shift is reversible within 20 ms (6). Thus, we can
monitor individual vesicle acidification by the reduction in
the fluorescence intensity. Monitoring individual vesicles
removes the need to synchronize each vesicle’s exposure
to the external buffer containing ATP and glutamate.

To facilitate SpH imaging, PDMS microwells of ~100 mL
volume were fabricated and bonded to a glass coverslip
that formed the floor of the well. Microwells allowed
for easy solution exchange, control of vesicle adsorption,
and single-vesicle TIRF microscopy measurements. Vesicle
density on the coverslip surface was optimized such
that fluorescence could be recorded from 100 to 200 SpH
vesicles simultaneously. To keep vesicles from popping
off the surface of the coverslip during imaging, which
could have been construed as rapid quenching, coverslips
were treated with 3-aminopropyltriethoxysilane (APTES).
APTES is widely used to immobilize biomolecules on glass
surfaces. It contains silane groups that bind covalently to
glass and amine groups that adhere strongly to the nega-
tively charged synaptic vesicle (11,12). This step stabilized
vesicle attachment for the duration of the experiment.

To measure effects of photobleaching, which could
contribute to apparent acidification rates, SpH vesicles were
immobilized on an APTES-coated coverslip and imaged at
a frame rate of 0.5 s and an excitation intensity of 0.5 mW.
The frame rate and excitation intensity chosen reflect the
conditions utilized for acidification measurements. Although
therewas significant photobleaching at longer exposure times
(70% decay in 250 s), within the 30 s timeframe of our
measurements, photobleaching was <20% (Fig. 1 C). Thus,
photobleaching contributed only a small portion of the fluo-
rescence decrease resulting from vesicle acidification.

A pH calibration curve was generated (Fig. 2 A) to
correlate the change in vesicular pH with the decrease in
fluorescence signal. SpH vesicles were exchanged into
20 mM 1,4-piperazinediethanesulfonic acid, 4 mM MgSO4,
4 mM KCl, 130 mM potassium acetate (PIPES) buffer at
pH 7.4 with 10 mg/mL nigericin. Nigericin is a Kþ/Hþ iono-
phore that exchanges internal potassium ions for external
protons, which allowed for rapid proton equilibration and
prevented the buildup of a potassium gradient. For each
pH measurement, vesicles were equilibrated for 1 min in
PIPES buffer at the desired pH in a microwell, after which
the fluorescence was measured. The data are presented as
the ratio of the final intensity to the initial intensity
(measured at pH 7.4). The calibration curve was fit in the
software KaleidaGraph (Synergy Software, Reading, PA)
with a single site titration model, Eq. 1, where pKa and
nH (Hill coefficient) are fitted parameters (13):

F

F0

¼ Aþ B
�
1þ 10ðpKa�pHÞnHÞ�� 1: (1)
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FIGURE 2 Characterization of isolated SpH vesicles. (A) SpH vesicle

calibration curve. Vesicleswere exchanged into PIPESbufferwith 10mg/mL

nigericin at pH 7.4 for the initial intensity measurement, F0. Buffer was

then exchanged for each subsequent pH measurement to obtain the corre-

sponding fluorescence intensity, F. Data fit with a single site titration model,

which was used to determine the proton concentration at various ratios of

fluorescence intensities. (B) Leakage of protons from SpH vesicles. (Open

diamonds) Raw data fit to Eq. 2 (solid line). Start of leakage is denoted by

t0. (Inset) Expanded view of the fluorescence decay as well as the resulting

fit that provided the leakage rate. (C) Histogram of leakage rate constants

from individual SpH vesicles. SpH vesicles were equilibrated to pH 6.0 in

PIPES buffer then exchanged into PIPES buffer at pH 7.4 with continuous

fluorescence monitoring. The rates of proton leakage were binned into

a histogram (n¼ 226) and fit with a normal distribution. The average leakage

rate constant determined by the fit was 0.505 0.02 s�1 (mean5 SD).
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The calibration data were well fit by this equation with
a pKa of 7.13 and a Hill coefficient of 1.64. Error bars
shown in Fig. 2 A represent the standard deviation for
Biophysical Journal 101(7) 1580–1589
each intensity ratio after normalization, revealing the varia-
tion in GFP fluorescence intensity at each pH value. The
GFP in SpH vesicles is fused to synaptobrevin/VAMP-2,
a protein with very high copy numbers (14) that may be
polydisperse among vesicle populations (15). Thus, the
number of GFP molecules may vary widely from vesicle
to vesicle.
Quantification of passive proton leakage
from SpH vesicles

To determine proton leakage, SpH vesicles were equili-
brated in PIPES buffer (pH 6.0), after which the external
buffer was exchanged with pH 7.4 PIPES buffer (no niger-
icin present) with constant fluorescence monitoring. Within
10 frames, the vesicles had reached maximum fluorescence
intensity. The fluorescence intensity ratio (F/F0) was calcu-
lated for each vesicle at each time point where F0 was
the maximum fluorescence intensity achieved (~pH 7.4)
and F was the intensity at pH 6.0. The fluorescence intensity
ratio was then converted to pH using Eq. 1 with fitted para-
meters determined from the calibration curve. The calcu-
lated pH value was converted to proton concentration
using the standard definition of pH. The change in internal
proton concentration with respect to time was plotted as
shown in Fig. 2 B. The rate of proton leakage from the
vesicle interior to the exterior buffer was determined by
fitting each SpH leakage curve in MATLAB (The Math-
Works, Natick, MA) using Eq. 2,

FðtÞf�
Hþ�ðtÞ ¼ �

Hþ�
out
þ��

Hþ�
in
��

Hþ�
out

��
e�kleakðt�t0Þ�;

(2)

where F(t) is the fluorescence ratio (as determined above),
which is proportional to the Hþ concentration; [Hþ]out and
[Hþ]in are the proton concentration (M) outside the vesicle
and inside the vesicle, respectively; kleak is the rate of proton
leakage; and t0 is the start of proton leakage as determined
by the initial time of fluorescence intensity increase (see
Fig. 2 B). The rate constants for 226 vesicles were calculated
and binned into a histogram (Fig. 2 C). A normal fit was
applied to the histogram, which produced an average alka-
linization rate constant of 0.50 5 0.02 s�1 (mean 5 SD).
The variance in alkalinization rates is ~20%, which has
been noted for other trafficking vesicles (16), namely early
endosomes. Early endosomes range in size from 100 to
160 nm whereas synaptic vesicles have a size range of
30–80 nm. It may be that the distribution of vesicular size
contributes to the distribution of proton leakage rates
measured for both types of vesicles. In addition to size,
the physical state of the membrane, i.e., fluidity, thickness,
etc., can influence the leakage rate of protons (17,18).
However, bulk studies have shown that the average rate
of proton efflux can be correlated to the average value of
the vesicle radius (19). The rate of proton efflux is the
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product of the vesicle buffering capacity and the alkaliniza-
tion rate.

The buffering capacity of SpH vesicles was measured
using a modified ammonium pulse technique (20). Briefly,
SpH vesicles were acidified in the presence of ATP, the
proton pump was quenched by the addition of bafilomycin,
and 5 mM aliquots of NH4Cl were added sequentially to
achieve a final concentration of 20 mM. Buffering capacity
was calculated from the change in the internal vesicle pH
induced by the addition of NH4Cl as shown by Eq. 3:

b ¼ D
�
NHþ

4

�
i

DrHi

: (3)

The internal ammonium concentration is equivalent to
the amount of removed protons that can be calculated using
Eq. 4, where [NH3]tot is the total ammonium chloride
concentration, Ka is the dissociation constant of NH3, and
[Hþ]int and [Hþ]ext are the internal and external proton
concentrations, respectively (21):

�
NHþ

4

�
int
¼

�½NH3�tot�
�
Hþ�

int

�
�
Ka þ

�
Hþ�

ext

� : (4)

The buffering capacity for SpH vesicles was linear over the
pH range measured (data not shown); therefore, we
compiled all values to calculate an average buffering
capacity of 139 5 29 DmM/DpH.

The rate of proton efflux was then normalized for the
vesicle surface area and volume, assuming vesicles are
spherical with an average diameter of 42 nm (22):

JH þ
�

pmol

cm2 � s
�

¼ JH þ
�
mM

s

�
�
�
V

SA

�
: (5)

Equation 5 converts the measured rate of alkalinization,
JHþðmM=sÞ, to the flux of protons, JHþðpmol=cm2 � sÞ,
per vesicle area, where V is vesicle volume and SA is
vesicle surface area. The vesicle proton permeability can
be calculated for conditions of minimal membrane potential
(130 mM potassium acetate) using the proton flux calculated
in Eq. 5,

PHþ ¼ JHþ��
Hþ�

i
��

Hþ�
o

�; (6)

where [Hþ]in and [Hþ]out are the same as Eq. 2 (22). The
permeability coefficient for Hþ was determined to be
2.1 � 10�2 cm/s at a DpH of 1.4. Proton permeability
coefficients have been measured for other trafficking organ-
elles, such as liver endosomes, Golgi complex, and lyso-
somes with permeabilities ranging 4.8–0.67 � 10�3 cm/s
(endosomes) (22), 8.1 � 10�6 cm/s (Golgi) (23), and
0.97–5.9 � 10�8 cm/s (lysosomes) (17). The measured
proton permeability for synaptic vesicles is within the range
measured for similar trafficking vesicles.
Measuring vesicle acidification

Analysis of acidification rates of individual SpH vesicles
was performed as follows. SpH vesicles were added to
APTES-coated microwells, allowed to settle, and then
ATP and/or glutamate were added with continuous fluores-
cence monitoring. Data were collected for 80 s during which
all vesicles (100–200) in the field of view acidified as deter-
mined by fluorescence quenching. Each experiment was
performed in duplicate. The normalized fluorescence ratio
(F/F0) was calculated for each vesicle as was done for the
calibration curve. The decay curves were analyzed via
a MATLAB program that identified the initial time of decay
(t0) for each vesicle then fit each curve with an exponential
decay function. The use of single vesicle experiments
allowed the initial time to be determined for each vesicle,
thus removing the need to decouple the mixing time from
the acidification kinetics. An example vesicle acidification
curve and the fit obtained from the MATLAB script are
shown in Fig. S1 in the Supporting Material. Each exponen-
tial decay curve was analyzed using the sum of squared error
to determine the goodness of fit to the fluorescence decay
data. Vesicles with low sum-of-squared-error values were
aggregated to form a single data set for each set of experi-
mental conditions. These fluorescence decay rate constants
were then binned into a histogram that was fit to obtain
the average acidification rate constant for each set of condi-
tions. The first-order time constant, t, for each acidification
reaction was calculated as the reciprocal of the average rate
constant. The first-order time constant reveals the amount of
time necessary for the fluorescence to decrease to 1/e of the
initial value. Vesicle acidification was saturable in relation
to ATP concentration; therefore, rate curves were fit with
the Michaelis-Menten function. To ensure that the fluores-
cence quenching was due to Hþ-ATPase-mediated acidifica-
tion, SpH vesicles were treated with 1 mM bafilomycin, an
Hþ-ATPase inhibitor, for 2 min before addition of ATP.
Fig. 3 A (dashed line) shows that vesicles did not acidify
in the presence of bafilomycin even at high concentrations
of ATP.

The baseline acidification rate constant for SpH vesicles
was established by measuring the acidification rate constant
in the presence of ATP only; no glutamate was present in
these reactions, load buffer contained 4 mM Cl�. The acidi-
fication rate constants were binned into histograms that were
best fit with a normal distribution (see Fig. S2 A). From the
normal distributions, average acidification rate constants
were obtained and plotted as a function of ATP concentration
(Fig. 3 A). The maximum acidification velocity (Vmax) was
0.879 5 0.016 s�1 and the Michaelis constant (Km) for
ATP was calculated to be 1145 20 mM. Table 1 summarizes
the baseline acidification kinetic values.
Biophysical Journal 101(7) 1580–1589



FIGURE 3 Effect of glutamate on acidification

rates. (A) Acidification due to ATP only. Plot of

average acidification rate against ATP concentra-

tion (solid line) displays Michaelis-Menten

kinetics with a maximum acidification rate of

0.879 5 0.016 s�1. SpH vesicles treated with

1 mM bafilomycin for 2 min (dotted line) before

ATP addition did not acidify (SD of rate measure-

ments is ~10%). Vmax values are shown with the

corresponding curves. (B) Average rates of SpH

acidification at varying glutamate concentrations.

(Curves) Fit with Michaelis-Menten function;

Vmax shown for each curve. (C) Effect of increasing

glutamate concentrations on acidification Vmax.

Data fit with a linear trend line displaying an R2

value of 0.94. (D) Time constants (t) of SpH acid-

ification versus ATP concentration. (Lines drawn to

guide the eye.)
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Effect of glutamate concentration on the rate
of SpH acidification

As acidification is an important component of glutamate
loading, we next tested whether the addition of glutamate
would affect the kinetics of vesicle acidification. Glutamate
was added to the PDMS well simultaneously with ATP at
varying concentrations with continuous fluorescence moni-
toring. The distribution of SpH acidification rate constants
in the presence of glutamate was normally distributed as
shown in Fig. S2 B (shown for 1 mM glutamate). Fig. 3 B
shows the Michaelis-Menten fits. The maximum acidifica-
tion velocity increased linearly with respect to glutamate
concentration (Fig. 3 C). Low glutamate concentrations
produced only a slight increase in the acidification rate
from 0.879 5 0.017 s�1 (0 mM glutamate) to 0.885 5

0.028 s�1 (0.5 mM glutamate). At physiologically relevant
concentrations, glutamate caused a significant increase in
acidification velocity at each concentration tested. The addi-
tion of 1 mM glutamate increased the maximal acidification
rate to 1.001 5 0.024 s�1 (13% increase) whereas 2 mM
glutamate increased acidification velocity to 1.079 5

0.060 s�1 (22% increase), and with 4 mM glutamate the
acidification velocity increased to 1.149 5 0.073 s�1

(30% increase).
Plotting the time constants of the acidification reactions

against ATP concentration revealed that SpH acidification
occurs at a faster rate when ATP and glutamate are in abun-
Biophysical Journal 101(7) 1580–1589
dant supply. For example, at 2 mM glutamate, which is
above VGLUT’s Km for glutamate, the acidification time
constant decreased from 826 ms to 614 ms as the ATP
concentration was increased from 0.5 mM to 4 mM.
Fig. 3 D shows the relationship between the acidification
time constant and increasing glutamate and ATP concentra-
tion. These measurements provide an upper and lower
bound for synaptic vesicle acidification depending on the
extravesicular concentration of glutamate and ATP. In the
presence of glutamate, acidification time constants are on
the order of ~1 s (0.5 mM ATP) to ~500 ms (4 mM ATP).
When ATP is removed, glutamate alone still induces acidi-
fication much more slowly with a time constant of ~20 s.
Table 1 summarizes the kinetic parameters obtained for
increasing glutamate concentrations.

Consistent with the idea of functional coupling between
the transporter and ATPase, SpH acidification was affected
by the addition of a VGLUT inhibitor, Trypan blue (24).
The inhibition by Trypan blue is not fully understood but
the minimum requirements for inhibition include a naphtha-
lene template, and an azo linkage that is juxtaposed to an
electron-releasing group or a hydrogen donor group. These
requirements suggest that the dye molecule may inhibit
VGLUT by spanning the entire transporter tunnel and
binding both inner and outer domains or by blocking both
the active site and an allosteric activator site (24). When
SpH vesicles were treated with 0.5 mM Trypan blue for
2 min before the addition of 2 mMATP and 2 mM glutamate



TABLE 1 Kinetic parameters determined for SpH vesicles at different chloride and glutamate concentrations

0 mM chloride

No glut 1 mM glut 2 mM glut 4 mM glut

Vmax (1/s) 0.681 5 0.027 0.833 5 0.094 0.874 5 0.053 0.857 5 0.049

Km (mM ATP) 0.377 5 0.065 0.619 5 0.241 0.408 5 0.104 0.276 5 0.083

t (ms) 1050 860 850 820

N 83 99 101 168

P * * *

4 mM chloride

No glut 0.5 mM glut 1 mM glut 2 mM glut 4 mM glut

Vmax (1/s) 0.879 5 0.016 0.885 5 0.028 1.001 5 0.024 1.079 5 0.060 1.149 5 0.073

Km (mM ATP) 0.114 5 0.021 0.126 5 0.037 0.236 5 0.033 0.203 5 0.073 0.197 5 0.082

t (ms) 779 758 696 614 568

N 131 86 57 172 109

P * * *

10 mM chloride

No glut 1 mM glut 2 mM glut 4 mM glut

Vmax (1/s) 0.983 5 0.020 1.121 5 0.076 1.009 5 0.099 1.147 5 0.108

Km (mM ATP) 0.038 5 0.020 0.256 5 0.096 0.135 5 0.114 0.151 5 0.112

t (ms) 685 592 671 578

N 87 85 58 80

P * y *

Vmax and Km values were determined by fitting plots of the average acidification rates against the ATP concentration with the Michaelis-Menten function

(mean5 SD). First-order time constants (t) were calculated from the fluorescence quenching rate constants at 4 mM ATP for each glutamate concentration.

The DpHwas determined for each glutamate/chloride concentration at 4 mMATP. Sample sizes are given by N; P is determined by unpaired t-test comparing

Vmax at each glutamate concentrations to the Vmax obtained in the absence of glutamate.

*P < 0.0001.
yP < 0.005.
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in load buffer (contains 4 mM Cl�), the acidification rate
decreased by ~30% of the control rate (Fig. 4). Here, the
control rate is determined with SpH vesicles acidified in
the presence of 2 mM ATP and 2 mM glutamate in load
buffer. Comparatively, the removal of extravesicular gluta-
mate only decreased the acidification rate by ~10%, and
chloride removal decreased the acidification rate by ~23%.
These results are consistent with the conclusion that
VGLUT is responsible for chloride conductance in synaptic
vesicles (25).
Effect of chloride concentration on the rate of SpH
acidification

Optimal glutamate uptake in synaptic vesicles requires the
presence of low concentrations of chloride ions (26).
Thus, we sought to investigate the effect of chloride ions
on the acidification kinetics of isolated SpH vesicles in the
presence of glutamate. Acidification rate constants were
initially determined for SpH vesicles in the absence of
chloride. To achieve this condition, SpH vesicles were
exchanged into potassium gluconate buffer before immobi-
lization on the glass surface. All stock solutions were made
in potassium gluconate buffer as well. Interestingly, acidifi-
cation rate constants obtained in the absence of chloride re-
vealed a skewed distribution best fit with a log-normal
distribution as seen in Fig. S2 C (1 mM glutamate results
shown). In the absence of chloride, the membrane potential
is increased leading to an inhibition of acidification, which
skews the distribution toward smaller acidification rate
constants.

Fig. 5 A presents the acidification rate curves for varying
glutamate concentrations in Cl� free buffer. Without any
counterion (absence of glutamate and Cl�), SpH acidifica-
tion achieved a maximum velocity of 0.681 5 0.027 s�1.
The addition of glutamate increased the acidification
velocity; however, increasing the glutamate concentration
did not cause a significant further increase. The addition
of glutamate resulted in a maximum acidification velocity
of 0.855 5 0.021 s�1, an increase of 26% over the rate in
the absence of glutamate. Even with the addition of gluta-
mate, SpH vesicles acidified slower than in the presence
of chloride. These results suggest that glutamate cannot
serve as the counterion despite its negative charge at
physiological pH. The presence of chloride is required to
achieve the maximal acidification rate, possibly because
of direct interaction with or activation of the V-ATPase.
Table 1 presents the kinetic values obtained in the absence
of chloride.

We also measured acidification rate constants in the pres-
ence of high chloride concentration, because glutamate
uptake displays a biphasic dependence on chloride; chloride
Biophysical Journal 101(7) 1580–1589



FIGURE 4 Effect of inhibiting glutamate transporter on SpH acidifica-

tion. Comparison of the acidification rates of SpH vesicles at 2 mM ATP

when glutamate is present (4 mM; control), when glutamate is absent

(0 mM Glu), when VGLUT is blocked by Trypan blue (0.5 mM TB), and

in the presence of low (0 mM Cl�) or high (10 mM Cl�) concentrations
of chloride. Acidification rate reduced to ~90% of control when glutamate

was removed but ATP (2 mM) and Cl� (4 mM) were present. When

VGLUT was blocked, acidification rate was reduced to ~70% of control

similar to the reduction seen (~76%) when ATP and glutamate were present

but chloride was removed (0 mM Cl�). High concentrations of chloride

(10 mM Cl�) did not reduce the acidification rate. Acidification rate

(s�1) for each condition shown above bar. Data analyzed with two-tailed

unpaired t-tests against the addition of Trypan blue (0.5 mM TB). *P <

0.0001; **P 0.001.
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concentrations >20 mM have been shown to reduce gluta-
mate transport (27). Therefore, we chose to look at acidifi-
cation in the presence of 10 mM chloride, which is just
above the optimal concentration range. Experiments were
conducted in load buffer with the KCl concentration
increased to 10 mM and a concomitant decrease in potas-
sium acetate concentration to keep the osmolarity constant.
Stock solutions were made in the high KCl buffer as well.
Fig. S2 D reveals that the acidification rate constants were
again normally distributed (1 mM glutamate results shown).
Fig. 5 B presents the acidification rate curves for varying
acidification rates were determined then plotted against ATP concentration a

the acidification rate in a statistically significant manner (P < 0.005).

Biophysical Journal 101(7) 1580–1589
glutamate concentrations in high Cl� buffer. In the absence
of glutamate at high concentrations of Cl�, acidification
reached a Vmax of 0.983 5 0.020 s�1, a 12% increase
over the acidification velocity measured at 4 mM Cl�. The
addition of glutamate (1 mM) increased the acidification
velocity by ~15% to 1.121 5 0.076 s�1. Overall, acidifica-
tion in the presence of 10 mM Cl� leveled off at the same
rate achieved at 4 mM Cl�. These results suggest that the
magnitude of the membrane potential may be the control-
ling parameter for acidification. Kinetic parameters are
summarized in Table 1.

Without chloride or glutamate, vesicles exhibit a steady
state DpH of 0.575 0.01 units with an acidification lifetime
of ~1 s, consistent with previous results showing that
synaptic vesicles exhibit an endogenous DpH (27). Adding
chloride increased the DpH achieved to 1.41 units (4 mM
Cl�) and 2.05 units (10 mM Cl�). In the presence of gluta-
mate, the average DpH (at 4 mM ATP) was similar for all
concentrations of extravesicular chloride. The vesicles acid-
ified to an average DpH (mean 5 SD) of 1.68 5 0.21 units
(0 mM Cl�), 1.78 5 0.15 units (4 mM Cl�), and 1.85 5
0.07 units (10 mM Cl�). The transmembrane pH gradient
can be approximated by the relationship (16)

dðDpHÞ
dt

¼ �PHðDpHÞ þ IATP; (7)

where PH is the passive proton leakage and IATP is the proton

pump activity. At steady state, (d(DpH))/dt ¼ 0, therefore,
DpH ¼ IATP/pH. Thus, an increase in DpH is due to a shift
in the ratio of proton pump activity to passive proton
leakage. The introduction of chloride reduces the membrane
potential against which the proton pump operates, which
may lead to an increase in proton pump activity. The bulk
of glutamate transport is driven by Dj, however, suggesting
that passive proton leakage is an important regulator
between vesicle acidification and glutamate loading.
FIGURE 5 Effect of Cl� concentration on the

kinetics of SpH vesicle acidification. (A) Rates of

SpH acidification measured without Cl� at

different ATP concentrations with 1 mM gluta-

mate. Removal of chloride resulted in skewed

distributions best fit by log-normal distributions

(see Fig. S2 C). Average acidification rates

plotted against ATP concentration and fit with

Michaelis-Menten function. The addition of gluta-

mate increased the maximal acidification rate in

a statistically significant manner (P < 0.0001

for each glutamate concentration). (B) SpH acidifi-

cation rates measured in the presence of 10 mM

Cl� (20 mM HEPES, 104 mM potassium

acetate,10 mM KCl, 4 mM MgSO4, pH 7.4) at

different ATP/glutamate concentrations. Presence

of chloride produced normally distributed acidifi-

cation rates (see Fig. S2 D) from which average

nd fit with Michaelis-Menten function. Addition of glutamate increased
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DISCUSSION

Here we studied the acidification kinetics of synaptic vesi-
cles without interference from endocytosis. We systemati-
cally measured the rate of acidification for isolated
synaptic vesicles in response to changes in ATP, glutamate,
and Cl� concentrations. The acidification time constant
depends on the extravesicular glutamate concentration and
occurs on the order of ~700 ms.

Our study represents, to our knowledge, the first time that
the proton leakage rate of synaptic vesicles has been quanti-
fied. Proton leakage rates exhibited a variance of ~20%,
probably due to the variation in synaptic vesicle makeup.
Transient pH dynamics are sensitive to volume, surface
area, and buffering capacity (23), thus variation in vesicle
size, membrane thickness, and protein expression may
contribute to the variation seen in proton leakage rates.
Synaptic vesicleswere found to exhibit a proton permeability
of 2.1 � 10�2 cm/s, which suggests that the steady-state pH
is governed by the ratio of the proton pump activity to the
proton leakage rate (16,23). The V-ATPase present on
synaptic vesicles functions exclusively as an ATP-dependent
proton pump and cannot efficiently catalyze ATP synthesis.
This inability has been attributed to the presence of a built-
in proton-slip (28). Furthermore, it has been suggested
that the presence of a proton-slip is a general feature of
V-ATPases that provides control over organelle acidification
by holding the proton motive force to a certain range (29).

The introduction of glutamate increases the rate of acid-
ification at all chloride concentrations. Glutamate-induced
acidification was first noted by Maycox et al. (30) when
they qualitatively measured synaptic vesicles acidification
using acridine orange. From their data, they obtained a Km

for glutamate-induced acidification of 0.32 mM glutamate.
Using isolated SpH vesicles, we obtained a Km of 0.2 mM
glutamate (data not shown), which is comparable given
the differences in experimental design and the amount of
ATP used (4 mM vs. 50 mM). Time constants for SpH
acidification were found to decrease with increasing ATP
and glutamate concentration showing that synaptic vesicles
acidify faster when ATP and glutamate are in abundant
supply.

Acidification velocity was linearly proportional to the
concentration of external glutamate (Fig. 4 C), which sug-
gests a functional coupling between VGLUTand V-ATPase,
i.e., that transport activates the V-ATPase. From the acidifi-
cation experiments in the absence of chloride, we found that
glutamate alone could not fully activate acidification sug-
gesting that it does not function as the counterion to
proton uptake. To further clarify the role of VGLUT in
acidification, we looked at how inhibition of VGLUT
affects acidification rates. The role of VGLUT in gluta-
mate-induced acidification was analyzed using Trypan
blue, a competitive inhibitor of VGLUT. Blocking VGLUT
with Trypan blue reduced the SpH acidification rate by 30%
compared with normal loading conditions, which was signi-
ficantly larger than the rate reduction caused by removing
glutamate from the buffer (~10% decrease). Therefore, the
coupling between acidification and glutamate transport
does not depend on glutamate, per se, but on a functioning
transporter.

Our experiment produced a larger inhibition of vesicle
acidification than that measured by Schenck et al. (25)
when they used Evan’s blue (31) to block VGLUT.
However, their vesicles were preloaded with 100 mM Cl�,
which may have activated the V-ATPase (32) allowing the
vesicles to acidify on the same timescale as their control.
In our experiment, the vesicles were only provided with
extravesicular chloride whose entry into the vesicle was
seemingly blocked by Trypan blue. It has been shown that
inhibition by Trypan blue (or the structurally similar inhib-
itor Evan’s blue) strictly requires the entire molecule (24),
suggesting that Trypan blue may block both the VGLUT
active site and an allosteric binding site for chloride (33)
or alter the conformational state of VGLUT. In the absence
of glutamate, VGLUT could still translocate Cl�, thereby
dissipating Dj and allowing DpH to build, which explains
why the acidification rate decreases by only 10%. Full
blockage of the glutamate binding site prevents both gluta-
mate loading and Cl� translocation, generating a large, posi-
tive Dj that inhibits the generation of DpH. This supports
previous work showing that VGLUT contains a distinct
binding site for chloride (33), which activates acidification
either by influencing glutamate transport into the vesicle
or through a conformational change that has not been
identified.

To further understand the role of chloride in vesicle acid-
ification, we analyzed acidification in response to complete
chloride removal and to high chloride concentrations
(10 mM). Interestingly, we found that the removal of chlo-
ride shifted the distribution of acidification rate constants
from normal distributions to log-normal distributions.
Skewed distributions were only found for vesicles loaded
in the absence of chloride, revealing the direct effect of
chloride on acidification. Although the vesicles did acidify
in the absence of chloride, they did so more slowly even
with maximal amounts of ATP and glutamate (4 mM
each). Here the addition of glutamate produced a ~20%
increase in the acidification rate, although increasing the
glutamate concentration did not further increase the acidifi-
cation rate. Acidification enhancement in the presence of
glutamate supports observations that VGLUT may operate
as an Hþ/glutamate exchanger in the absence of a counterion
(25). As the V-ATPase requires the presence of Cl� for
maximal activity, the acidification rate is not fully recovered
even if VGLUT can function as an exchanger. However, this
would provide a backup method for loading glutamate under
conditions of low extravesicular chloride.

Acidification in the presence of high chloride concen-
trations produced normally distributed acidification rate
Biophysical Journal 101(7) 1580–1589



1588 Budzinski et al.
constants that had similar maximum acidification velocities
attained in the presence of 4 mM Cl�. In the presence of
high chloride, the effect of extravesicular glutamate was
lessened as no significant increase in acidification rate
constant was seen beyond the addition of 1 mM glutamate.
The DpH was slightly increased at 10 mM Cl� compared
with 4 mM Cl� due to dissipation of Dj by the additional
chloride. On average, the SpH vesicles exhibited a DpH of
~2 units under glutamate loading conditions regardless of
external chloride concentration, even though the acidifica-
tion rate varied widely. The establishment ofDpH regardless
of Cl� concentration supports the hypothesis that chloride
concentration specifically affects the rate of vesicle filling,
not the final gradient achieved (34,35).

Acidification is an important step in membrane traf-
ficking and may be responsible for regulation of trafficking
events such as budding, target recognition, docking, or
fusion. In other trafficking vesicles, such as endosomes,
acidification has been shown to be important for receptor-
ligand dissociation (36), and, in lysosomes, the activation
of hydrolytic enzymes (37). The acidic interiors of endo-
somes are also due to an electrogenic proton gradient
created by a V-ATPase that functions in parallel with a
chloride conductance (22). The many roles of vesicle acid-
ification has led to the proposal that the V-ATPase itself may
be a multifunctional complex that is capable of not only
generating a pH gradient across the vesicular membrane
but also sensing the intravesicular pH and transmitting this
information from the luminal side to the cytosolic side of
the membrane (38).

Previously, we have shown that isolated synaptic vesicles
undergo a large size change (~25% in diameter) upon
loading glutamate (39). The size change requires the pres-
ence of both glutamate and ATP and is reversible upon
removal of ATP (39) as the DpH is required for retention
of glutamate within synaptic vesicles (3). This result,
combined with the fact that the maximum DpH attained in
the presence of ATP and glutamate is the same regardless
of Cl�, suggests a sensing role for the V-ATPase. Synaptic
vesicles acidify to a setpoint monitored by the V-ATPase,
which then transmits this information to the luminal side
through a concerted conformational change. Overall, this
points to synaptic vesicle proteins acting in a highly
concerted manner during acidification and neurotransmitter
loading.
CONCLUSIONS

Using isolated synaptopHluorin vesicles, we were able to
quantify acidification rates under various extravesicular
concentrations of glutamate, chloride, and ATP. These
data provide both an upper/lower bound for the timescale
required by vesicles to acidify and a better understanding
of how the rate of vesicle filling may be regulated by
changes in energy and transmitter availability. Having
Biophysical Journal 101(7) 1580–1589
such information will make it easier to interpret in vivo
data relating to endocytosis. Additionally, we also present
what we believe to be the first measurement of the proton
leakage rate of synaptic vesicles, which is an important
factor in controlling the proton motive force established
during acidification. As synaptic vesicles are model traf-
ficking organelles, quantitative information regarding
acidification and proton leakage will contribute to the devel-
opment of more accurate molecular models of trafficking
and vesicle function.
SUPPORTING MATERIAL
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6. Miesenböck, G., D. A. De Angelis, and J. E. Rothman. 1998. Visual-
izing secretion and synaptic transmission with pH-sensitive green fluo-
rescent proteins. Nature. 394:192–195.

7. Atluri, P. P., and T. A. Ryan. 2006. The kinetics of synaptic vesicle
reacidification at hippocampal nerve terminals. J. Neurosci. 26:2313–
2320.

8. Gandhi, S. P., and C. F. Stevens. 2003. Three modes of synaptic
vesicular recycling revealed by single-vesicle imaging. Nature. 423:
607–613.

9. He, L., and L. G. Wu. 2007. The debate on the kiss-and-run fusion at
synapses. Trends Neurosci. 30:447–455.

10. Li, Z. Y., J. Burrone,., V. N. Murthy. 2005. Synaptic vesicle recycling
studied in transgenic mice expressing synaptopHluorin. Proc. Natl.
Acad. Sci. USA. 102:6131–6136.

11. Hsiao, V. K. S., J. R. Waldeisen, ., T. J. Huang. 2007. Aminopropyl-
triethoxysilane (APTES)-functionalized nanoporous polymeric grat-
ings: fabrication and application in biosensing. J. Mater. Chem. 17:
4896–4901.

12. Matthews, E. K., and J. J. Nordmann. 1976. The synaptic vesicle:
calcium ion binding to the vesicle membrane and its modification by
drug action. Mol. Pharmacol. 12:778–788.

13. Jayaraman, S., P. Haggie, ., A. S. Verkman. 2000. Mechanism and
cellular applications of a green fluorescent protein-based halide sensor.
J. Biol. Chem. 275:6047–6050.

http://www.biophysj.org/biophysj/supplemental/S0006-3495(11)01005-8
http://www.biophysj.org/biophysj/supplemental/S0006-3495(11)01005-8


Synaptic Vesicle Acidification Kinetics 1589
14. Takamori, S., M. Holt,., R. Jahn. 2006. Molecular anatomy of a traf-
ficking organelle. Cell. 127:831–846.

15. Mutch, S. A., P. Kensel-Hammes, ., D. T. Chiu. 2011. Protein quan-
tification at the single vesicle level reveals that a subset of synaptic
vesicle proteins are trafficked with high precision. J. Neurosci.
31:1461–1470.

16. Shi, L. B., K. Fushimi,., A. S. Verkman. 1991. Heterogeneity in ATP-
dependent acidification in endocytic vesicles from kidney proximal
tubule. Measurement of pH in individual endocytic vesicles in a cell-
free system. Biophys. J. 59:1208–1217.

17. Wan, F. Y., Y. N. Wang, and G. J. Zhang. 2002. Influence of the phys-
ical states of membrane surface area and center area on lysosomal
proton permeability. Arch. Biochem. Biophys. 404:285–292.

18. Paula, S., A. G. Volkov, ., D. W. Deamer. 1996. Permeation of
protons, potassium ions, and small polar molecules through phospho-
lipid bilayers as a function of membrane thickness. Biophys. J.
70:339–348.

19. Kuyper, C. L., J. S. Kuo, ., D. T. Chiu. 2006. Proton permeation into
single vesicles occurs via a sequential two-step mechanism and is
heterogeneous. J. Am. Chem. Soc. 128:3233–3240.

20. Boyarsky, G., M. B. Ganz, ., W. F. Boron. 1988. pH regulation in
single glomerular mesangial cells. II. Naþ-dependent and -independent
Cl�-HCO3- exchangers. Am. J. Physiol. 255:C857–C869.
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