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Supplementary Figure 1. Molecular modifications 

that improve surface membrane insertion of 

VGLUT1 and conservation of H120 in related 

transporters. a Amino acid sequence alignment of 

VGLUT amino- and carboxy-termini. Residues E6, E7, 

L11, E505, E506, F520, and V511 are shown in red in 

the VGLUT1 sequence. b Confocal images of 

HEK293T cells transiently expressing wild type (WT) 

or H120A VGLUT1PM. Representative results from 

four transfections with WT VGLUT1PM and three with 

H120A VGLUT1PM. c Amino acid sequence alignment 

of SLC17 transporters from various organisms showing 

conservation of H120 in some, but not all, transporters. 
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Supplementary Figure 2. Endogenous currents only minimally contribute to background-corrected VGLUT1PM whole-cell currents. a, e 

Current-voltage relationships (means ± CI) from untransfected cells internally dialyzed with solutions containing indicated anions (Cl-, n=10 cells, 

Br-, n=11 cells, I-, n=10 cells, NO3
-, n=10 cells, HCO3

-, n=10 cells (a), glutamate, n=10 cells, aspartate, n=11 cells, gluconate, n=10 cells, MES, n=13 

cells, MSA, n=10 cells and isethionate, n=10 cells (e)) and externally perfused with 40 mM Cl-, pH 5.5. For comparison, current amplitudes from 

cells expressing WT VGLUT1PM are given as small symbols (means ± CI, Cl-, n=10 cells, Br-, n=10 cells, I-, n=10 cells, NO3
-, n=10 cells, HCO3

-, 

n=12 cells (a), glutamate, n=26 cells, aspartate, n=12 cells, gluconate, n=12 cells, MES, n=12 cells, MSA, n=10 cells and isethionate, n=10 cells). b, 

f Current-voltage relationships (means ± CI) from cells expressing H191K-H426K-D426Q VGLUT1PM and internally dialyzed with solutions 

containing indicated anions (Cl-, n=10 cells, NO3
-, n=10 cells (b), glutamate, n=10 cells, aspartate, n=10 cells, gluconate, n=10 cells, MES, n=10 cells, 

and MSA, n=10 cells (f)) and externally perfused with 40 mM Cl-, pH 5.5. For comparison, current amplitudes (means ± CI) from cells expressing 

WT VGLUT1PM (same cells as shown in a and e) are given as small symbols. c, g Current-voltage relationships (means ± CI) from untransfected cells 

(same experiments as in a and e) after subtracting currents obtained at the same cell at external pH 7.4. For comparison, background subtracted current 

amplitudes from cells expressing WT VGLUT1PM are given as small symbols (means ± CI, same cells as in a  and e). d, h Current-voltage relationships 

(means ± CI) from cells expressing H191K-H426K-D426Q VGLUT1PM (same experiments as in b, f) after subtracting currents obtained at the same 

cell at external pH 7.4. For comparison, background subtracted current amplitudes from cells expressing WT VGLUT1PM are given as small symbols 

(means ± CI, same data as in c, g). Significance levels for the comparison of current amplitudes at -120 mV for the data in a – h are given in 

Supplementary Table 1.i SDS-PAGE analysis of lysates from untransfected HEK293T cells (lane 1) and HEK293T cells expressing GFP-tagged WT 

(lane 2) or H191K-H426K-D428Q (lane 3) GLUT1PM. Protein bands were visualized using a fluorescence gel scanner (Typhoon FLA9500, GE 

Healthcare, Freiburg, Germany) at 100 μm resolution, with eGFP excited at 473 nm and emissions recorded using a 530/20 bandpass filter. 

Representative analysis from two experiments. j Concentration dependence of VGLUT1PM anion current block by Rose Bengal. Current amplitudes 

measured in HEK293T cells expressing WT VGLUT1PM internally dialyzed with solutions containing indicated anions (means ± CI, n= 15, 12, 11, 

11, 12, 10 cells for [RB] 0, 50, 200, 400, 800 and 1600) or NO3
- (n= 12, 12, 11, 12, 10, 10 cells for [RB] 0, 50, 200, 400, 800 and 1600 mM, dashed 

line) or with HCO3
- (n=15, 11, 11, 10, 11 cells for [RB] of 0, 200, 400, 800 and 1600 mM), glutamate (n=22, 10, 10, 13, 11 cells for [RB] of 0, 200, 



400, 800 and 1600 mM), aspartate (n=16, 11, 11, 10, 12 cells for [RB] of 0, 200, 400, 800 and 1600 mM), or MES (n=16, 12, 12, 12, 10 cells for [RB] 

of 0, 200, 400, 800 and1600 mM) and externally perfused with 40 mM Cl-, pH 5.5 were normalized to control amplitudes obtained before Rose Bengal 

perfusion and averaged. Lines provide fits to data obtained with internal Cl- or NO3
- (dashed line) or with HCO3

- glutamate, aspartate, MES, or 

gluconate (solid line) with Michaelis–Menten relationships. K Current amplitudes of cells expressing VGLUT1PM in the presence of 1600 nM Rose 

Bengal after activation by pH 5.5. Box plots show single data as symbols, mean values dashed lines, medians as solid lines, upper and lower quartiles 

as box borders, and 95% CI as whiskers. Current amplitudes were normalized to amplitudes before Rose Bengal application at pH 5.5. For all anions, 

currents under saturating [Rose Bengal] are smaller than before Rose Bengal application at pH 5.5 (t-test: Cl-, p = 6.9 x10-15, NO3
-, p = 1.2 x10-10, 

HCO3
-, p = 4.6 x10-12, glutamate, p = 1.6 x10-12, aspartate, p =3.4 x10-11, gluconate, p = 6.5 x10-15, MES, p = 1.0 x10-11). Source data are provided in 

the Source Data file. 

Supplementary Table 1. Significance levels of Mann–Whitney U-tests for comparisons of current amplitudes at -120 mV of cells dialyzed 
with solutions based on indicated anions. Cells were either transfected with WT VGLUT1PM (WT transfected), H191K-H426K-D426Q 
VGLUT1PM (mutant transfected) or not transfected (non-transfected)  

anion WT transfected 
with non-

transfected cells, 
no background  

subtraction 

WT transfected 
with non-

transfected cells, 
background  
subtraction 

WT transfected 
with mutant 

transfected cells, 
no background  

subtraction 

WT transfected 
with non-

transfected cells, 
background  
subtraction 

Cl- 7.86 x 10-9 2.83 x 10-8 1.45 x 10-5 4.79 x 10-6 
Br- 5.67 x 10-6 5.67 x 10-6   
I- 1.08 x 10-5 1.08 x 10-5   

NO3
- 1.08 x 10-5 1.08 x 10-5 1.83 x 10-4 1.83 x 10-4 

HCO3
- 5.67 x 10-6 2.65 x 10-5   

glutamate- 7.87 x 10-9 7.87 x 10-9 1.45 x10-5 1.01 x 10-5 
aspartate- 1.48 x 10-6 2.96 x 10-6 1.50 x 10-4 8.69 x 10-4 
gluconate- 1.48 x 10-6 1.48 x 10-6 8.73 x 10-5 8.73 x 10-5 

MES- 1.48 x 10-6 1.48 x 10-6 1.83 x 10-4 1.83 x 10-4 
MSA- 5.67 x 10-6 1.78 x 10-5   

isethionate- 1.02 x 10-6 4.49 x 10-7   



 

 

Supplementary Figure 3. VGLUT1PM Cl- channels are activated by Cl- and Br-, but not by I-. Current-voltage relationships from cells expressing 

WT VGLUT1PM internally dialyzed with Cl--based solutions. Cells were perfused with solutions containing 40 mM Cl- (n=5 cells), 10 mM Br- (n=4 

cells), 40 mM Br- (n=9 cells), 10 mM I- (n=4 cells), 40 mM I- (n=9 cells), or only gluconate n=4 cells). Currents were normalized to current amplitudes 

at -160 mV in 40 mM Br- at the same cell and given as individual data points, mean values are given as lines. Source data are provided in the Source 

Data file. 

  



 

Supplementary Figure 4. Activation of VGLUT1PM anion current is based on increased open probability of VGLUT1PM anion channels. Ratios 

of current variances by current amplitudes (
ఙమିఙ್೒

మ

ூ
) from cells expressing WT VGLUT1PM and internally perfused with NO3

--based solution were 

plotted against the external pH (means ± CI, n=11 cells). Lines are the fit assuming a variable open probability (red) or variable unitary current 

amplitude (blue). Source data are provided in the Source Data file. 

  



 

 

Supplementary Figure 5. Anion dependence and unitary transport rates of VGLUT1PM glutamate currents. a, b Current–voltage relationship 

(a) and dose response plots (b) for VGLUT1PM glutamate currents at rising [Cl-]o. All currents were normalized to current amplitudes at -140 mV and 

[Cl-]o = 40 mM measured at the same cell (means ± CI, n =12, 12, 12, 12, 11, 10 cells). The solid line in b provides a fit with the Michaelis–Menten 

relationship. c Current-voltage relationships from cells expressing WT VGLUT1PM internally dialyzed with glutamate-based solutions. Cells were 



consequently perfused with solutions containing 40 mM Br- (n=6 cells), 40 mM Cl- (n=5 cells), 40 mM I- (n=5 cells), or only gluconate (n=5 cells). 

Currents were normalized to current amplitudes at -160 mV in 40 mM Br- at the same cell. Symbols show individual data points, lines give mean 

values. d Plots of whole-cell current amplitudes of cells dialyzed with Cl- (blue symbols) or with glutamate (red symbols) at -160 mV versus whole-

cell fluorescence. Currents were averaged over a period of 15 ms 100 ms after the voltage step to -160 mV at pH 5.5. Differences in slope were used 

to calculate the unitary transport rates for H+/glutamate exchange (563 s-1) from the Cl- transport rates obtained by noise analysis (ip = 5.8 fA). Source 

data are provided in the Source Data file. 

  



 

 



Supplementary Figure 6. Glutamate impairs voltage-dependent VGLUT1PM anion channel closure at positive potentials. a, b Representative 

VGLUT1PM current responses to a series of voltage steps, in which a depolarizing voltage step of increasing duration is preceded and followed by 

fixed membrane hyperpolarization. This protocol permits quantification of the time course of VGLUT1PM anion channel deactivation and shows that 

polyatomic anions prevent complete channel deactivation at positive potentials. c, Averaged current responses from ten HEK293T cells expressing 

H191K-H426K-D428Q VGLUT1PM to the same pulse protocol as in a and b. d, e Current amplitudes determined 1 ms after the voltage step to -120 

mV and normalized to the maximum value versus duration of the preceding voltage step to +120 mV (means ± CI, n=10 cells). Cells were dialyzed 

in an external solution containing 40 mM Cl- and 100 mM gluconate, and currents were not background subtracted. In a and d, cells were internally 

dialyzed with a solution containing Cl- as only permeable/transported anion, in b, c and e containing 40 mM Cl- and 100 mM glutamate. Source data 

are provided in the Source Data file. 

  



 



Supplementary Figure 7. VGLUT1PM functions as H+-glutamate exchanger. a, Plot of VGLUT1PM current reversal potentials versus 
ୖ୘

୊
ln [Clି]୭. 

In these experiments, cells were dialyzed with glutamate as only internal anion, and perfused with external mixtures of Cl- and glutamate; pHo = 5.5 

and pHi=6.5 (n=15, 14, 16, 14 cells). The solid lines represents a weighted fit to a linear function. The electrochemical gradient for coupled exchange 

of m glutamate, p Cl- and n H+ for is: 
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The slope factor of -1.29 excludes VGLUT1PM glutamate transport coupling with Cl- and H+ transport. b, Absolute background corrected current 

amplitudes at +60 mV from cells internally dialyzed with glutamate based solution at pHi = 6.5 or 8.5 with external [Cl-] = 20 mM, 40 mM or 100 

mM (n=14, 10, 16, 12, 14, 10). There are no pH-dependent differences at [Cl-] = 20 mM (Mann-Whitney U, p = 0.977), 40 mM (Mann-Whitney U, p 

= 0.798) or 100 mM (two-tailed t-test, p= 0.394). Box plots show single data as symbols, mean values as dashed lines, medians as solid lines, upper 

and lower quartiles as box borders, and 95% CI as whiskers. c, Current-voltage relationships (means ± CI) from cells internally dialyzed with 

glutamate-based solutions at pHi = 6.5 (blue, n =14, 16, 14 cells), 7.5 (red, n =10, 12, 10 cells), 8.5 (green, n =10, 12, 10 cells). Every cell was 



subsequently perfused with [Cl-]o = 20 mM (●), 40 mM (▼) and 100 mM (■). Solid lines represent fits with sums of c Cl- currents predicted by the 

Goldman-Hodgkin-Katz equation and coupled H+-glutamate exchange currents (with 1:1 stoichiometry) multiplied with a Boltzmann term to account 

for rectification. d, Black symbols provide current reversal potentials from cells dialyzed with a glutamate-based internal solution versus EH for three 

different [Cl-]o. (means ± CI, n =14, 10, 10, 16, 12, 12, 14, 10, 10 cells), red symbols are reversal potentials obtained by the fits shown in a. The 

experimental data are identical to those shown in Fig. 3d. Solid lines provide weighted linear regression to the experimentally obtained pHi 

dependences of Erev. e, Current-voltage relationships from HEK293T cells expressing WT VGLUT1PM (n=6, symbols show individual data points, 

lines mean current amplitudes). Cells were dialyzed with glutamate-based internal solutions and subsequently perfused with external solutions 

containing either 100 mM glutamate (red) or 100 mM gluconate (black), in addition to 40 mM Cl-. Currents were normalized to amplitudes at -160 

mV in external gluconate. Solid lines depict fits to sums of currents predicted for sums of passive Cl- and gluconate influx and coupled glutamate-H+ 

exchange multiplied with a Boltzmann term to account for rectification. Exchanging glutamate by gluconate was assumed to reduce external 

[glutamate] to 50 pM.  
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Source data are provided in the Source Data file. 

 



 

Supplementary Figure 8. The time course of glutamate accumulation in a continuum quantitative model of vesicular H+-coupled glutamate 

accumulation depends on the average number of V-ATPase complexes and glutamate transporters per vesicle. Glutamate accumulation in 

model vesicles was simulated for various <NVATP> and <NVGLUT>, and time courses were fitted with single exponentials. Time constants decreases as 

the average number of VGLUTs increases and reaches a plateau with three to five transporters per vesicle. The time scale also drops sharply upon 

increased average numbers of V-ATPase complexes in the vesicle.  



 

 

Supplementary Figure 9. Changes in VGLUT Cl- conductance modify acidification, substrate accumulation, and Cl- efflux in a continuum 

quantitative model of vesicular H+-coupled glutamate accumulation. a–f Predicted evolution of luminal [glutamate] (a), pH (c), [Cl-] (e), glutamate 



transport rates (b), active proton transport rates (d), and Cl- currents (f) by VGLUT chloride channels after increasing or decreasing the relative 

VGLUT Cl- conduction.  




