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Supplementary Figure 1. [3H]nisoxetine binding to detergent solubilized dDAT. a Saturation 

binding of [3H]nisoxetine to dDAT in a buffer containing 200 mM NaCl showed a Kd of 40 ± 2 nM 

(means ± SEM). Data are shown as mean ± SEM (error bars) and fitted to a one-site specific binding 

curve using GraphPad Prism 7.0. n = 4 independent experiments performed in duplicates. b Binding 

of 120 nM [3H]nisoxetine to dDAT in indicated salt conditions. Specific binding was observed in Na+, 

whilst all other salt conditions did not promote [3H]nisoxetine binding above background (1 mM 

nortriptyline). The ionic concentration was kept constant by substitution of Na+ and K+ with NMDG+. 

Data points represent mean ± SEM (error bars), n = 3 independent experiments performed in 

duplicates. Data are provided as a Source Data file. 
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Supplementary Figure 2. Deuterium uptake plots for dDAT peptides. Deuterium uptake plots for 

representative peptides of dDAT showing the relative deuterium uptake as a function of labeling time 

(0.25 – 480 min) for the K+ (purple), Cs+ (black), and Na+-bound (orange) states. Values represent 

means of three (n = 3 for Cs+ and K+) or six (n = 6 for Na+) independent measurements with SEM 

values plotted as error bars but these are in most instances too small to be visible. Maximum-labeled 

control samples are shown as grey circles at 1440 min. Data for the Cs+ and Na+-bound states as 

well as for the maximum labeled control samples were published previously1, but acquired together 

with the data for the K+ state and shown here for comparison. Source data are provided as a Source 

Data file. 
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Supplementary Figure 3. [3H]dopamine uptake in proteoliposomes and [3H]nisoxetine binding 

to dDAT from solubilized proteoliposomes. a Uncorrected data of dDAT [3H]dopamine uptake 

into PLs in uptake buffer containing an intra-vesicular buffer with either 200 mM K+ (filled blue circles) 

or 200 mM Na+ (red filled squares), or with 100 µM nortriptyline added to the uptake buffer (K+: open 

blue circles, Na+: open red squares). b Binding of [3H]nisoxetine to dDAT from re-solubilized PLs 

was measured in saturating conditions (approximately 20x Kd). Data in (a) and (b) are shown as 

mean ± S.D. (error bars), from one representative experiment performed in triplicates. Data are 

provided as a Source Data file. 
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Supplementary Figure 4. Encapsulation of the fluorescent indicators and assessment of 

liposome size. Quantitative calibration of the encapsulation efficiency of both the fluorescent K+ 

indicator and the fluorescent Na+ indicator, to quantify the sensitivity of the system, and thereby the 

upper percentage of liposomes with sufficient indicator to enable a quantitative measurable signal in 

the real time TIRF monitoring. a Empty (indicator-free) PLs and PLs with 10 mM K+ indicator (n = 

2530 and 1328 liposomes, respectively) imaged with identical settings and co-localized for 

quantifications of encapsulated dye signal. By comparing the background crosstalk signal and the 

indicator signal we found 79.8 ± 8.9% (mean ± SEM) of the PLs to have measurable signal sensitivity 

and encapsulation,. b Empty PLs and PLs with 10 mM Na+ indicator (n = 3016 and 5939 liposomes, 

respectively) imaged with identical settings. Comparison showed 24.2 ± 4.9% of the PLs had 

measurable signal sensitivity and encapsulation,. c Integration of the crosstalk signal from the 

membrane dye and the indicator signal for both conditions (10 mM K+ indicator with 100 mM K+, 100 

mM NMDG+ intra-vesicular concentration, and 10 mM Na+ indicator with 200 mM Na+ intra-vesicular 

concentration) as depicted in panels a and b gives a quantification of the percentage of PLs with 

sensitive settings allowing the direct observation of respectively uptake of Na+ and outflow of K+. 
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Error bars reflect the standard deviation assumed that the data follows a Poisson distribution. The 

K+ indicator assay allowed an upper quantification percentage of 79.8 ± 8.9% of the individual PLs, 

and the Na+-indicator assay allowed an upper quantification percentage of 24.2 ± 4.9% of the 

individual PLs. The upper quantification percentage is the maximum percentage of liposomes with 

sufficient indicator to enable a quantitative measurable signal in the TIRFm set-up. d DLS 

measurement of PLs reconstituted with fluorescent indicator in the lumen (blue) and without (orange) 

showing that the indicator does not influence the size (u) or polydispersity (P.D.) of the liposomes. e 

Integrated membrane signal from 5939 liposomes with encapsulated indicator (red) and 3016 without 

encapsulated indicator (blue). The square root of the membrane integrated signal is proportional to 

the liposome size, and shows a lognormal distribution of sizes as expected. Using the mean 

liposome size evaluated by DLS, the membrane intensity can be converted to liposome sizes in nm. 

We find no significant difference in liposome sizes with and without encapsulated indicators. Data 

are provided as a Source Data file. 
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Supplementary Figure 5. [3H]dopamine uptake in proteoliposomes reconstituted with 

membrane dye, biotinylated PEG-DOPE and encapsulating ion indicator. PLs with both Na+ 

indicator (a) and K+ indicator (b) showed Na+ dependent [3H]dopamine uptake with varying [K+] in 

the lumen. Data are shown from one representative experiment performed in duplicates. Data are 

provided as a Source Data file.  
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Supplementary Figure 6. Sensitivity of the fluorescent Na+ indicator. Na+ indicator (10 mM) was 

excited at 503 nm and fluorescence was measured at maximum emission (529 nm) in increasing 

[NaCl] (0-160 mM) in buffer containing 20 mM HEPES (pH 7.5) and 1 mM L-ascorbic acid. The 

maximal fluorescence intensity was reached at 75 mM NaCl. The fluorescence signal obtained in 

160 mM matched the signal intensity at 45 mM. Data are shown as mean ± S.D. (error bars), n = 1 

experiment performed in triplicates. Data are provided as a Source Data file.  
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Supplementary Figure 7. Translocation kinetics of Na+ in absence of dopamine. (Bottom 

panel) Overlay of violin plots displaying Na+ uptake rates obtained in the absence of dopamine in 

vesicles containing intra-vesicular K+ or NMDG+, respectively. (Top panel) Box plots showings the 

statistical dispersion of the fluorescence signal increase rates from all single vesicle data in the violin 

plots. The box plots shown the minimum (min), maximum (max), median (med), quartile (25%) Q1 

(q1) and quartile (75%) Q3 (q3). The upper whiskers equal to upper bound and maxima and lower 

whiskers equal to lower bound and minima to show the full distribution. The value for min, max, med, 

q1 and q3 in the box plots are reported in Supplementary Table 7. Comparing the effect of Na+ 

uptake revealed no significant rate difference in the absence of dopamine validated by a two-sided 

KS-test (P = 0.946). This suggest that the continuous translocation of Na+ across vesicle membranes 

is independent of intra-vesicular K+. N = 83 liposomes containing K+ and 110 liposomes containing 

NMDG+ examined in 12 individual experiments each. Data are provided as a Source Data file. 
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Supplementary Figure 8. Deuterium uptake plots for dDAT peptides in preliminary HDX-MS 

study. Deuterium uptake plots for representative peptides of dDAT showing the relative deuterium 

uptake as a function of labeling time (0.25 – 480 min) for the K+ (purple), Cs+ (black), and Na+-bound 

(orange) states. In the preliminary HDX-MS study, time points were done in singlicate (n = 1) for all 

states except for the 0.25 min time point of the Cs+ state, which was done in triplicate (n = 3). 

Maximum-labeled control samples are shown as grey circles at 1440 min (n = 4). Values are plotted 

as means with SEM values plotted as error bars for time points where n > 1. Source data are provided 

as a Source Data file. 
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Supplementary Figure 9. Background corrected liposome-membrane intensity assessed for 

bias in position in field of view. Background corrected liposome-membrane intensity for the entire 

y positions (a) and x positions (b) over the field of view from the TIRF microscope. Using the local 

background correction liposome intensity and evaluation is unaffected by the position in the field of 

view. n = 870724 liposomes from 6 individual experiments. Data are provided as Source Data file 
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Supplementary Table 1. Effect of K+ on Na+-dependent [3H]nisoxetine binding to 

dDAT 

[K+]  

(mM) 

Bmax  

(normalized) 

EC50  

(mM) 

Hill Slope  

 

n 

0 97.6 ± 4.1 60 [53;67] 1.96 ± 0.42 3 

20 99.3 ± 3.4 68 [62;75] 1.72 ± 0.27 3 

50 99.3 ± 4.6 106 [96;118] 1.50 ± 0.24 3 

100 94.8 ± 7.4 122 [103;145] 1.54 ± 0.40 3 

200 96.8 ± 5.0 170 [154;188] 1.98 ± 0.36 3 

400 97.5 ± 3.3 210 [198;222] 2.52 ± 0.34 3 

600 99.4 ± 3.2 319 [303;335] 2.39 ± 0.19 3 

800 100.0 ± 4.0 436 [416;458] 2.39 ± 0.19 3 

The Bmax, EC50 and Hill slopes determined by binding of 120 nM [3H]nisoxetine to dDAT WT 

in increasing Na+ in the presence of the indicated K+ concentrations fitted to a sigmoidal 

dose-response (variable slope) equation. The ionic strength was maintained by 

substitution of Na+ and K+ with NMDG+. Binding is shown in Fig. 1a. Data are mean ± SEM 

or [SEM interval]. 
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Supplementary Table 2. HDX Data summary table 

Data Set K+ state 

HDX reaction details 

40 mM Tris, 5% glycerol, 1 mM DDM, 
0.2 mM CHS, 14 µM lipids 

(POPC:POPE:POPG; weight ratio 
3:1:1), 200 mM KCl. 

Percent deuterium: 75.2%, pDread = 
8.036, 25°C. 

HDX time course   0.25 min, 1 min, 10 min, 60 min, 480 
min 

HDX control samples Maximum-labeled control using 
predigested dDAT. 

Back-exchange (mean / IQR) 32.1% / 9.55% 

# of Peptides 85 

Sequence coverage 75.5% (77.2% of the dDAT sequence) 

Average peptide length / Redundancy 12.44 / 2.17 

Replicates (biological or technical) 3 (technical) 

Repeatability   0.0504 (average standard deviation) 

Significant differences in HDX 

(delta HDX > X D) 
95% CI (Cs+-K+): 0.24 D 
95% CI (Na+-K+): 0.20 D 

Summary table of HDX experimental conditions and data.  
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Supplementary Table 3. HDX data table.
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Supplementary Table 4. Time dependent [3H]dopamine uptake 

Intra-vesicular 

cation 

Max uptake  

(normalized) 

k 

(min-1) 

R2 n 

K+ 100 ± 1 0.68 ± 0.05 0.93 4 

Cs+ 20 ± 1 0.94 ± 0.2 0.55 3 

NMDG+ 20 ± 1 0.99 ± 0.3 0.40 3 

The maximal uptake and rate constants (k) estimated for time dependent uptake 

of [3H]dopamine uptake fitted to a one phase association. Uptake is shown in Fig. 

4b. Values are given as mean ± SEM. 
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Supplementary Table 5. Concentration dependent [3H]dopamine uptake 

Intra-vesicular 

[K+] (mM) 

Vmax 

(normalized) 

Km 

(µM) 

R2 n 

200 99 ± 3 0.85 ± 0.08 0.97 4 

150 53 ± 4 2.13 ± 0.38 0.95 3 

100 35 ± 3 1.81 ± 0.40 0.92 3 

100 no gradient 24 ± 4 2.20 ± 0.76 0.87 3 

0 38 ± 9 4.46 ± 1.76 0.86 4 

Maximum dopamine uptake and Km estimates for concentration dependent 

[3H]dopamine uptake over 3 min in the indicated intra-vesicular K+ concentrations 

including the condition with equimolar K+ across the membrane (100 no gradient). 

Uptake shown in Fig. 4c and d. Values are given as mean ± SEM.  
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Supplementary Table 6. Vmax and estimated corresponding n 

of dDAT from PLs with 200 mM intravesicular K+. 

Experiment Vmax 

(pmol min-1) 

n dDAT        

(pmol) 

kcat  

(min-1)  

1 1.40 ± 0.07 1.53 ± 0.18 0.9 

2 1.73 ± 0.06 1.29 ± 0.06 1.3 

3 1.13 ± 0.04 1.58 ± 0.11 0.7 

4 1.88 ± 0.07 1.44 ± 0.03 1.3 

Average 1.53 1.46 1.1 

 Vmax obtained with 200 mM intra-vesicular K+ and the amount of 

substance (n) of dDAT estimated from Bmax from [3H]nisoxetine 

binding measured on the protein re-solubilized from 

proteoliposomes containing 200 mM intra-vesicular K+. The 

estimate of n of dDAT presented is based on two assumptions: a 

counting efficiency of 50% for the 2450 MicroBeta2 microplate 

counter in SPA mode and that the [3H]nisoxetine was not 

radiochemical degraded within the timeframe of use. Data are 

shown as mean ± SD from 4 experiments (1-4) conducted in 

triplicates. Data are provided as a Source Data file. 
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Supplementary Table 7. Data from violin plots and box plots of the rates of Na+ and K+ flux  

Shown in Fig. 5e 
Fig. 5e and 

sup. Fig. 7 

Fig. 5f and 

sup. Fig. 7 

Fig. 5f 

and g 
Fig. 5g Fig. 5h Fig. 5h 

Indicator Na+ Na+ Na+ Na+ Na+ K+ K+ 

Intra-vesicular 

buffer 
NMDG+ NMDG+ K+ K+ NMDG+ K+ K+ 

Uptake buffer + DA -DA -DA +DA +DA +DA -DA 

N of single 

liposomes 
162 110 83 86 162 527 382 

min 0.32848 0.0354 0.26196 0.6568 0.32848 4.7483 2.47995 

max 97.2579 66.0510 62.6744 111.039 97.2579 234.148 148.166 

med 7.9521  8.40318 8.3583 11.5472 7.9521 41.2122 33.767 

q1 5.16279 5.24223 5.17187 7.03001 5.16279 28.1841 23.3564 

q3 15.582 17.5887 16.9616 25.4925 15.582 57.906 46.4426 

The N of single liposomes assayed for the violin plots and box plots in Fig. 5 and Supplementary 

Fig. 7. The min, max med, q1 and q3 from the rates shown in the box plots in Fig. 5 and 

Supplementary Fig. 7 in (I/s).  
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