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Supplementary Figure 1. Purification and functional characterization of dDAT. a Representative SDS-PAGE showing
purity of dDAT eluted from nickel immobilized-metal affinity chromatography. Lane 1, solubilized material before
incubation with Ni-NTA resin. Lane 2 and 3 show the purity of dDAT eluted from Ni-NTA resin. The two major bands in
lane 2 are caused by heterogeneous glycosylation of dDAT as evident from lane 3, where dDAT appears as one single
band after the same sample has been deglycosylated with PNGaseF. However, for the following binding and HDX-MS
experiments, dDAT was left glycosylated to retain as wild-type like functionality as possible. b Saturation binding of
[PHInisoxetine to purified dDAT with a dissociation constant (Ky) of 80 + 6 nM. Error bars, s.e.m. of triplicates (n = 3). ¢
Competitive inhibition of [3H]nisoxetine binding to purified dDAT by unlabeled DA with an inhibition constant (K;) of

1.7 £ 0.2 uM. Error bars, s.e.m. of triplicates (n = 3). Source data are provided as a Source Data file.
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Supplementary Figure 2. Sequence coverage of dDAT. a 85 peptides covering 75.5% of the protein sequence (77.2%
of the dDAT sequence) were identified following digestion with immobilized pepsin. Individual structural motifs in
dDAT are indicated above the protein sequence. Peptides showing a divergence in deuterium uptake of at least one of
the sampled states are colored cyan. Peptides, where no signal for the maximum-labeled control was detected, are
colored dark cyan (peptide 57 — 65 and peptide 556 - 562). b Representative mass spectra for peptide 37-43 from
dDAT for undeuterated (0 min) and after 10 min of deuterium exchange. The isotopic envelope shifts to different m/z

values as a function of added Na* and DA due to the respective degree of deuterium incorporation.
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exchange kinetics are marked ‘EX1’. Source data are provided as a Source Data file.
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Supplementary Figure 3. Deuterium uptake plots for dDAT in three functional states. The deuterium uptake is
plotted as a function of labeling time (i.e. 0.25 — 480 min) for all 85 identified dDAT peptides. Red, blue and orange
curves represent the apo state, Na‘'-bound state, and Na*- and DA-bound state, respectively. Maximum-labeled
control samples are shown as black circles at 1440 min. (n = 3 for all time points for the apo state and the Na*- and DA-

bound state, n = 6 for all time points for the Na’-bound state, and n = 10 for the maximum-labeled control). Standard
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Supplementary Figure 4. Effect of Na* and dopamine on the HDX of dDAT compared to the apo state. a Chart
showing differences in the average deuterium uptake (AHDX) between the apo state and the Na'- and DA-bound state
for the 85 identified peptides at the five sampled time points (orange - 0.25 min; red - 1 min; cyan - 10 min; blue - 1
hour; black - 8 hours). The individual dDAT peptides are arranged along the x-axis starting from the N-terminal and
ending on the C-terminal. The peptide number refers to Supplementary Table 2. Positive and negative values indicate
reduced and increased HDX, respectively, upon binding of Na* and DA. Values represent means of three independent

measurements. Structural motifs in dDAT are marked along the x-axis together with regions showing correlated



exchange kinetics (EX1) in at least one of the two states. The dotted lines (+0.23 D) mark a threshold value for
significant differences in HDX corresponding to the 95% confidence interval, calculated from the pooled standard
deviations for all time points. b, ¢ Regions showing significant differences (Student’s t-test p-value < 0.01) in
deuterium uptake between the apo state and the Na‘- and DA-bound state for at least two consecutive time points
are mapped onto the crystal structure (b) (PDB ID: 4XP1) and snake diagram (c) of dDAT. Regions are colored red and
blue to indicate dDAT segments becoming destabilized (increased HDX) or stabilized (decreased HDX), respectively,
upon binding of ions and DA. Regions colored light grey displayed unchanged HDX while regions in dark grey were
uncovered by peptide sequences. Wild-type dDAT regions including part of EL2 (residue 162-202) and the N- and C-
termini (residue 1-24 and 601-645, respectively) are only marked on the snake diagram in (c) as they were not
resolved in the crystal structure (b) or were truncated in the construct used for crystallization. Source data are

provided as a Source Data file.
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Supplementary Figure 5. Exchange kinetics in dDAT. a Representative mass spectra for peptide 44-53 in the Na'-
bound state at the five sampled time points showing a typical isotopic pattern seen for regions that exchange through
the EX2 kinetic regime due to fast local fluctuations that lead to gradual deuteration. One binomial distribution
produced the best fit to the spectra (blue). b Representative mass spectra for peptide 329-347, which covers TM6b-

TM7, are shown for the three states at all sampled time points. The isotopic pattern reveals EX1/EXX exchange

10



kinetics due to slow cooperative fluctuations that lead to exchange of all backbone amide hydrogens participating in
the motion. Two binomial isotopic envelopes gave the best fit to the spectra — yielding a low- (blue) and high-mass
(red) population. The rate of translation from the low-mass population to the high-mass population was reduced upon

binding of Na* relative to the apo state —and even more so by binding of Na" and DA combined.
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Supplementary Figure 6. EX1/EXX kinetics of regions in dDAT. Representative mass spectra for the three states at all

sampled time points for peptides 215-222 (a), 348-357 (b), 428-451 (c), 561-567 (d), 569-576 (e), and 577-593 (f),



which cover EL2, the middle part of TM7, TM8-I1L4-TM9, TM12a, TM12b, and the C-helix, respectively. Two binomial

isotopic envelopes produced the best fit to the spectra — a low- (blue) and high-mass (red) population.
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Supplementary Figure 7. Stability of dDAT under sampled conditions. a, b Size-exclusion chromatography (SEC)

profiles of purified dDAT incubated at 25°C for the indicated time intervals in buffer A containing 200 mM CsCl (a) or

200 mM NaCl (b). Source data are provided as a Source Data file.
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Supplementary Table 1. HDX data summary table (see Supplementary Dataset 1 for full-scale excel version).

Data Set

HDX reaction details

HDX time course

Na'

40 mM Tris, 5% glycerol, 1 mM DDM, 0.2 mM CHS,
14 pM lipids (POPC:POPE:POPG; weight ratio 3:1:1),
200 mM NaCl.

Percent deuterium: 75.2%, pD,,4 = 8.036, 25°C.

Apo (Cs')

40 mM Tris, 5% glycerol, 1 mM DDM, 0.2 mM CHS,
14 pM lipids (POPC:POPE:POPG; weight ratio 3:1:1),
200 mM CsCl.

Percent deuterium: 75.2%, pD .4 = 8.045, 25°C.

Na'+ DA
40 mM Tris, 5% glycerol, 1 mM DDM, 0.2 mM CHS,
14 pM lipids (POPC:POPE:POPG; weight ratio 3:1:1),
200 mM NaCl, 40 uM DA.
Percent deuterium: 75.2%, pD .4 = 8.036, 25°C.

0.25 min, 1 min, 10 min, 60 min, 480 min

0.25 min, 1 min, 10 min, 60 min, 480 min

0.25 min, 1 min, 10 min, 60 min, 480 min

HDX control samples

Maximum-labeled control

using predigested dDAT and the same HDX reaction d:

etails as for the Na " state.

Back-exchange (mean / IQR)

32.1% / 9.55%

# of Peptides

85|

85 85)
Sequence coverage 75.5% (77.2% of the dDAT sequence) 75.5% (77.2% of the dDAT sequence) 75.5% (77.2% of the dDAT sequence)
Average peptide length / Redundancy 12.44 /2.17 12.44 /2.17 12.44 /2.17

Replicates (biological or technical)

6 (technical)

3 (technical).

3 (technical).

0.0642 (average standard deviation)

0.0807 (average standard deviation)

0.0467 (average standard deviation)

Significant differences in HDX (delta HDX > X D)

Reference state|

95% Cl: 0.26 D

95% Cl: 0.20 D (0.23 D relative to Apo state)
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Supplementary Table 2. HDX data table (see Supplementary Dataset 1 for full-scale excel version).

Start

Sequence

Peptide mass (Da)

Retention time (min)

025
min

Uptake - Na“ (D)
1 60

min

min

Uptake - Apo (D)
1 60

min

min

min

Uptake
1

min

Na'+DA (D)
10 60

min

min

Uptake - Control Sample (D)

Uptake error (SD) - Na* (D)
25 10 0 480

1 min

min

min

Uptake error (SD) - Apo (D)
0.25 10 60 480

min

1 min

min

Uptake error (SD) - Na' + DA (D) Uptake error (SD) - Control Sample (D)
0.25 10 480

1 min

min

SNR888888498

73

85

SPTGHISKSKTPTPRDNDNNSISDE
RETWSGKVDFL
RETWSGKVDFLL

CYKNGGGAF
KNGGGAFLVPYGIM
FLVPYGIM

LVPYGIML
LVVGGIPLFYMELALGQH
GGIPLFYMEL

119
132

YAVVLIAFY
YAVVLIAFYVDFYYNVIAWSL

LYNETYMN
YSDLYAMGNQSLLYNETYMNGSSLDT

DTSAVGHVEGFQSAASE

[VGHVEGFQSAASE

GA
MALCLLIV
VYLICYFSLWKGISTSGKVVWFTA
(GLTLPGSFLGIQ

LTLPGSF

[YLTPNFSA

FSLGPGF

SLGPGFGVL
LAYASYNKYHNNVYKDAL
LAYASYNKYHNNVYKDALL

357|INSA

376

TSF
[SVLGYMAHTLGV
GVRIED

EGPGLVF
VF

415)
417|

VF
TFWALIFFMMLL
TFWALIFFMMLLTL

447)
4
45
480

22

[AITALSDEFPKIKRNRELF
[AITALSDEFPKIKRNRELFVAGL
LSDEFPKIKRNRELFVAGL
YFFHLLDRYAAG

VAVFFE

567

577
593
58¢

-3

593
593

IFKLLSTPGSLRQRFTIL
FKLLSTPGSLRQR
FKLLSTPGSLRQRF
FKLLSTPGSLRQRFTIL
KLLSTPGSLRQRFTIL

593
604]

LSTPGSLRQRFTIL
TILTTPWRDQQSMA

603|T

613

613
615
616

615

624

630

624

g

630

VRLTDTETAKEPVD

PVD

630

TAKEPVD

2696.2638
13366775
1449.7616
747.4531
1189.6244
1277.6921
1164.6080
979.5280
915.3909
14227330
938.4935
904.5092
1956.0543
1138.5732
1057.5848
2641.3872
2869.2939
2949.2685
1966.8908
1690.7434
1853.8068
13165997
1116.5604
953.4970
1167.5632
874.5020
2767.4448
1201.6707
733.4010
911.4389
879.4702
1896.9621
7233592
845.4647
2146.0483
2259.1324
1961.9272
1073.5029
738.3548
1246.6380
1460.7082
1600.8460
1501.7776
988.5229
1531.7971
1745.9289
1987.9635
2360.3216
27005326
2231.2426
1471.7248
1243.6489
1241.6193
1420.7285
791.4065
813.3697
884.4068
7333217
7223057
798.4673
9115514
812.4830
959.5514
2089.2412
1501.8729
1648.9413
1976.1571
1829.0887
1587.9097
1646.8086
1248.5557
10335114
962.4743
11625904
1261.6588
831.4338
1031.5499
819.3974
1232.6612
1871.9840
1133.5928
1671.8679
1572.7995
1204.5459
758.3810

7.89
360
374
185
274
1.36
1.00
1.02
072
0.30
0.07
011
534
333
0.08
10.69
868
7.93
838
6.93
7.40
493
0.49
035
0.32
0.32
679
259
1.01
208
269
312
025
031
323
3.03
258
164
1.09
183
374
573
479
291
541
436
752
283
286
204
077
a7t
1.10

155

449
270

7.96
3.59
389
278
332
1.80
1.36
123
115
057
0.05
0.1
6.20
an
0.23
10.62
8.69
7.94
855
6.93
753
5.01
1.01
072
0.34
0.37
721
287
115
230
348
4.05
0.31
045
472
439
3.60
189
126
284
4.60
595
505
3.10
6.08
547
7.48
522
5.1
3.04
0.88
4.80
118
0.96
228
186

0.50
0.30
0.49
0.40
0.42
0.46
6.58
4.91
5.03
625
6.49
5.60
591
383
5.31
426
4.66
573
355
5.02
4.09
5.35
7.90
481
6.68
5.96
450
269

443
415

381
527
429
461

355
5.03
405
533
795
477
6.75

456
271

7.80
361
391
290
223
074
0.45
0.36
125
0.71
027
035
5.38
328
0.05
10.42
8.56
7.79
8.80
6.97
774
5.00
274
244
0.41
0.29
6.69
274
1.08
221
361
431
0.44
0.90
5.07
473
368
112
0.89
1.19
335
520
4.19
287
546

755
7.67
785
340
121
478
135
075
234
184
224
0.71
0.69
0.82
0.88
0.76
085
5.98
4.19
4.30
552
5.56
484
541
386
5.26
428
463
568
352
5.00
4.03
5.32
7.90
472
6.67
5.96
452
268

7.81

5.11
413

8.02
359
344
1.10
270
141
1.08
1.10
113
054
0.03
0.10
5.48
351
0.08
10.76
879
7.97
8.38
6.81
7.45
504
041
030
028
038
6.97
252
1.00
211
252
292
025
025
246
233
215
193
126
206
403
577
479

555
468
7.45
228
256
212
065
488
1.09
092
228
1.50
156
0.07
0.06
046
037
0.50
062
547
379
3.82
5.05
519
451
5.08
379
5.39
426
466
574
357
504
4.09
5.36
789
4.80
6.75
6.08
448
2.69

8.07
362
3
220
324
168
130
126
138
070
0.03
0.08
6.28
423
0417
1077
8.86
8.03
873
6.81
7.69

115
088
027
0.40
723
282
1.09
228
340
405
0.37
026
381
352
325
254
172

0.71
10.83]
885
8.10
885
6.92
7.86
5.08
254
224
0.30
0.91
7.20
3.09
135
258
379
5.00
0.76
0.50
559
528
453
340
222
293
473
6.20
523
318
6.43
598
7.33
am
456
275
0.68
484
122
1.05
219
184
213
0.52
0.06
0.30
0.22
0.39
045
7.07
5.30
5.42
7.01
7.09
6.27
6.47
375
535
426
470
584
358
505
4.10
5.40
788
476
6.73
6.04
443
264

6.11
6.60
8.23

0.12

0.12

01

0.15

0.14
0.10
0.16
0.06
0.06
0.03
0.03
0.02

0.04

0.05

0.03
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