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Interaction of detergents with α-synuclein 14 
As a reference system, detergent binding to the protein β-lac was also investigated and compared to 15 
maximum binding stoichiometries that were detected for α-syn. Supplementary Figure 1 shows the 16 
maximum number of individual detergent molecules bound to α-syn and β-lac per detergent, with a 17 
signal-to-noise ratio S/N ≥ 3. The charge state(s) where this stoichiometry was detected are indicated in 18 
the figure per detergent. 19 

 20 
Supplementary Figure 1: Maximum binding stoichiometry per detergent for α-syn and β-lac. The charge state(s) where this 21 
stoichiometry was detected is indicated.  22 
 23 

Similar to α-syn, β-lac has a high binding capacity for the neutral detergent DDM. β-lac is known to 24 
have a hydrophobic cavity where ligands can bind, for example DDM [1]. This might be an indication 25 
that the two proteins interact with this detergent in a similar way and mainly through hydrophobic 26 
interactions. The binding capacity of β-lac for PC-14 is however significantly lower. In general, for β-lac 27 
there seems to be no effect of the chain length of the zwitterionic detergents tested and it binds these 28 
detergents poorly. As for α-syn, when CTAB is present only binding of Br- and not the cationic detergent 29 
could be detected to β-lac. For the anionic detergents DS- and CDC-, binding capacity seems to be similar 30 
for both proteins with up to two molecules bound for α-syn and three for β-lac. β-lac can be embedded 31 
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in e.g. SDS micelles in a denatured conformation, so it might be that binding of detergent molecules is 32 
retained from the micelle rather than individual interacting detergent molecules [2]. For GDC- there is 33 
however a significant difference in binding capacity with six molecules bound to α-syn and three for β-34 
lac, the latter is similar to the maximum binding stoichiometry of the other anionic detergents for β-lac. 35 
 36 
Detergent binding capacity and stoichiometry 37 
Most of the detergents that were included in this study bind to α-syn and their bound states can be 38 
clearly detected. For Triton X-100, however, the intensity of the bound states is very low. Supplementary 39 
Figure 2 shows the intensity of bound and unbound states of the 7+ (A) and 12+ (B) charge state of α-40 
syn monomers when 2x CMC Triton X-100 is present (red spectrum). As the mass of Triton X-100 can 41 
differ according to the number of ethylene oxide groups in the tail of the molecule, more than one peak 42 
can be found for the bound state with one Triton X-100 molecule bound. The difference of 44 Da, one 43 
ethylene oxide unit, is indicated by a bow. For the 12+ charge state, the intensity of the bound states is 44 
higher compared to the 7+ charge state. For this higher charge state also more peaks that can be 45 
attributed to Triton X-100 molecules with different number of ethylene oxide groups are found. This 46 
might indicate that the longer the chain of Triton X-100 is, the more it prefers to bind to more extended 47 
higher charge states.  48 

 49 
Supplementary Figure 2: Interaction of Triton X-100 with (A) the 7+ charge state of α-syn and (B) the 12 charge state of α-50 
syn. The α-syn control spectrum is in black, the spectrum in the presence of 2x CMC Triton X-100 in red. At the right, zoomed 51 
in spectra of a specific region from the spectra on the left is shown. Mass differences in Triton X-100 corresponding to 44 Da, 52 
consistent with one ethylene oxide unit, are indicated by arches. 53 
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When CTAB is added to α-syn or β-lac, no binding can be detected of the intact detergent or the cationic 54 
group with detergent properties. Only Br- is found to bind to both proteins as is shown in 55 
Supplementary Figure 3. The top part shows the full MS spectra of α-syn (A) and β-lac (B) without 56 
(black line) and with (red line) 0.2x CMC CTAB present. For β-lac the presence of CTAB results in partial 57 
denaturation which results in a shift of the charge state distribution, as the charge state range is 58 
increased from 6+ to 16+ instead of 6+ to 9+. CTAB is known as a harsh detergent that can disrupt inter- 59 
and intramolecular interactions, leading to denaturation [3]. This is similar to what was expected for 60 
SDS, however, we did not see similar denaturing effects on β-lac when SDS was present. As α-syn is 61 
already partially denatured in its native state, we don’t see this denaturing effect of CTAB with α-syn. 62 
The bottom part of the figures zooms in on specific parts of the MS spectra and Br- binding is here 63 
indicated with a black square. No peaks apart from dimers (D) and an impurity in the β-lac spectrum 64 
(*) can be detected besides Br- bound peaks. For up to the 11+ charge state of β-lac, Br- binding can be 65 
observed, while for α-syn this is detected for up to the 9+ charge state. 66 

 67 
Supplementary Figure 3: Mass spectra of α-syn (A) and β-lac (B) without (black line) and with (red line) 0.2x CMC CTAB 68 
present. The top parts show the full mass spectra, indicating the presence of CTAB induces partial denaturation of β-lac, 69 
resulting in the appearance of increased charged states. The bottom part zooms in on specific parts of the mass spectra to show 70 
that only Br- binds to both proteins and not CTAB or the cationic part of the detergent. ‘D’ indicates dimer peaks and ‘*’ is 71 
attributed to contaminant peaks in the β-lac spectrum. Black squares indicate Br- binding. 72 

 73 
Conformational selectivity of detergent binding 74 
As can be seen in the previous figure for β-lac, the addition of detergents could lead to a shift in charge 75 
state distribution. Supplementary Figure 4 indicates if the intensities of the 7+ and 8+ charge state of α-76 
syn increase or decrease when a specific detergent is present. Every spectrum was first normalised to 77 
the intensity of the most intense peak. All stoichiometries (bound and unbound) were then summed 78 
and compared to the unbound 7+ or 8+ charge state of the control, respectively, as the 100% reference. 79 
In the presence of detergents the range of observed charge states in the mass spectra did not shift, in 80 



4 
 

each case charge states 5+ or 6+ up to 18+ were detected as was seen in Figure 9 in the main text and in 81 
Supplementary Figure 3A. However, the intensities of this distribution are important as well, which is 82 
why changes in intensity of the 7+ and 8+ charge state, being seen as the most relevant here as most 83 
detergents bind those charge states representing more compact conformations, are further investigated.  84 

 85 
Supplementary Figure 4: Relative change in intensity (normalised to the intensity of the unbound state of the control (100%) 86 
for the respective charge state) for the 7+ (A) and 8+ (B) charge state (unbound + bound states) when initial concentrations of 87 
detergents are present. 88 
 89 

DDM is the only detergent that induces a shift in the conformational equilibrium towards the more 90 
compact, lower charge states. As DDM binding is charge neutral this is a first indication that detergents 91 
are capable of altering the monomer ensemble of α-syn. For zwitterionic detergents the chain length 92 
again seems to play an important role as a much stronger decrease in intensity of the lower charge states 93 
can be detected for PC-14 and PC-16, compared to a small decrease for PC-15, here all present with a 94 
final concentration of 2x CMC. Anionic detergents lower the intensity of the lower charge states as well. 95 
Binding of a negatively charged ligand would by itself reduce the charge state and hereby increase the 96 
intensity of the lower charge states, but as explained before charge states correlate with the SASA. 97 
Protonation can as well compensate ligand charges and these intensity shifts indicate again that the 98 
charge of the interacting detergent alone is not sufficient to determine their effects on α-syn monomers 99 
and that additional polar and apolar interactions are very important. 100 

 101 
Conformational effects of detergent binding 102 
As shown in the main text for the 7+ charge state, here CCS plots are shown of the 6+ charge state 103 
(Supplementary Figure 5) and the 8+ charge state (Supplementary Figure 6) to visualize conformational 104 
effects when detergent molecules bind to α-syn monomers. Binding of DDM is observed for the 8+ 105 
charge state and, as was the case for the 7+ charge state, leads to an intensity shift towards more compact 106 
charge states. For the zwitterionic detergent, PC-14 binding is also observed for both charge states, 107 
however, with a very high number bound to the 6+ charge state as was discussed in Figure 2 in the main 108 
text. PC-15 and PC-16 binding is detected for the 6+ charge state but not for the 8+ charge state. The 109 
exact conformational trend for these zwitterionic detergents, compaction or elongation, is a bit dubious 110 
as for the 6+ states very low intense more compact conformations seem to occur for PC-15 and PC-16, 111 
but not for PC-14. In the latter case it seems there is almost no conformational effect occurring apart 112 
from increasing CCS values likely due to the additional surface area of the detergent molecules 113 
themselves. The three negatively charged detergents all show a very clear compacting trend for the 8+ 114 
charge state, DS- and CDC- have a very clear conformational effect just being present in the sample 115 
indicating a memory effect of previously bound ions that were lost during the measurement as seen for 116 
the 7+ charge state. GDC- only has an effect when one or more molecules are bound to the protein so 117 
here we don’t see this memory effect. For the 6+ charge state the only anionic detergent of which binding 118 
was detected is DS-, which didn’t lead to a conformational effect. In general, it is likely that the 6+ charge 119 
state is already a very compact and possibly partly gas phase collapsed form, resulting in very little to 120 
none conformational effects when detergent molecules interact with these protein conformations. 121 
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 122 
Supplementary Figure 5: CCS plots of the 6+ charge state for (A) DDM, (B) PC-14 and (C) DS- stoichiometries. This charge 123 
state is not very sensitive to conformational detergent effects likely because of its already very compact conformation.  124 

 125 
Supplementary Figure 6: CCS plots of the 8+ charge state for different detergent stoichiometries per detergent. Here very 126 
clear conformational effects can be detected resulting in intensity shifts and a unique CCS pattern.  127 
 128 

After CCS plots representing the lower charge states and hereby the more compact protein 129 
conformations, Supplementary Figure 7 shows the CCS plot of the 11+ charge state of α-syn when DDM 130 
binds. “C” again represents the unbound 11+ charge state without any detergent present, “0” represents 131 
the unbound state but with DDM present in the sample and higher numbers indicate the number of 132 
DDM molecules bound. As was seen for the lower charge states, a slight increase in CCS values can be 133 
detected when more DDM molecules bind, related to the additional volume of those detergent 134 
molecules. No other conformational effects can be detected. For higher charge states, Coulombic forces 135 
between the charges increase resulting in more extended conformations. Because of these forces it 136 
becomes more difficult for structural interactors, such as detergent molecules, to alter the 137 
conformational ensemble of the protein. This is why we are more focussed on the lower charge state 138 
region. 139 



6 
 

 140 
Supplementary Figure 7: CCS plot of the 11+ charge state of α-syn without detergent present “C”, with detergent present 141 
but not bound “0” and with a specific number of DDM bound indicated by the number. 142 
 143 

Supplementary Figure 8 shows CCS plots of the 7+ charge state of β-lac with one of three types of 144 
detergents present (DDM, PC-14 and DS-) and binding to the protein to see if detergent binding also 145 
results in conformational changes in the case of β-lac. While clear conformational shifts could be 146 
observed for α-syn, no shift in CCS values is detected for β-lac when DDM, PC-14 or DS- are bound to 147 
the protein. This indicates that the conformational effects we see for α-syn are specific for the interaction 148 
between detergents and that IDPs are more sensitive, compared to globular proteins, to conformational 149 
changes as a result of interactions with detergents. 150 

 151 
Supplementary Figure 8: Conformational effect of DDM, PC-14 and SDS on the 7+ charge state of β-lac. No conformational 152 
change can be detected. 153 
 154 

As it is known that Ca2+ plays an important role in the interaction between biological membranes and 155 
α-syn, the conformational effect on the protein is investigated when both a detergent and Ca2+ are 156 
present. CCS plots of the 7+ charge state of α-syn are shown in Supplementary Figure 9. In panel A 157 
only CaCl2 is present in a 1:20 protein to metal ion ratio as a control, in panel B CaCl2 and 2x CMC PC-158 
14 are present, in panel C CaCl2 and 0.2x CMC SCDC are present and able to interact with α-syn. 159 

 160 
Supplementary Figure 9: Conformational effect of Ca2+ in addition to effects of the detergent present in the sample, binding 161 
to the 7+ charge state of α-syn. (A) Ca2+, (B) 2x CMC PC-14 and Ca2+ and (C) 0.2x CMC SCDC and Ca2+. 162 
 163 
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In the control panel A a gradual compaction when more Ca2+ ions bind, with a maximum of three ions 164 
bound, is observed as described in earlier studies [4,5]. It can be seen that for PC-14, the binding of 165 
additional Ca2+ ions together with detergent molecules leads to the formation of additional very compact 166 
conformations as was seen for DDM in Figure 3F in the main text. However, the resulting 167 
conformational pattern is different which indicates a specific effect related to a certain detergent. When 168 
CDC- binds, there is an intensity shift towards more compact conformations however only 169 
conformations which were already present before. This indicates that for neutral and zwitterionic 170 
detergents there seems to be a cumulative compacting effect of the detergent and Ca2+. This might be 171 
linked to different binding sites on the protein for the detergent and Ca2+ ions, both leading to local 172 
compacting effects. For the anionic detergent an intensity shift is again already detected for the unbound 173 
“0” state, indicating that detergent and/or Ca2+ ions might be lost along the way. The number of 174 
detergents that can bind to the protein is not affected by the presence of Ca2+ and vice versa.  175 
 176 
Probing conformational transitions 177 

In Supplementary Figure 10 is the drift time plot shown where the major conformational families are 178 
indicated that are present for the 7+ charge state of α-syn without detergent present. Additionally the 179 
CIU50 value, the midpoint of the transition between the most intense two features (1a and 2a), was 180 
calculated at 22.1 V. When performing a Gaussian fitting of the drift time profile of the data point before 181 
and after the transition (trap CE 20 V and 25 V, respectively), four different conformational families are 182 
detected. Besides the two major features already discussed for panel A (1a and 2a) there is an additional 183 
very compact state (1b) and an additional more extended state (2b), of which intensities depend on the 184 
trap CE voltage and also indicated in all panels.  185 

 186 
Supplementary Figure 10: Analysis of the 7+ charge state CIU plot of α-syn without detergent present. (A) Two major 187 
features in the conformational ensemble are detected (1a and 2a) and hereof the CIU50 value, the midpoint of the transition 188 
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between two features, was calculated using CIUsuite 2 at 22.1 V. (B) and (C) show Gaussian fits of the drift time plots with a 189 
Trap CE of 20 V and 25 V respectively, as these are the datapoint before and after conformational transition. Besides the two 190 
major features (1a and 2a), two additional conformations are found (1b and 2b) as can also be seen on the plot in A and the 191 
CIU plot in the main text in Figure 4. 192 

 193 
As was done for the 7+ charge state in the main text, Supplementary Figure 11 shows CIU plots of the 194 
8+ charge state of α-syn without (control) and with detergents that affect stability of certain 195 
conformations. The control plot shows four distinct conformational families, as found in earlier studies 196 
[4,6,7]. The x-axis of each plot indicates up to which voltage binding of one detergent molecule was 197 
detected with S/N ≥ 3.  198 

 199 
Supplementary Figure 11: CIU plots of the 8+ charge state of α-syn when a specific detergent is bound with a specific 200 
stoichiometry.  201 
 202 

For DDM a stabilisation of the two most compact conformational families can be observed with the most 203 
compact conformation being present for voltages up to 25 V and the second most compact conformation 204 
having a high intensity until 15 V while this isn’t the case in the control. Stability of these compact 205 
conformations is increased when more DDM molecules bind to the protein, with three DDM molecules 206 
present both compact conformations are still present when detergent binding is lost at 30 V. This trend 207 
is similar to what we saw for the 7+ charge state. For PC-14, of which the protein-detergent interaction 208 
was broken at too low trap CE voltages to be able to detect any stabilising effects for the 7+ charge state, 209 
we see a destabilisation of the three most compact conformational families for the 8+ charge state. As it 210 
wasn’t clear from the CCS plots alone if and which conformational effects could occur when this 211 
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detergent is present, it is interesting to see that it has a preference for stabilising of the more extended 212 
conformation. In contrast to the drastic stabilizing effect that was seen for the 7+ state, DS- does not seem 213 
to significantly stabilize more compact conformations of the 8+ charge state. Both other anionic 214 
detergents, CDC- and GDC- do seem to result in stabilisation of the more compact conformational 215 
families, especially the most compact one in the case of GDC-, although detergent binding is lost at 216 
relative low trap CE voltages, making it difficult to completely confirm this effect.  217 

 218 
Detergent concentration effects 219 
In Supplementary Figure 12 CCS plots are compared of DDM, PC-14, CDC- and GDC- binding to α-syn 220 
when the final detergent concentration is either the standard experimental concentration used (see 221 
Tables 1 and 2, main text) or is equal to 0.2 mM. There doesn’t seem to be a significant conformational 222 
effect related to the final detergent concentration in solution for these detergents. For PC-14 and GDC- 223 
binding no difference in CCS values are detected for a certain stoichiometry when different detergent 224 
concentrations are present. For DDM there is a slight delay in the compaction observed with three and 225 
four detergent molecules bound when 0.2 mM DDM is present. For CDC- binding however, there seems 226 
to be a slight delay on the compacting effect when 0.2x CMC is present. Conformational effects are for 227 
all detergents mainly related to the binding stoichiometry and not to the free individual detergent or 228 
micelle concentration in the sample. 229 

 230 
Supplementary Figure 12: Comparison of CCS plots when the standard concentration of detergent was present and when 0.2 231 
mM of detergent was present.  232 
 233 

In Supplementary Figure 13 CCS plots are shown of the different binding stoichiometries for the 7+ state 234 
of α-syn when SDS is present in the sample with a final concentration of 0.02x CMC (left panel) and 0.2 235 
mM (right). In both cases there is an intensity shift towards more compact conformations when DS- 236 
binds as discussed earlier. This conformational shift occurs with less DS- ions bound when a lower 237 
concentration of SDS is present in comparison to when a higher concentration of SDS is present. This 238 
would indicate that one specific DS- binding stoichiometry does not result in one specific conformational 239 
pattern. To explain this, we hypothesize that memory effects can play an important role here. If 240 
originally more detergents were binding to the protein when a final concentration of 0.02x CMC is 241 
present, but are not retained during the measurement, we can still pick up conformations which 242 
originally came from complexes with higher binding stoichiometries. The fact that for the “0” bound 243 
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state there is already a conformational effect on the left panel, while this shouldn’t be the case as nothing 244 
is interacting with the protein, supports this hypothesis.  245 

 246 
Supplementary Figure 13: Comparison of CCS plots of the 7+ charge state of α-syn when the initial concentration of detergent 247 
was present (left) and when 0.2 mM of detergent was present (right).  248 

 249 
Effect of chain length within the same detergent class  250 
In Supplementary Figure 14 an eventual shift in intensity of the lower charge states of α-syn is 251 
investigated when zwitterionic detergents are present and bound. The intensity of the unbound charge 252 
state of α-syn without any detergent present serves as the reference with an intensity of 100%. Results 253 
are shown of samples containing a final concentration of 2x CMC PC-14, PC-15 (PC-15 L) or PC-16 (PC-254 
16 L) and samples with a final detergent concentration all equal to 2x CMC PC-14, which is 3.4x CMC 255 
PC-15 (PC-15 H) or 18.5x CMC PC-16 (PC-16 H). For the 7+ and 8+ charge states, all zwitterionic 256 
detergents tested here result in a decrease of intensity for these charge states. These shifts might be due 257 
to conformational changes of the protein when these zwitterionic detergents are present, resulting in 258 
intensity shifts in the charge state distribution. In order to establish whether this happens, IM-MS 259 
experiments are performed to detect and study eventual conformational changes in more detail (see 260 
Figure 8 in the main text). 261 

 262 
Supplementary Figure 14: Relative differences in intensity of the lower charge states of α-syn when detergent is present 263 
compared to the control without detergent present (unbound charge state control = 100%). “L” indicates 2x CMC, “H” 264 
indicates 0.24 mM or 2x CMC PC-14.  265 

 266 

  267 
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