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Abstract

As an intrinsically disordered protein, monomeric alpha synuclein (aSyn) constantly reconfigures and
probes the conformational space. Long-range interactions across the protein maintain its solubility
and mediate this dynamic flexibility, but also provide residual structure. Certain conformations lead
to aggregation prone and non-aggregation prone intermediates, but identifying these within the
dynamic ensemble of monomeric conformations is difficult. Herein, we used the biologically relevant
calcium ion to investigate the conformation of monomeric aSyn in relation to its aggregation
propensity. By using calcium to perturb the conformational ensemble, we observe differences in
structure and intra-molecular dynamics between two aSyn C-terminal variants, D121A and pS129, and
the aSyn familial disease mutants, A30P, E46K, H50Q, G51D, A53T and A53E, compared to wild-type
(WT) aSyn. We observe that the more exposed the N-terminus and the beginning of the NAC region
are, the more aggregation prone monomeric aSyn conformations become. N-terminus exposure
occurs upon release of C-terminus interactions when calcium binds, but the level of exposure is

specific to the aSyn mutation present. There was no correlation between single charge alterations,
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calcium affinity, or the number of ions bound on aSyn’s aggregation propensity, indicating that
sequence or post-translation modification (PTM)-specific conformational differences between the N-
and C-termini and the specific local environment mediate aggregation propensity instead.
Understanding aggregation prone conformations of monomeric aSyn and the environmental
conditions they form under will allow us to design new therapeutics targeted to the monomeric
protein, to stabilise aSyn in non-aggregation prone conformations, by either preserving long-range

interactions between the N- and C-termini or by protecting the N-terminus from exposure.

Introduction

In Parkinson’s disease (PD) and other synucleinopathies, the monomeric protein alpha synuclein
(aSyn) becomes destabilised, misfolds and aggregates into insoluble, highly structured and B-sheet
containing fibrils which form part of Lewy bodies (LB) and Lewy neurites (LN) 2. In its monomeric
form, aSyn is a soluble, intrinsically disordered protein (IDP) that is highly flexible and thereby enables
plasticity in its function. In particular, it has been proposed that aSyn plays a role in synaptic vesicle
recycling and homeostasis in neurons % Transient and dynamic electrostatic and hydrophobic
intramolecular interactions maintain aSyn in its soluble monomeric form. These intramolecular
interactions are responsible for aSyn’s smaller radius of gyration (Ry) than expected for a 140 amino
acid residue (aar) unfolded protein and suggest that some residual structure remains °. Therefore, the
word ‘monomer’ actually describes a plethora of conformational states which are constantly
reconfiguring. These dynamic interactions are heavily influenced by the surrounding environment of
aSyn and their disruption can lead to skewing of the ensemble of monomeric conformations ©. This, in
turn, may influence which aggregation competent/incompetent pathways are taken and whether
these are subsequently toxic or not. Identifying conformations of aggregation prone monomeric aSyn
or the environment that can destabilise monomeric conformations to favour aggregation will aid in

the design of anti-aggregation therapeutics to stabilise the native aSyn conformation.

aSyn is a characteristic IDP with high opposing charge at its termini and low overall hydrophobicity °.
Monomeric aSyn has three characteristic main regions; the N-terminus, aar 1-60, which is overall
positively charged, the non-amyloid-f component (NAC) region, aar 61-89, is hydrophobic and forms
the core of fibrils during aggregation 7, and the C-terminus, aar 90-140, is a highly negatively charged
region which binds metal ions & (Figure 1a). To date, six disease-related mutations have been identified
in the SNCA gene, encoding the aSyn protein, A30P, E46K, H50Q, G51D, A53T, A53E, which are a
hallmark for hereditary autosomal dominant PD and are primarily linked to early age but also late age
of onset (H50Q) **°. However, genetic mutations and multiplications of the SNCA gene only account

for 5-10% of PD cases and the remaining cases are sporadic (idiopathic) and age-related *°. Yet, we still
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69  have not identified mechanistically why these mutations lead to early-onset PD, or what triggers

70  misfolding of WT aSyn.
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72 Figure 1. Representation of the regions of monomeric aSyn. (a) Monomeric aSyn is defined by three
73 regions, the N-terminus, aar 1-60 (blue) with an overall charge of +4, contains the familial mutations
74  A30P, E46K, H50Q, G51D, A53E and A53T. The non-Amyloid-B component (NAC) region, aar 61-95
75 (yellow), has an overall charge of -1, is highly hydrophobic and forms the core of fibrils. The C-
76  terminus, aar 96-140 (red), is highly negatively charged with an overall charge of -12. Residue S129 is
77  commonly phosphorylated (pS129) in Lewy bodies, but rarely in soluble aSyn. The calcium binding
78  region (black line) is also found at the C-terminus and spans residues 115-140. (b) Monomeric aSyn is
79  highly dynamic and visits a large conformational space. Interactions between the N- and C-termini and

80 NAC region maintain it in a soluble form.

81 Intramolecular long-range interactions of aSyn have been detected between many different regions
82  of aSyn. Electrostatic interactions, mediated by the positively charged N-terminus and negatively
83  charged C-terminus, as well as hydrophobic interactions between some residues of the C-terminus
84  and NAC region of aSyn, have been identified using a range of techniques including different nuclear
85 magnetic resonance (NMR) techniques, mass spectrometry (MS) and hydrogen-deuterium exchange
86  MS (HDX-MS) 72 (for a review see °) (Figure 1b). The importance of these long-range interactions
87  was demonstrated in studies in which charge and hydrophobicity of the protein were altered by
88 mutations, particularly at the C-terminus, leading to differences in aSyn’s aggregation propensity >%¢
89 28 Reduction of charge also occurs during the binding of metal ions, salt ions or polyamines which

90 leads to shielding of the charged N- and C-termini and which permits more energetically favourable

91  packing 8%.
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92 Furthermore, post-translational modifications (PTM), such as nitration and phosphorylation, also alter
93  aggregation rates of aSyn. In particular, phosphorylation of $129 which increases the negative charge
94  of the C-terminus by the addition of a PO* group seems to be pertinent in disease as only 4% of
95 monomeric aSyn is phosphorylated, yet 96% of aSyn in LB and LN are phosphorylated *°. However, it
96 is not clear whether phosphorylation of S129 is involved in the physiological or pathological function
97  ofaSyn, whether it enhances aggregation 332 or retards aggregation 3. In terms of disease association,
98 the presence of aSyn familial mutations leads to different aggregation rates dependent on the
99 mutation. NMR experiments have shown that C-terminus residues are transiently in contact with all
100 six mutation sites at the N-terminus via long-range interactions 23, yet the different mutations lead to
101 differences in levels of solvent exposure, destabilisation, perturbation of the ensemble of conformers
102  and alterations in long-range interactions 3*’. Identifying conformations or significant long-range
103 interactions that maintain soluble aSyn is critical in understanding what triggers aSyn misfolding, but
104  the difficulty in identifying these long-range interactions and determining the influence of mutations
105  and aggregation prone conformations of aSyn lies in the complexity of sampling an ensemble of

106  dynamic conformations of the monomeric protein.

107 In the current study, we apply a plethora of techniques, including NMR, fast mixing HDX-MS and nano
108  electrospray ionisation ion mobility mass spectrometry (nano ESI-IM-MS) to study the differences in
109 the conformation of aggregation prone and non-aggregation prone monomeric aSyn including
110 phosphorylated aSyn, pS129, and familial aSyn mutants, A30P, E46K, H50Q, G51D, A53T and A53E. To
111 investigate potential differences in residual structure and long-range interactions, we also performed
112  experiments in the presence of calcium to purposefully skew the dynamic ensemble of conformations
113 as calcium binds at the C-terminus and leads to charge neutralisation . Calcium has been shown to
114  playarole in the physiological and pathological function of aSyn, as calcium binding at the C-terminus
115  of aSyn facilitates interaction with synaptic vesicles and enhances aSyn aggregation rates #3°,
116 Furthermore, calcium-aSyn interaction is physiologically relevant as calcium buffering becomes
117  dysregulated in PD and an increase in cytosolic calcium occurs “°. We therefore also investigated a
118  panel of C-terminus mutants D115A, D119A and D121A which are within the calcium binding region
119 39,

120  We conclude that the perturbation of the long-range interactions upon calcium binding to monomeric
121  aSyn leads to an increase in N-terminal solvent exposure which correlates with aSyn’s aggregation
122 propensity. The distribution of monomeric conformations of the aSyn ensemble is different between
123  aSyn variants (e.g. familial mutants, pS129 aSyn) which populate these conformations to a different

124  extent. The finding that different structural conformations can be identified as early as at the
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125 monomer level will be crucial in aiding the development of aSyn aggregation inhibitors stabilising

126 native non-aggregation prone structures.

127

128  Results

129 pS129 and D121A have altered monomeric conformations compared to WT aSyn

130  We first investigated whether long-range interactions mediated by the C-terminus of aSyn were
131 important in modulating monomer conformation and aggregation propensity of aSyn. We compared
132  WT aSyn to post-translationally modified aSyn, phosphorylated at residue serine 129 (pS129) and to a
133 mutant with reduced charge by mutating aspartate (D) to alanine (A) at residue 121 (D121A). This
134 mutant was chosen from a panel of C-terminus D to A mutants, 115, 119 and 121, which reside in the
135  region of divalent and trivalent cation binding sites 8*. D121A aSyn was chosen for further
136 investigation as it displayed a decreased aggregation rate using a thioflavin-T (ThT) based kinetic assay
137 compared to D115A, D119A and WT aSyn. However, there was no difference in the overall structure
138 as determined by fourier transform infrared spectroscopy (FTIR), which revealed disordered

139 structures for all these variants, as discussed in Sl (Figure S4-6).

140  We first compared the conformation of monomeric D121A and pS129 aSyn to WT aSyn using H-°N
141 heteronuclear single quantum correlation (HSQC) spectra in solution. In comparison to WT aSyn there
142 are chemical shift perturbations (CSPs) around the location of the D121A mutation, as expected, and
143  some additional small CSPs at regions aar 1-10 and 70-80 (Figure 2a, green) which may indicate some
144  disruption of long-range interactions in this mutant, as NMR measures an average of structural
145  ensembles. CSPs in pS129 aSyn were present around the phosphorylated S129 residue compared to
146 WT aSyn.

147 As CSPs of D121A and pS129 aSyn compared to WT aSyn were minimal aside the
148 mutation/phosphorylation sites, we next investigated whether addition of calcium could skew the
149 conformational ensemble of monomeric aSyn. Binding of calcium alters electrostatic interactions as it
150 neutralises the negative charge at the C-terminus of aSyn 8. We observed significant CSPs at the C-
151  terminus for all three aSyn samples, as shown previously for WT aSyn (Figure 2b) %. For D121A aSyn,
152 in addition to the main CSPs at the calcium binding area, we observe higher CSPs across the whole
153 sequence when compared with WT and pS129 aSyn, which is unexpected since a point mutation
154 usually only alters a very localised region of the sequence in a disordered protein *? (Figure 2b, green).
155 Furthermore, we observed no broadening of the NAC region when calcium was bound (Figure 2c),

156  such as present in WT aSyn *°, suggesting that interactions with the NAC region were altered in D121A
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aSyn. Our data indicate that pS129 aSyn may also have altered long range interactions in comparison

to WT aSyn. Firstly, there appear to be more localised C-terminus CSPs upon calcium binding

compared to D121A and WT (Figure 2b, yellow). Residues involved in metal binding have previously

been shown to be altered upon phosphorylation #*. Secondly, as observed for D121A aSyn, there was

no broadening of the NAC region when calcium was bound (Figure 2c). These alterations in CSPs upon

calcium binding suggest that long range interactions of pS129 and D121A aSyn are already altered

compared to WT aSyn which may have implications in terms of the aggregation propensity of these

mutants both in the absence and presence of calcium.
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Figure 2. 'H-°N spectra in the presence or absence of calcium of WT, D121A and pS129 aSyn indicate

conformational changes between the different variants. (a) We compared chemical shift

perturbations in the amide backbone of *H->N D121A aSyn to WT aSyn (green) and pS$129 aSyn to WT
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169  aSyn (yellow) and observed CSPs around the location of the D to A mutation and the PO* of S129 at
170  the C-terminus. Small CSPs were observed at residues 1-10 and 70-80 in D121A aSyn when compared
171  to WT aSyn. (b) Chemical shift perturbations were observed at the C-terminus upon addition of 4.2
172 mM calcium for all, WT (blue), D121A (green) and pS129 (yellow) aSyn. Higher CSPs are observed for
173  D121A compared to WT and pS129 aSyn. (c) 2D H->*N HSQC NMR spectra of p5129 and D121A aSyn
174 in the absence (red) and in the presence of calcium (green). Major chemical shift perturbations in the
175 presence of calcium are located at the C terminus (arrows with assigned amino acid residues) in both

176 pS129 and D121A aSyn.

177 In order to determine whether the above structural changes we observed in the presence of calcium
178  were simply due to changes in the affinity for calcium of the different aSyn variants, we performed
179 calcium titrations experiments. We applied two different fitting algorithms to determine the
180 dissociation constant. Using a previously applied model #3, but this time using a fixed ligand (calcium)
181 number of 3 (which relates to the number of calcium ions bound as determined by MS with the same
182  aSyn to calcium ratio), we obtained a Kp of 95 (+ 16) uM, 91 (+ 16) uM and 69 (* 8) uM for WT, pS129
183 and D121A aSyn, respectively. Using the Hill equation, which also takes into account the level of
184  cooperativity, we obtain a Kp of 670 (x 51) uM, 670 (+ 33) uM and 460 (x 27) uM for WT, pS129 and
185 D121A aSyn, respectively. For all fittings, we get an n >1, indicating that calcium binds cooperatively

186  to aSyn (Figure S7).

187 We next performed ThT-based kinetic assays to investigate whether the above observed
188  conformational differences or calcium binding capacities of aSyn influenced the aggregation
189  propensity of the three aSyn variants. The results of the assay showed that although D121A and pS129
190  aSyn had different charges at the C-terminus, both had a lower aggregation propensity than WT aSyn,
191 particularly in the absence of calcium (Figure S8). The presence of calcium did increase the aggregation
192 rate of D121A and pS129 aSyn in comparison to aggregation rates without calcium, however not to
193 the same extent as the rate of WT aSyn. This was also reflected in the concentration of remaining
194 monomer determined by size-exclusion chromatography high-pressure liquid chromatography (SEC-
195 HPLC) (Figure S8 and S9). It thus appears that the affinity of aSyn to calcium does not influence
196  aggregation rate per se as the affinity of D121A aSyn for calcium is higher than of WT and pS129 aSyn.

197

198 D121A and pS129 aSyn are less exposed at the N-terminus compared to WT aSyn upon calcium
199 addition
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200  We further investigated whether the perturbations observed by NMR led to shielding or exposure of
201 D121A and pS129 aSyn monomers using HDX-MS. This technique probes the submolecular structure
202  and dynamics of proteins by employing hydrogen-deuterium exchange, and thus permit the
203 identification of protein sequences that are more exposed to the solvent and/or less strongly
204 hydrogen-bonded (deprotected). Binary comparison of the deuterium uptake profile between WT and
205 D121A aSyn and WT and pS129 aSyn showed that both variants are not significantly different to WT
206  aSyn (Figure 3a and b).

207  We again used calcium to perturb the ensemble of conformations to compare alterations of long-
208 range interactions between the three aSyn variants. Binary comparison of the deuterium uptake
209 profile of monomeric WT aSyn revealed solvent protection at the C-terminus and significant
210 deprotection at the NAC and the N-terminus region of aSyn in the presence of calcium compared to
211 the absence of calcium (Figure 3c). This indicates that, when calcium is bound to aSyn, there is reduced
212 exposure to the solvent or increased hydrogen bonding at the C-terminus of aSyn, where calcium
213 binds, and deprotection of the N-terminus, as observed by CSPs using NMR. A similar behaviour was
214 also observed for D121A and pS129 aSyn as, upon calcium binding, solvent protection is observed at
215  the C-terminus and deprotection at the NAC region of aSyn (Figures 3d,e). However, while D121A aSyn
216  has a more solvent exposed N-terminus, pS129 aSyn displays little difference in protection levels at
217  the N-terminus. Despite both of these averaging structures being deprotected upon the addition of
218  calcium, they are still more protected/less exposed compared to WT aSyn in the calcium-bound state
219  (Figure 3c-e). Both NMR and HDX-MS indicate that D121A and pS129 aSyn have different ensembles
220  of conformations compared to WT aSyn. Upon perturbation of the conformational ensemble by
221 calcium binding, the degree of exposure of the N-terminus is much less pronounced in D121A and
222 pS129 aSyn than in WT aSyn. This correlates with the reduced aggregation propensity in the calcium-

223 bound state of D121A and pS129 aSyn, as determined by the ThT fluorescence kinetic assay.
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225 Figure 3. HDX-MS reveals different structural conformations in monomeric D121A and pS129
226 compared to WT aSyn. Bars represent differences in deuterium uptake along the sequence of
227  differently compared aSyn variants (e.g. WT vs D121A aSyn) with the N-terminus labelled in blue, the
228 NAC region in yellow, and the C-terminus of aSyn in red. Negative values represent increased
229 deuterium uptake in the mutant (a,b) or in the calcium bound state (c-e), more solvent exposure, and
230 less hydrogen bonding. Peptides containing the mutation were not comparable to WT aSyn and were
231 removed from the data set, indicated by blank regions. Comparison of the deuterium uptake (in Dalton
232 -Da) between (a) WT and D121A aSyn and (b) WT and pS129 aSyn showed that both were not
233 significantly different to WT aSyn. (c) In the presence of calcium, WT aSyn becomes significantly more
234  deprotected (more solvent exposed/less hydrogen bonded) at the N-terminus and the NAC region,

235 and at the same time becomes solvent protected at the C-terminus. (d) D121A aSyn is significantly
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236  more deprotected at the N-terminus and the NAC region upon calcium addition and solvent protected
237  atthe C-terminus. (e) pS129 aSyn is deprotected at the NAC region upon calcium addition and solvent
238  protected at the C-terminus. The grey trace signifies the error (1 s.d.) of six replicates collected per
239  condition. Data acquired at each peptide were subjected to a Student’s t-test with a p-value < 0.05

240 and significant differences are presented by a *.
241

242 Familial aSyn mutants display differences in aggregation propensity and N-terminus solvent

243 exposure compared to WT aSyn

244  To further investigate whether differences in the sub-molecular structure are apparent in the familial
245 aSyn mutants A30P, E46K, A53T, A53E, H50Q, and G51D and whether this can influence aggregation
246  rates, we first studied their aggregation kinetics in the presence and absence of calcium using ThT-
247  based kinetic assays. Comparison of the fibrillisation rates of the familial mutants with WT aSyn in the
248  absence of calcium shows that the aSyn mutants E46K, A53T, and H50Q aggregate faster than WT
249  aSyn while the familial aSyn mutants A30P, A53E, and G51D aggregate more slowly than WT aSyn
250  (Figure S10). Upon the addition of calcium, WT aSyn nucleation and elongation is enhanced, as
251 previously shown %%, and for the fast aggregating aSyn mutants, A53T, E46K, and H50Q the aggregation
252 rate is also enhanced upon the addition of calcium, similarly to WT aSyn. However, the slow
253  aggregating aSyn mutants A30P, A53E, and G51D are either insensitive to calcium addition or
254  aggregate more slowly. In order to determine whether the difference in aggregation was due to
255  structural differences of the monomer, we again employed FTIR spectroscopy. The monomeric familial
256  aSyn mutants all had an increased beta-sheet content, particularly A30P, E46K and A53T aSyn which
257  were significantly different (Figure S11).

258

259  To gain more detailed and localised structural information than obtained by FTIR, we employed HDX-
260 MS. The familial aSyn mutants A53T and A53E were selected from the familial mutants’ panel for this
261 analysis, as they displayed different aggregation behaviour, even though the point mutations were
262 localised on the same residue. Binary comparison of WT and A53T aSyn in the absence of calcium
263 showed that there was no significant difference in deuterium uptake between the two protein states
264  (Figure 4a), as observed for comparisons between WT and A53E aSyn (Figure 4b), and also A53T and
265  AS53E aSyn in the absence of calcium (Figure 4c). Upon the addition of calcium, solvent protection is
266  observed at the C-terminus of A53T and A53E aSyn similar to WT and the other aSyn variants (see
267 D121A and pS129 aSyn), indicating that the protection at this region is primarily due to calcium

268  binding. At the same time, A53T aSyn is significantly deprotected at the N-terminus, at a similar level
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270
271
272
273

274
275

276
277
278
279
280

to WT aSyn, indicating a breaking of hydrogen bonding or a local unfolding event (Figure 4d,e). In

contrast to the latter, for A53E aSyn (Figure 4f) no significant differences can be identified, neither at

the NAC region nor at the N-terminus, upon calcium binding. Thus, the extent to which structural

dynamics are perturbed in the N-terminal region in response to binding of calcium at the C-terminus

correlates with an increase in the aggregation propensity of aSyn and its variants.
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Figure 4. HDX-MS reveals different structural conformations of monomeric A53E compared to WT

and A53T aSyn. Bars represent differences in deuterium uptake along the sequence of differently

compared aSyn variants with the N-terminus labelled in blue, the NAC region in yellow, and the C-

terminus in red. Negative values represent increased deuterium uptake in the mutant (a-c) or in the

calcium bound state (d-f), more solvent exposure, and less hydrogen bonding. Peptides containing the

mutation were not comparable to WT aSyn and were removed from the data set, indicated by blank
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281 regions. Difference in deuterium uptake (Da) between (a) WT and A53T aSyn, (b) WT and A53E aSyn
282  and (c) A53T and A53E aSyn showed no significant differences throughout the sequence. In the
283 presence of calcium, as shown in Figure 2c, (d) WT aSyn becomes significantly deprotected at the N-
284  terminus and the NAC region, and more solvent protected at the C-terminus. (e) Similarly, A53T aSyn
285 is significantly deprotected at the N-terminus and the NAC region upon calcium addition, and at the
286 same time becomes solvent protected at the C-terminus. (f) A53E aSyn also becomes solvent
287 protected at the C-terminus upon calcium addition but no significant changes are observed at the NAC
288 region and most of the N-terminus. The grey trace signifies the error (1 s.d.) of six replicates collected
289 per condition. Data acquired were subjected to a Student’s t-test with a p-value < 0.05 and significant
290 differences are presented by a *.

291

292  The distribution of aSyn conformations is altered upon calcium binding

293  Techniques such as NMR and HDX-MS measure an ensemble of all conformations in the sample. Native
294 nano-ESI IM-MS can instead characterise heterogeneous structural ensembles, which permits us to
295  determine whether there is a difference in the distribution of conformations in the protein ensemble
296  between different aSyn variants. The ion mobility of a protein is measured inside the mass
297  spectrometer and determined by the number of collisions the protein ions have with gas molecules,
298 influencing the drift (or arrival) time which is a direct correlation to the rotationally averaged size and
299  shape of the particle. The larger the collision cross section (CCS), the more extended the conformation
300 of aSyn, and the lower the CCS, the more compact the conformation. In the gas-phase, WT aSyn was
301 found to have four main conformational distributions at the 8+ charge state (Figure 5a) which have
302 been observed previously “7%. A shoulder on the D peak of the protein profile in the arrival time
303  distribution (ATD) suggests that there is an additional weak conformation present (E) at this charge
304  state (Figure S12). As the charge state increases, the aSyn conformations become more extended due
305 to a higher coulombic repulsion (Figure $13). The familial mutations also display four main co-existing
306  conformational distributions, and no significant differences in overall compactness are observed
307 compared to WT aSyn (Figure 5a, Figure S12). The ATD containing the main four CCS values at 8+ was
308 subdivided into regions labelled A-D, with region E containing the least abundant and most compact
309 conformation. Analysis of the data by both intensity (Figure 5a) and calculation of the area under each
310 peak in the ATD, displayed as a percentage of the total population (Figure 5b) reveals no significant
311  differences in the distribution of the ensemble of conformations between WT and mutant aSyn. There
312  are however slight differences in the distribution of conformations between the different aSyn

313  variants (Figure 5, Table S1 and S2).
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314  Upon addition of calcium, compacted conformations are favoured in all aSyn variants, particularly
315  conformation C, as indicated by more populated low CCS values (Figure 5a, +2Ca?*). Furthermore,
316  analysis of the mass spectra showed that there were no significant differences in the distribution and
317 maximum number of calcium ions bound to any of the aSyn variants, with, on average, two to three

318 Ca*ions bound at a 1:10 protein to calcium ratio (Figure S14, S15).
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319

320  Figure 4. Nano-ESI-IM-MS reveals differences in aSyn conformation equilibria and compactions
321 upon addition of calcium. Heat maps of aSyn conformations detected for the 8+ charge state based
322  onintensity for (a) WT aSyn and the aSyn familial mutations, A30P, E46K, A53E, A53T, H50Q and G51D
323 in the absence (No Ca?*) and presence of calcium at a 1:20 protein to calcium ratio, representing a two
324  Ca*bound state (+2 Ca?*). Red represents the most populated CCS values by intensity. Upon addition
325  of calcium, a higher proportion of aSyn have a lower collisional cross section (CCS) value (seen in the
326 most populated region C), representing compaction. The area is separated into regions A, B, C, D, E at

327  the right of the heat maps to denote and quantify the population of different conformations. (b) The
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328  conformational distributions of WT and mutant aSyn expressed as percentage were calculated from
329 the area under each section or peak in the ATD and are presented in the absence (Without Ca?*) and

330 presence of calcium (+2 Ca?*) and also in Tables S1, S2 including statistical analysis.
331

332  Discussion

333

334  As an intrinsically disordered protein, aSyn is constantly sampling a large conformational space and
335  exists as an ensemble of conformations. The distribution of these conformations is significantly
336 influenced by both changes in the sequence of the protein (e.g. mutations or PTMs) and the
337  surrounding environment. Some of these structural conformers are expected to follow different
338  aggregation pathways, possibly resulting in different fibril polymorphs and even leading to different
339  disease outcomes. By understanding how genetic and environmental factors, such as mutations, PTMs
340  and calcium, influence the dynamics of conformation and favour monomeric aggregation-prone
341  structures we may begin to understand the initiation of misfolding pathways leading to different
342 synucleinopathies, and subsequently how to disrupt them. However, here within lies the difficulty as
343 the conformations monomeric aSyn samples are similar in size, charge and structure and are thus hard
344  to detect using ensemble measurement techniques. Furthermore, it is difficult to discern differences
345  in overall conformations when comparing mutant to WT aSyn. In this study, we used the biologically
346  relevant ion, calcium, to perturb the conformational ensemble of aSyn structures and compared the
347  differences in CSPs, hydrogen bonding/solvent exposure and distribution of conformations between
348  aSyn and its mutants. In general, calcium has been shown to enhance the aggregation rate of aSyn
349 347 likely by a similar mechanism as low pH, whereby the reduction of the negative charge at the C-
350 terminus leads to C-terminal collapse, altered long-range electrostatic interactions and enhanced
351  hydrophobic interaction between the C-terminus and the NAC region which drives aggregation 2%%&
352 1, We observed mutant specific differences in long-range interactions, compaction and solvent
353 exposure compared to WT aSyn which will be discussed individually.

354

355 Mutation and phosphorylation at the C-terminus alter long-range interactions

356  We first investigated the role of charge and long range interactions at the C-terminus by comparing
357  two aSyn variants with reduced (D121A) and added (pS129) negative charge. We observed that both,
358 D121A and pS129 aSyn displayed reduced aggregation rates in comparison to WT aSyn, indicating that
359 increasing or decreasing charge by one residue at the C-terminus does not decrease or increase
360 aggregation rates, respectively, as may have been expected. Many studies investigating the effect of

361 charge on aSyn aggregation rates use C-terminus truncations which heavily disrupt and remove long-
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362 range interactions. aSyn truncated at Y133 and D135 leads to increased aggregation rates, but
363 phosphorylation at S129 of these truncated aSyn reduces the aggregation rate, suggesting
364  phosphorylation at 5129 does have an inhibitory effect on aggregation®?. Furthermore, calcium
365 binding affinity does not correlate with aggregation rates, suggesting that altered residual monomeric
366 structure at specific regions and not calcium binding or alteration of single charges per se influences
367 aggregation rates. We observed only small differences in the conformational properties of the
368 monomeric aSyn, as revealed by changes in CSPs and solvent exposure for D121A or pS129 compared
369 to WT aSyn in the absence of calcium. This is likely due to the vast array of conformations sampled by
370 the protein leading to minimal structural changes using protein ensemble measurement techniques
371 such as NMR and HDX-MS. However, by perturbing the ensemble of conformations, as seen upon the
372  addition of calcium, we could observe differences in CSPs and deuterium uptake upon calcium binding.
373 pS129 aSyn has a different calcium-binding region and displays no broadening in the NAC region
374  compared to WT aSyn, while D121A has a higher degree of CSPs across the sequence, but also no NAC
375 region broadening, suggesting long-range interactions with the NAC region in both these mutants are
376  altered before calcium binds. Broadening in the NAC region has been observed for WT aSyn when
377  bound to calcium *° and at low pH, suggesting enhanced interactions the between calcium binding
378  region, namely the charge neutralised C-terminus, and the NAC region %2, Regarding aSyn’s propensity
379  to aggregate, we observe, using HDX-MS, that the N-terminus of pS129 aSyn is not solvent exposed
380 upon calcium binding, whereas for D121A aSyn, although the N-terminus is slightly exposed, is
381  significantly less exposed compared to WT aSyn upon calcium binding, correlating to the decreased
382  aggregation propensity of D121A and pS129 aSyn. Previous HDX-MS studies have suggested that the
383 N-terminus of aSyn may be involved in aggregation as there is heterogeneity in its solvent exposure
384 during aggregation which is also linked to fibril morphology, while the C-terminus remains completely
385  solvent exposed %37, Here, we show that the extent of N-terminus (aar 1-60) and NAC region (aar 61-
386  95) exposure, based on the amount of deuterium exchange which is determined by ease of
387 accessibility, is correlated to the aggregation propensity of aSyn, where WT>D121A>pS129 in terms
388 of N-terminus exposure, but the opposite is observed for aggregation propensity. Importantly, we only
389 observe N-terminus exposure upon the disruption of long-range interactions with the C-terminus
390 upon calcium binding. The C-terminus thus greatly influences aggregation propensity, as it is
391 important in maintaining long range interactions and solubility of monomeric aSyn %7, Mutation of
392 proline®®, or glutamate® residues to alanine at the C-terminus increases aSyn aggregation propensity,
393  yet mutation of tyrosine?” residues to alanine decreases aSyn aggregation propensity. This suggests
394  that mutations of specific residues alter specific long-range interactions which subsequently influence

395  the distributions of conformations within the dynamic ensemble and thus the aggregation propensity
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396  of aSyn and its variants. Even phosphorylation of S129 compared to Y125 aSyn (only 4 aar apart) leads
397 todifferences in aggregation rates, as pY125 does not influence the aggregation rate compared to WT
398  aSyn *°, neither the binding capacity of aSyn to nanobodies nor the alteration of metal binding sites,
399 indicating very site-specific functions and interactions are present at the C-terminus %+, Although
400 D121A aSyn is not a naturally occurring mutation, by comparing it to pS129, we can explore how
401 altering long-range interactions of monomeric aSyn at the C-terminus by mutation, PTM or addition
402  of divalent cations leads to altered interactions with the NAC region and different levels of solvent
403 exposure at the N-terminus. Mutations leading to altered long-range interactions lead to a favouring
404 of non-aggregation prone conformations in pS129 and D121 aSyn presented here, but under other
405 environmental conditions not tested here, a favouring of aggregation prone conformations may also
406  occur, and thus both sequence and environment are important in determining aSyn’s aggregation

407 propensity.
408
409  Familial aSyn mutants display different long-range interactions

410  While all familial aSyn point mutations reside at the N-terminus, the putative calcium binding site is
411  at the C-terminus ®°. Certainly, the presence of a familial aSyn mutation has been shown to alter
412 interactions between the mutation site and the C-terminus by NMR compared to WT aSyn, with
413  regional differences apparent for each aSyn mutant in physiological and mildly acidic conditions 3%,
414 In the present study, we observe that the familial aSyn mutants have different aggregation kinetics in
415 response to calcium, which is understandable considering the mutation regions interact with the
416  calcium binding regions at the C-terminus. Using HDX-MS, we observe a difference in the level of
417  solvent protection at the N-terminus of A53T and A53E aSyn upon binding of calcium suggesting that
418 indeed different long-range interactions are present. A local unfolding event (deprotection) at the N-
419  terminus and the NAC region of WT and A53T aSyn correlates with their increased aggregation
420 propensity upon calcium addition. No such deprotection was observed for the aSyn mutant A53E,
421 whose aggregation kinetics were similar in the presence and absence of calcium. We expect that the
422 release of long-range contacts with the C-terminus leads to exposure of the N-terminus and the NAC
423 region, which is observed in WT and A53T aSyn, to be a major factor influencing aSyn aggregation
424 kinetics. Several experiments have shown the importance of the N-terminus in modulating aSyn
425 aggregation. The presence of repeating units, KTKE, across the N-terminus seems to have an important
426  role because addition, deletion, swapping and their spacing lead to differential aggregation rates -2,
427 Furthermore, cross linking G41C and V48C leads to inhibition of aggregation %, and targeting proteins

428  that bind to aar 37-54 prevents aggregation 45>, It must be noted that all the familial aSyn mutations
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429  are also present at the N-terminus and several studies have shown the mutant aSyn have destabilised
430  monomeric structures and altered long-range interactions compared to WT aSyn 70, The altered
431  stability combined with a lower propensity to form an a-helix, as observed by FTIR, at the N-terminus
432  compared to WT aSyn, may skew the distribution of the conformational ensemble leading to
433  conformations with high propensity to form oligomers and fibrils 67687172 We observe increased N-
434  terminus solvent exposure for the ‘fast aggregating’ mutant A53T compared to the ‘slow aggregating’
435 mutant A53E. In another study, the ‘fast aggregating’ mutant, E46K, also displays an increased solvent
436 exposure across its sequence, and, in addition, N-terminus residues are involved in oligomerisation 3.
437  The fact that such differences in aSyn long-range contacts and an increase in N-terminus solvent
438 exposure can be identified as early as the monomer level, and correlate to the propensity to fibrillise
439 is important, and a step towards understanding early events in the misfolding pathway and how
440  structure and environmental factors may influence aggregation propensity of the monomer.

441

442  To gain insight into the mechanisms by which mutations associated with familial PD alter aggregation
443 kinetics of aSyn, we sought to determine whether there were differences in the distribution of
444  monomer conformations between the familial aSyn mutants and WT aSyn using native nano-ESI-IM-
445 MS. We observed the presence of more than one population of conformations of aSyn in the gas
446  phase, indicating that aSyn may also take on a multitude of different conformations in solution. Upon
447 calcium addition, the conformational ensemble shifted towards favouring compacted structures in all
448  aSyn mutants as the C-terminus collapses due to charge neutralisation upon binding to calcium, which
449  has also been previously observed when Mn?* and Co*" bind WT aSyn **. Divalent cation binding is
450  specific to the C-terminus, leading to compaction of aSyn conformations, non-specific binding of
451 monovalent ions (e.g. K*, Na*) leads to extended structures being favoured due to charge shielding of
452  the N- and C-termini (A.D. Stephens, et. al., in preparation). Of note, the CCS values most favoured in
453  the calcium-bound state in region C are also present in the non-calcium bound state, but to a lesser
454  extent, it is thus possible that calcium binding leads to a bias towards structures that are already
455 available to the monomer in the calcium-free state. The increase in aggregation propensity of WT aSyn
456 upon calcium binding cannot only be explained by charge neutralisation at the C-terminus as all
457  familial aSyn mutants should have responded in the same way to calcium which was not the case. It is
458 more likely that the difference in aggregation propensity is a result of perturbed long-range
459 interactions between the C-terminus, and thus the sequence and its interaction with the local
460  environment, which skew the population towards more aggregation prone structures. Multiple

461  conformations are likely present in each CCS value group, suggesting that nano-ESI-IM-MS today may
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462  not have the resolution to determine differences in the ensemble of conformations between WT and
463 mutant aSyn.

464

465  Conclusions

466  As an IDP, aSyn samples many different conformations making it difficult to identify specific
467 aggregation prone conformations, particularly using ensemble measurement techniques. By
468 comparing the submolecular structure of calcium-bound aSyn variants, we instead sampled a skewed
469 population and inferred differences in structure and aggregation propensity as part of a response to
470 calcium binding at the monomer level. We attribute the increase in aggregation propensity upon
471 calcium binding to structural perturbation, as we observe no correlation in aSyn’s aggregation
472 propensity to its affinity to calcium, the number of calcium ions bound or charge neutralisation at the
473  C-terminus. Instead, we observe different responses to calcium based on the presence of different
474  long-range interactions which are likely already altered in non-calcium bound forms of the familial
475 mutants and upon the addition of PO* at S129 (Figure 5). Calcium binding leads to further disruption
476  of intramolecular interactions with the C-terminus leading to unfolding and solvent exposure of the
477 N-terminus.

478  The extent of N-terminus solvent exposure upon C-terminal binding of calcium correlates with the
479  aggregation propensity of aSyn; pS129, A53E, and to some extent D121A aSyn were less solvent
480  exposed at the N-terminus and had a reduced aggregation propensity compared to WT and A53T aSyn
481  which were more aggregation prone and more solvent exposed at the N-terminus and at the beginning
482  of the NAC region (Figure 5). It remains to be determined whether these different structures of
483 monomeric aSyn can be isolated or whether they have different toxicity in cells. This would be an
484  important step in rationalising the molecular mechanism of PD and other synucleinopathies, by
485 identifying which local environmental factors bias the monomeric population towards the most
486  disease-relevant conformers. Finally, targeting the most disease-relevant monomeric structures of
487 aSyn and to convert them into ‘normal’ functional structures could open up a new chapter in the
488 design of therapeutics against PD and other synucleinopathies.

489
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490

491 Figure 5. Cartoon representation of the effect of phosphorylation, mutation and calcium binding on
492 asyn. (a) aSyn is a dynamic ensemble of conformations in solution. Its solubility is maintained by long-
493 range interactions between the N-terminus (blue), NAC region (yellow) and the C-terminus (blue) of
494  aSyn. (b) Addition of a phosphate group to $129 (purple circle) or mutation (purple cross) alters the
495 long-range interactions and skews the dynamic ensemble to favour or disfavour aggregation prone
496  structures. (c) Addition of divalent cations such as calcium (green) leads to charge shielding, C-
497  terminus collapse and exposure of the N-terminus of aSyn. (d) Calcium binding to phosphorylated or
498  mutated aSyn leads to different perturbations of long-range interactions. Phosphorylation at 5129
499  leads to aslightly different calcium binding region and to reduced solvent exposure of the N-terminus
500 compared to WT aSyn. The aSyn mutation A53T (mid blue with purple cross) leads to N-terminus
501 solvent exposure upon calcium binding at the C-terminus, similar to WT aSyn, however the aSyn
502 mutation A53E (light blue with purple cross) leads to less N-terminus solvent exposure upon calcium
503  binding.

504
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505 Methods
506  Purification of aSyn

507 Human wild-type (WT) alpha-synuclein was expressed using plasmid pT7-7. ASyn mutations D115A,
508 D119A, D121A, A30P, E46K, A53T, A53E, H50Q and G51D were introduced using the QuikChange
509 Lighting Site-Directed Mutagenesis K (Agilent Technologies LDA UK Limited, UK) and confirmed by
510 sequencing (Source Bioscience, Nottingham, UK). The plasmids were heat shocked into Escherichia
511 coli One Shot® BL21 STAR™ (DE3) (Invitrogen, Thermo Fisher Scientific, Cheshire, UK) and purified as
512 previously described 2. Briefly, expressed aSyn was purified using ion exchange chromatography (IEX)
513  on a HiPrep Q FF 16/10 anion exchange column (GE Healthcare, Uppsala, Sweden). aSyn was then
514  further purified on a HiPrep Phenyl FF 16/10 (High Sub) hydrophobic interaction chromatography (HIC)
515  column (GE Healthcare). aSyn was extensively dialysed against 20 mM Tris pH 7.2 and concentrated
516  using 10 k MWCO amicon centrifugal filtration devices (Merck KGaA, Darmstadt, Germany) and stored
517 at -80 °C until use. Before experiments 1 mL of aSyn was further purified using a Superdex 75 pg
518 10/300 GL size exclusion chromatography (SEC) column (GE Healthcare) to obtain monomeric protein.
519 Purification was performed on an AKTA Pure (GE Healthcare). Protein concentration was determined
520 by measuring the absorbance at 280 nm on a Nanovue spectrometer using the extinction coefficient

521 5960 Mcm™.

522 Protein purity was analysed using analytical reversed phase chromatography. Each purification batch
523 was analysed using a Discovery BIO Wide Pore C18 column, 15cm x 4.6mm, 5um, column with a guard
524  cartridge (Supelco by Sigma-Aldrich) with a gradient of 95% to 5% H,0 + 0.1% trifluroacetic acid (TFA)
525  and acetonitrile + 0.1% TFA at a flow-rate of 1 mL/min. The elution profile was monitored by UV
526  absorption at 220 nm and 280 nm on an Agilent 1260 Infinity HPLC system (Agilent Technologies LDA
527 UK Limited, UK) equipped with an autosampler and a diode-array detector (a representative

528 chromatograph is shown in Figure S1A). Protein purity fell between 89 - 96 %.
529  Purification of aSyn for nuclear magnetic resonance experiments

530 E. coli was grown in isotope-enriched M9 minimal medium containing 15N ammonium chloride, and
531 13C-glucose similar to our previous protocol 73, Briefly, to isolate expressed aSyn the cell pellets were
532 resuspended in lysis buffer (10mM Tris-HCl pH 8, 1mM EDTA and EDTA-free complete protease
533 inhibitor cocktail tablets (Roche, Basel, Switzerland), 0.2 mM phenylmethylsulfonyl fluoride (PMSF)
534  and Pepstatin A and lysed by sonication. The cell lysate was centrifuged at 22,000 g for 30 min to
535 remove cell debris and the supernatant was then heated for 20 min at 90 °C to precipitate the heat-

536  sensitive proteins and subsequently centrifuged at 22,000 g. Streptomycin sulfate (Sigma-Aldrich)

20


https://doi.org/10.1101/740241
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/740241; this version posted August 20, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

537 10mg/ml was added to the supernatant to precipitate DNA. The mixture was stirred for 15 min
538 followed by centrifugation at 22,000 x g, then repeated. Ammonium sulfate 360 mg/ml was added to
539  thesupernatant precipitate the protein aSyn. The solution was stirred for 30 min and centrifuged again
540  at 22,000 x g. The resulting pellet was resuspended in 25mM Tris-HCI, pH 7.7 and dialysed overnight.
541 The protein was purified by IEX on a HiPrep Q FF anion exchange column (GE Healthcare) and then
542  further purified by SEC on a HiLoad 16/60 Superdex 75 prep grade column (GE Healthcare). All the
543 fractions containing the monomeric protein were pooled together and concentrated by using amicon

544 10 k MWCO centrifugal filtration devices (Merck).

545

546 Purification of phosphorylated serine 129 aSyn

547  WT a-syn 3C/®N-labelled (a-syn *C/**N) was expressed and purified as previously described 7+74,
548 Briefly, E.coli BL21(DE3) cells were transfected with a pT7-7 plasmid containing WT aSyn and was
549 cultured in an isotopically supplemented minimal media according to a previously described protocol
550 "' then aSyn 3C/™N was purified using an anion exchange chromatography followed by reversed-
551 phase HPLC (RP-HPLC) purification using a Proto 300 C4 column and a gradient from 30 to 60% B over
552 35 min at 15 ml/min, where solvent A was 0.1% TFA in water and solvent B was 0.1% TFA in
553  acetonitrile, the fractions containing the protein were pooled and lyophilized and the protein was
554  stored at -20°C. For the preparation of phosphorylated S129 a-syn *C/**N ( aSyn 3C/**N pS129), we
555  used a previously established protocol using PLK3 kinase to introduce selectively the phosphorylation
556  at $129 75. The WT aSyn *C/**N was resuspended in the phosphorylation buffer (50 mM HEPES, 1 mM
557 MgCl2, 1 mM EGTA, 1 mM DTT) at a concentration of ~150 uM and then 2 mM of ATP and 0.42 ug of
558 PLK3 kinase ( Invitrogen) per 500 ug of protein were added. The enzymatic reaction was left at 30°C
559  overnight without shaking. Upon complete phosphorylation, as monitored by mass spectroscopy
560  (LC/MS), aSyn 3C/™N pS129 was purified from the reaction mixture by RP-HPLC using an Inertsil
561  WP300-C8 semiprep column. Finally, the fractions containing the protein of interest were pooled and
562  quality control of aSyn 3C/**N pS129 was performed using mass spectroscopy, UPLC, and SDS-PAGE,
563  the protein was 99.89% phosphorylated (Figure S1B-D).

564  Solution nuclear magnetic resonance (NMR)

565 In order to probe the structure and thermodynamics of calcium binding with aSyn WT, pS129 and
566 D121A at a residue specific level, we employed a series of 'H->°N HSQC experiments using different
567 concentrations of Ca** (0.0 mM to 4.2 mM) and a fixed concentration of aSyn (200 pM). NMR
568 experiments were carried out at 10°C on a Bruker spectrometer operating at 'H frequencies of 800

569 MHz equipped with triple resonance HCN cryo-probe. The 'H-°N HSQC experiments were recorded
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using a data matrix consisting of 2048 (t,, 'H) x 220 (t,, **N) complex points. Assignments of the

resonances in H-"N-HSQC spectra of aSyn were derived from our previous studies.

The perturbation of the *H->N HSQC resonances was analysed using a weighting function:

1
AS = JE (62 +0.156%)

The titration enabled calculating the fraction of bound aSyn, yg, as a function of [Ca*'].

— A5obs
Afs‘sat

XB
Where the Ad,; is the chemical shift perturbation of the amide group of a residue of aSyn at a given
[Ca?*] and Ad,y; is the perturbation obtained with calcium saturation. y values were obtained as a
function of [Ca?™] for every residue of the protein for which resolved peaks in the *H->°N HSQC are
available. A global yp was calculated by average the fractions corresponding to residues associated
with major resonance perturbations in the presence of calcium.
In order to obtain the apparent dissociation constant we used two different models.
As first, we employed a model based on previous investigations °:

asynY + (Ca**), = asyn®(Ca?**),
Where asynV and asyn? indicate free and calcium bound aSyn, L indicates the number of Ca?*
interacting with one aSyn molecule, and the overall concentration of aSyn in this equilibrium is given
by
[asyn] = [asynV] + [asynB(Ca?™),]

the apparent dissociation constant in this model corresponds to:

_ lasyn?][Ca?*,]
P = [asynB(Ca?),]

Which provides a formula for yg:

[asyn] + [CC;‘H] +Kp — ([agyn] + [Cczz*'] n KD)2 _ 4[asyng[Ca2+]

XB = 2[asyn]

When using this fitting model in the case of WT aSyn we obtained a Kp of 21 (+ 5) uM and an L of 7.8
(£ 0.51) *°. Based on the present MS data, we here fixed the value of L to 3.
We then used a different model that accounts for the cooperativity of the binding. In particular, we

used the Hill equation to fit our data:
[Ca2+]n

XB = Yo+ [Ca2t]n

Where the Hill coefficient, n, describes the cooperativity of the binding. A n value higher than 1

indicates a positive cooperativity for the binding.
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599  Hydrogen-deuterium exchange mass spectrometry (HDX-MS)

600 Hydrogen exchange was performed using an HDX Manager (Waters, USA) equipped with a CTC PAL
601  sample handling robot (LEAP Technologies, USA). Samples of aSyn in protonated aqueous buffer (20
602 mM Tris, pH 7.2) were diluted 20-fold into deuterated buffer (20 mM Tris, pD 7.2) at 20 °C, initiating
603 hydrogen exchange. The same was performed for the calcium condition, in protonated and
604 deuterated buffers containing 1 mM CaCl; (20 mM Tris, pH 7.2, 1 mM CaCl;, and 20 mM Tris, pD 7.2,
605 1 mM CacCly). The protein was incubated for 30 s in the deuterated buffer and six replicates were
606  collected per condition. Hydrogen exchange was arrested by mixing 1:1 with pre-chilled quench buffer
607 (100 mM Tris, 8 M Urea, pH 2.45 at 0 °C). The protein was then digested into peptides on a pepsin
608  column (Enzymate, Waters) and the peptides were separated on a C18 column (1x100 mm ACQUITY
609 UPLC BEH 1.7 um, Waters) with a linear gradient of acetonitrile (3-40 %) supplemented with 0.2 %
610 formic acid. Peptides were analysed with a Synapt G2-Si mass spectrometer (Waters). The mass
611 spectrometer was calibrated with Nal calibrant in positive ion mode. A clean blank injection was ran
612 between samples to minimise carry-over. Peptide mapping of aSyn, where peptides were identified
613 by MS/MS fragmentation, was performed prior to the hydrogen exchange experiments and analysed
614  using ProteinLynx Global Server- PLGS (Waters). Peptide mapping of aSyn yielded coverage of 100%
615  of aSyn with a high degree of redundancy (5.32) (Figure S2). The data pertaining to deuterium uptake
616  (representative data presented in Figure S3) were analysed and visualised in DynamX 3.0 (Waters) and

617  GraphPad Prism (GraphPad Software, US). No correction was made for back-exchange.
618  Nano electrospray ionisation ion mobility mass spectrometry (Nano ESI-IM-MS)

619  Afinal concentration of 20 uM AS (WT or mutant) was obtained in 20 mM ammonium acetate (Sigma
620  Aldrich, St. Louis, MO, USA) pH 7 and measured as a control. CaCl, (Merck, Darmstadt, Germany) was
621  dissolved in deionised H,O and added to the sample with a final concentration ranging between 200
622 UM and 400 pM. The samples were incubated for 10 minutes at room temperature before measuring.
623 Nano-ESI (ion mobility-) mass spectrometry (nano-ESI-IM-MS) measurements were performed on a
624  Synapt G2 HDMS (Waters, Manchester, U.K.) and analysed using Masslynx version 4.1 (Waters,
625 Manchester, U.K.). For infusion into the mass spectrometer, home-made gold-coated borosilicate
626 capillaries were used. The main instrumental settings were: capillary voltage 1.4-1.8 kV; sampling cone
627 25 V; extraction cone 1 V; trap CE 4 V; transfer CE 0 V; trap bias 40 V. Gas pressures used throughout
628 the instrument were: source 1.5-2.7 mbar; trap cell 2.3 x 10-2 mbar; IM cell 3.0 mbar; transfer cell 2.5
629  x10-2 mbar.

630

631
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Extent of N-terminus exposure by altered long-range interactions of monomeric
alpha-synuclein determines its aggregation propensity
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Figure S1. Analysis of WT and 13C/*5N pS129 aSyn purity and percentage phosphorylation.

(A) Representative chromatograph of WT aSyn analysed by analytical reverse phase (RP)-
HPLC, 50 pL of aSyn was injected onto a Discovery Bio Wide Pore C18-5 column and eluted
using a gradient of 5% acetonitrile + 0.1% acetic acid to 95% acetonitrile + 0.1% acetic acid
with H,0 + 0.1% acetic acid over 40 minutes at 1 ml/min. Percentage purity of aSyn was
93.9% based on absorbance at 280 nm. (B) Coomassie blue staining of SDS-PAGE gel of WT
aSyn. (C) Phosphorylation of 13C/®°N labelled aSyn at S129 was confirmed by mass
spectrometry (expected mass 15.333 kDa). (D) Ultra performance liquid chromatography
(UPLC) and (E) coomassie blue staining of SDS-PAGE gel was used to determine aSyn purity.
The labelling percentage of S129 was 99.89%.
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Figure S2. Peptide coverage map of aSyn using HDX-MS.
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Peptide mapping of aSyn was performed on a pepsin column prior to HDX-MS experiments,

yielding 100% coverage of aSyn with a high degree (5.38) of redundancy.
identified by MS-MS fragmentation with ProteinLynx Global Server (Waters).

Peptides were
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Figure S3. Deuterium uptake plots, measured in Dalton (Da), for representative peptides
containing aar 4-17 (N-terminus) and aar 125-132 (C-terminus) of WT aSyn in the presence
(red) and absence (blue) of calcium. Six replicates were collected per condition (+/- calcium)
for a 30 s labelling timepoint. Error indicates 1 s.d. No correction was made for back-
exchange. Uptake data for all the peptides were collected and further analysed to form

Figures 3 and 4.
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Discussion of ThT assays and FTIR of D to A mutants

Thioflavin T (ThT)-based kinetic assays showed little difference in aggregation rates for
D115A, D119A, D121A and WT aSyn in the absence of calcium, but in the presence of
calcium the D121A aSyn mutant had a significantly reduced aggregation rate compared to
the other aSyn variants (Figure S2). Furthermore, D121A aSyn did not aggregate into
fibrillary structures under these conditions as determined by AFM (Figure S3), suggesting
that D121A may not bind calcium or had a different, non-aggregation prone monomeric
structure. Analysis of the structure by FTIR showed that there were no significant
differences in all D to A mutant structures compared to WT, which was overall disordered

(Figure S4).
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Figure S4. ThT-based aggregation assay reveals that D121A aSyn does not aggregate to the
same extent as WT, D115A and D119A upon incubation with calcium.

(A) The average of individual experiments is shown as ThT fluorescence intensity plotted as % of
maximum fluorescence per plate of WT (blue), D115A (green), D119A (purple) and D121A aSyn
(red) and (B) in the presence of 2.5 mM CaCl,. 50 uM aSyn was incubated with 10 uM ThT in a
384 well plate with orbital agitation at 300 rpm for 5 minutes before each read every hour for
160 hours. (C.) Remaining monomer was measured using SEC-HPLC, 35 pL of monomer from
each well in the ThT assay were analysed on an AdvanceBio SEC 130A column equilibrated in 20
mM Tris pH 7.2 at 1 mL/min. Remaining monomer concentration was measured from the area
under the peak and calculated using a standard curve of known concentrations. The average
remaining monomer is numerically shown. (D.) Lag time (T,,g) and (E.) time to reach 50 % of
maximum aggregation (tsp) could only be calculated for assays containing calcium as there was
no clear aggregation plateau in aSyn samples without calcium. Measurements were repeated
with at least four sample replicates of three experiments and a one-way ANOVA with Sidak’s
multiple comparison was used to calculate statistical significance. Error bars represent SEM.

957

958
959
960
961
962

963

38


https://doi.org/10.1101/740241
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/740241; this version posted August 20, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

D115A

13.2nm

121nm

4.2nm 30.0nm

Figure S5. AFM reveals D121A aSyn forms mostly oligomeric structures, while WT, D115A and
D119A aSyn form fibrillary structures upon incubation.

aSyn samples were taken after ThT-based assays and incubated on freshly cleaved mica coated
in 0.01% poly-lysine. Samples were washed in dH,0 and dried. Representative images show fibril
formation for WT, D115A and D119A aSyn samples, but mostly oligomeric structures formed in

D121A aSyn samples. Scale bar = 800 nm.
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Figure S6. FTIR spectra and secondary structure analysis of WT and D to A mutant aSyn
reveal no structural differences between the variants.

69 uM aSyn in 20 uM ammonium acetate was lyophilised and analysed using FTIR. (A) FTIR
spectra of the absorbance of the aSyn D to A mutants, D115A (green), D119A (purple),
D121A (red) and WT aSyn (blue) between 1590 — 1710 cm™ and (B) their respective
secondary structure as % distribution after spectra deconvolution. Three scans were
performed for each sample and the experiment was repeated twice. A one-way ANOVA with
Sidak’s multiple comparison was used to calculate statistical significance. Error bars
represent SEM.
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Figure S7. Dissociation constants of WT, pS129 and D121A aSyn and calcium reveal no
significant differences between the different variants compared to WT aSyn and
cooperative binding of calcium to aSyn.

IH-’N HSQC spectra of WT, pS129 and D121A aSyn (200 pM) was collected in the
presence of increasing concentrations of Ca?* (0.0 mM to 4.2 mM). (A) Fitting of aSyn
calcium binding (Kj), where the number of calcium ions bound is fixed to 3, based on MS
data. Calculated K, were fitted for i) WT, ii) pS129, iii) D121A aSyn. (B) A second fitting
was then used which takes into account cooperative binding using the Hill equation and
gave K, values for i) WT, ii) pS129, iii) D121A aSyn. For all fittings using the Hill equation
the n values are larger than 1 which shows positive cooperativity for the binding of
calciumions.
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Figure S8. ThT-based aggregation assay reveals that D121A aSyn and pS129 aSyn do not
aggregate as fast as WT aSyn.

(A) The average of individual experiments are shown as ThT fluorescence intensity plotted as
% of maximum fluorescence per plate of WT (blue), D121A (red) and pS129 aSyn (yellow) and
(B) in the presence of 2.5 mM CaCl,. 20 uM aSyn was incubated with 20 uM in a half area 96
well plate with orbital agitation at 300 rpm for 5 minutes before each read every hour for 150
hours. (C.) Remaining monomer was measured using SEC-HPLC, 35 pL of monomer from each
well in the ThT assay were analysed on an AdvanceBio SEC 130A column equilibrated in 20
mM Tris pH 7.2 at 1 mL/min. Remaining monomer concentration was measured from the area
under the peak and calculated using a standard curve of known concentrations. The average
remaining monomer is numerically shown. (D.) Lag time (T,,;) and (E.) time to reach 50 % of
maximum aggregation (t;;) were calculated and the average numerically shown.
Measurements were repeated with at least four sample replicates of three experiments and a
one-way ANOVA with Sidak’s multiple comparison was used to calculate statistical

significance. Error bars represent SEM.
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Figure S9. Representative chromatograph of the remaining aSyn monomer concentration as
determined at the end of the ThT-based assay and analysed by size exclusion
chromatography.

asSyn samples taken from the wells of ThT-based assays were centrifuged to remove fibrils and
35 plL of the remaining monomer was analysed by HPLC-SEC. 35 pL was injected on to an
AdvanceBio SEC 130A column at a flow rate of 1 ml/min in 20 mM Tris pH 7.2 and absorbance
measured at 280 nm. The area under the curve reflects the remaining monomer concentration,
which is calculated using known protein standards. Representative remaining monomer

concentration from one well of WT aSyn (black) and WT aSyn + 2.5 mM Cacl, (blue) is shown.
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Figure S10. ThT-based aggregation assay reveals that the aSyn familial mutants display
different aggregation behaviour upon the addition of calcium.

(A) The average of individual experiments are shown as ThT fluorescence intensity plotted as %
of maximum fluorescence per plate of WT (red), A30P (orange), A53T (yellow), E46K (green),
AS53E (blue), H50Q (lavender), G51D aSyn (purple) and (B) in the presence of 2.5 mM CaCl,. 20
MM aSyn was incubated with 20 uM in a half area 96 well plate with orbital agitation at 300
rpm for 5 minutes before each read every hour for 150 hours. (C.) Remaining monomer was
measured using SEC-HPLC, 35 pL of monomer from each well in the ThT assays were analysed
on an AdvanceBio SEC 130A column equilibrated in 20 mM Tris pH 7.2 at 1 mL/min. Remaining
monomer concentration was measured from the area under the peak and calculated using a
standard curve of known concentrations. The average remaining monomer is numerically
shown. (D.) Lag time (T,;) and (E.) time to reach 50 % of maximum aggregation (tso) were
calculated and the average numerically shown. Mutant G51D aSyn did not reach the elongation
phase in the studied timeframe, so the t;; value was not calculated. Measurements were
repeated with at least four sample replicates of three experiments and a one-way ANOVA with
Sidak’s multiple comparison was used to calculate statistical significance. Error bars represent
SEM.
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Figure S11. FTIR spectra and secondary structure analysis of monomeric WT aSyn and
aSyn familial mutants reveal structural differences between the aSyn variants.

69 uM aSyn in 20 uM ammonium acetate was lyophilised and analysed using FTIR. (A)
FTIR spectra of the absorbance of WT aSyn (blue) and the aSyn familial mutants, A30P
(red), E46K (yellow), H50Q (teal), G51D (orange), AS53T (green), AS3E aSyn (purple)
between 1590 — 1710 cm™ and (B) their respective secondary structure as % distribution
after spectra deconvolution. Three scans were performed for each sample and the
experiments were repeated twice. A one-way ANOVA with Sidak’s multiple comparison
was used to calculate statistical significance, for which p<0.05 * and p<0.01**. Error bars

represent SEM.
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1047

The % distribution of conformations was quantified by calculating the area under the curve

for each peak in the chromatograph based on drift time (Figure 4b, Table S1, S2). It is likely

that many conformations are present in each designated A-E conformation region as

observed by the shoulders present in each peak as different conformations are not resolved

(Figure S12)
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Figure S12. Arrival time distribution (ATD) of aSyn conformations.

The average percentage distribution of the conformations was

determined by

identifying peaks in the ATD. Each peak was designated a letter A-E dependent on ATD
(represented for WT aSyn). ATD is shown for WT, A30P, E46K, H50Q, G51D, A53E and 47

A53T.
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Table S1. Average percentage of the distribution of conformations of WT aSyn and
mutants determined by nano-ESI-IM-MS in the absence calcium shows small changes
in percentage distribution of conformations between the aSyn and its variants.

Conformation WT A30P E46K AS3E A53T H50Q  G51D
without calcium av. % av. % av. % av. % av. % av. % av. %
A 23.54 21.86 26.22* 27.29 26.57* 2596 28.05
B 26.80 26.48 27.72 24.97 26.78 30.47 24.92
C 33.09 35.74* 29.46** 3438  32.88 30.26  30.49*
D 15.58 14.83 15.74 12.12** 12.62** 12.37* 14.38
E 0.98 1.10 0.85 1.20 1.10 0.92 2.14

Table S2. Average percentage of the distribution of conformations of WT and aSyn
mutants determined by nano-ESI-IM-MS in the presence of calcium shows significant
differences upon the addition of calcium to aSyn and its variants.

Conformation WT A30P E46K A53E A53T H50Q G51D
with calcium av. % av. % av. % av. % av. % av. % av. %
A 21.53 22.79 25.82* 24,18 25.40* 24.86 25.00
B 14.73 19.96** 17.54** 15,39 18.66** 17.74** 16.06
C 37.85 37.57 32.74* 39.04 38.66 37.74 36.16
D 22.83 17.57* 21.58 18.93* 1596** 18.06 20.10
E 3.07 2.10* 2.32 2.45 1.84* 2.16 2.68
*p<0.05
**p<0.01
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Figure S14. Analysis of number of Ca?* ions bound to different aSyn mutants at

different protein to ratios reveals no significant differences between the different

asyn variants.

The number of calcium ions bound to 20 uM of aSyn in 20 mM ammonium acetate at

a protein to calcium ratio of 1:10 (blue) 1:20 (orange) and 1:50 (red) was determined
L0509 from the mass of the different metallated species in the native nano ESI-MS spectra.
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Figure S15. Native nano ESI-MS spectra of WT aSyn with increasing concentrations of calcium
shows that up to 11 calcium ions can be bound to aSyn at a 1:250 protein to calcium ratio.
(A) The native nano ESI-MS full spectrum of WT aSyn with calciumin ratios 1:1, 1:5, 1:10, 1:50,
1:100 and 1:250. (B) The zoomed in 8+ charge state of aSyn shows that at least 11 calcium ions
can be bound to aSyn in a 1:250 protein to calcium ratio. 20 uM aSyn in 20 mM ammonium
acetate (pH 7) was used in all experiments.
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Methods and Materials for Supplementary Data

Thioflavin-T (ThT) based assays

10 pM freshly made ThT (abcam, Cambridge, UK) was added to 50 pL of 10 uM aSyn in 20
mM Tris pH 7.2. All samples were loaded onto nonbinding, clear bottom, 96-well half-area
plates (Greiner Bio-One GmbH, Germany). The plates were sealed with a SILVERseal
aluminium microplate sealer (Grenier Bio-One GmbH). Fluorescence measurements were
taken with a FLUOstar Omega plate reader (BMG LABTECH GmbH, Ortenbery, Germany).
The plates were incubated at 37°C with orbital shaking at 300 rpm for five minutes before
each read every hour. Excitation was set at 440 nm with 20 flashes and the ThT
fluorescence intensity measured at 480 nm emission with a 1300 gain setting. ThT assays
were repeated at least 3 times using four or more wells for each condition. Data were
normalised to the well with the maximum fluorescence intensity for each plate and the
average fluorescence intensity was calculated for all experiments. The lag time (tlag) and
half life of the fluorescence (t50) were calculated for each aSyn variant.

Analytical Size Exclusion Chromatography (SEC) of remaining monomer after ThT assays
SEC-HPLC analysis was used to calculate the remaining aSyn monomer concentration in
each well at the end of the ThT assays. The contents of each well after the ThT-based assay
were centrifuged at 21k x g for 20 minutes and the supernatant added to individual
aliquots in the autosampler of the Agilent 1260 Infinity HPLC system (Agilent Technologies
LDA UK Limited, UK). 35 pL of each sample was injected onto an Advance Bio SEC column,
7.8 x 300 mm 300A (Agilent, UK) in 20 mM Tris pH 7.2 at 1 mL/min flow-rate. The elution
profile was monitored by UV absorption at 220 and 280 nm. A calibration curve of known
concentrations of aSyn was used to calculate the remaining monomer concentration of
asyn in each well. Two or three wells per experiment for three experiments were analysed
for the remaining monomer concentration.

Fourier transform infrared spectroscopy (FTIR)

To prepare samples for FTIR analysis, aSyn monomer was buffer exchanged into 20 mM
ammonium acetate pH 7 using PD10 Desalting columns (GE Healthcare). The samples were
snap frozen in liquid nitrogen and lyophilised in a LyoQuest 85 freeze-dryer (Telstar, Spain).
~300 ug protein was mixed with ~100 mg KBr using an agate mortar and pressed to 10
tonnes to form self-supporting disks. The FTIR spectra were collected on a Cary 680 FTIR
spectrometer with 60 scans and a resolution of 1 cm™. The FTIR spectra were plotted by
subtracting the KBr background spectrum, performing a spline baseline correction, and
normalising the spectra to the area under the curve.

Atomic Force Microscopy (AFM)

The contents of wells from the ThT-based assays were centrifuged for 20 minutes at 21 k x
g. The supernatant was removed to keep 10 uL with remaining fibrils. The fibrils were
resuspended and incubated on a freshly cleaved mica surface, which had been coated in
0.1% poly-I-lysine, for 20 min. The mica was washed three times in 18.2 Q dH,0 to remove
lose protein. Images were acquired in dH,0 using tapping mode on a BioScope Resolve
(Bruker, AXS GmBH) using ScanAsyst-Fluid+ probes. 512 lines were acquired at a scan rate
of 1.5-2 Hz per image with a field of view of 2-5 pm and for at least six fields of view.
Images were adjusted for contrast and exported from NanoScope Analysis 8.2 software
(Bruker).
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