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ABSTRACT: Soluble oligomers formed by a-synuclein
(aSN) are suspected to play a central role in neuronal cell
death during Parkinson’s disease. While studies have probed
the surface structure of these oligomers, little is known about
the backbone dynamics of aSN when they form soluble
oligomers. Using hydrogen/deuterium exchange monitored by
mass spectrometry (HDX-MS), we have analyzed the
structural dynamics of soluble @SN oligomers. The analyzed
oligomers were metastable, slowly dissociating to monomers
over a period of 21 days, after excess monomer had been

removed. The C-terminal region of aSN (residues 94—140) underwent isotopic exchange very rapidly, demonstrating a highly
dynamic region in the oligomeric state. Three regions (residues 4—17, 39—54, and 70—89) were strongly protected against
isotopic exchange in the oligomers, indicating the presence of a stable hydrogen-bonded or solvent-shielded structure. The
protected regions were interspersed by two somewhat more dynamic regions (residues 18—38 and 55—70). In the oligomeric
state, the isotopic exchange pattern of the region of residues 35—95 of aSN corresponded well with previous nuclear magnetic
resonance and electron paramagnetic resonance analyses performed on aSN fibrils and indicated a possible zipperlike maturation
mechanism for aSN aggregates. We find the protected N-terminus (residues 4—17) to be of particular interest, as this region has
previously been observed to be highly dynamic for both monomeric and fibrillar @SN. This region has mainly been described in
relation to membrane binding of aSN, and structuring may be important in relation to disease.

Parkinson’s disease (PD) is a neurodegenerative disorder
characterized by neuronal cell death and the formation of
intraneuronal fibrillar inclusions (Lewy bodies) in the
substantia nigra pars compacta and other brain regions.'
Aggregated a-synuclein (aSN) is the predominant protein in
Lewy bodies. The exact cause of neuronal cell death is still
unknown, but soluble oligomeric aggregates of aSN have been
proposed as promoters of neuronal cell death in relation to the
disease.” This is supported by the point mutations in aSN
(A30P, E46K, AS3T, and the recently identified HS0Q, GS1D,
A18T, and A29S) leading to different forms of PD, of which
A30P, E46K, and AS3T have been shown to have higher
propensity to aggregate than the wild type.”~* aSN monomers
are generally regarded as intrinsically disordered proteins.”"’
The protein can aggregate in a concentration-dependent
manner, and Lashuel et al. have reported that soluble oligomers
could be isolated from concentrated aSN solutions.'' The
isolated soluble oligomers were structurally heterogeneous,
generally adopting annular structures upon being investigated
by electron microscopy (EM)."" Similar findings regarding the
structure and heterogeneity of isolated @SN oligomers have
also been reported in studies using atomic force microscopy
(AFM).">" Recently, aSN oligomers adopting a similar
circular wreath-shaped structure have been observed in solution
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using small-angle X-ray scattering (SAXS).'* While the surface
of aSN oligomers has been probed extensively, little is known
about the backbone structure adopted by aSN when they form
soluble oligomers. Of particular interest is the finding that the
progression of aSN from its monomeric state toward
oligomeric and fibrillar aggregates was accompanied by a loss
of a-helical structure with a corresponding increase in the level
of fB-sheet structure, possibly indicating the formation of a fibril-
like S-sheet fold during oligomer assembly.'>

Hydrogen/ deuterium exchange monitored by mass spec-
trometry ~'® (HDX-MS) allows for the analysis of protein
conformational dynamics, probing solvent exposure and
hydrogen bonding of backbone amides. Deuterium uptake
can be compared in intact proteins (global analysis) to reveal
the presence of multiple conformational states, and following
proteolytic digestion (local analysis) to identify regions that
exhibit increases or decreases in their level of dynamic behavior
upon comparison of the two conformations.”” HDX analysis
has proven to be a valuable technique for characterizing the
structure and dynamics of aggregates formed by proteins
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involved in diseases related to amyloid formation, such as the
AB peptide'®>° and amylin,”' using both MS and NMR
detection.”” >* The HDX characteristics of fibrils formed by
wild-type and mutant @SN have also previously been
investigated.m_28 In the study presented here, we examine
the stability and structure of soluble aSN oligomers using
HDX-MS. The heterogeneous nature of such dynamic
oligomers makes them challenging to analyze by traditional
spectroscopic techniques, such as NMR, as these methods yield
population-average data. MS analysis of deuterium-labeled
samples, however, can readily resolve individual populations
arising from such heterogeneity, making it a useful analysis
method when it is applied to such systems. Our HDX-MS
experiments demonstrate similarities between oligomers and
fibrils but interestingly also highlight the presence of an N-
terminal region that is protected against isotopic exchange in
the oligomers, indicating a structuring that could be a target for
future oligomer-specific agents.

B EXPERIMENTAL PROCEDURES

Materials and Reagents. Deuterium oxide (D,0) of
99.9% isotopic purity was obtained from Cambridge Isotope
Laboratories (Andover, MA). Phosphate-buffered saline (PBS)
buffer (0.01 M phosphate buffer, 0.0027 M potassium chloride,
and 0.137 M sodium chloride) was prepared from Sigma (St.
Louis, MO) PBS tablets. For sample digestion, S pg/uL pepsin
solutions in 10 mM HCI were prepared. @SN was expressed in
Escherichia coli; cell lysates were precipitated in ammonium
sulfate and resuspended, and @SN was purified using anion
exchange, as described by Conway et al.’

Sample Preparation. Oligomerization of aSN was
conducted as described by Lashuel et al,'"' with a few
modifications. In brief, aSN was dissolved to a concentration
of 10 mg/mL (690 uM) in PBS, incubated on ice for 30 min,
and centrifuged at 16000g and 4 °C for 5 min to remove
insoluble particles. Oligomers were purified using gel filtration,
an Amersham Superdex 200 HR 10/30 column (GE Healthcare
Biosciences, Piscataway, NJ), PBS as the elution buffer, and a
flow rate of 0.5 mL/min, giving a yield of 0.5—1%. To increase
the oligomer concentration, a centrifugal filter unit was used
according to the manufacturer’s instructions (Amicon ultracel
10k). The final oligomer solutions had a concentration of ~14
“M and were kept unfrozen, on ice, at all times prior to isotopic
labeling.

Deuterium Labeling. Isotopic exchange of monomeric and
oligomeric @SN was initiated by 10-fold dilution in deuterated
PBS (pD 7.8, value corrected for isotope effect) to a final D,O
content of 90% (v/v) and 14 uM aSN. Exchanges were
performed at 25 °C in an Eppendorf Thermomixer being
shaken at 500 rpm. After 0.5, 2, 8, 32, 128, and 256 min,
aliquots were withdrawn, and isotopic exchange was quenched
by adding formic acid to a concentration of 0.5% (v/v),
splitting the samples in triplicate, and freezing them in liquid
nitrogen. Triplicates acted as controls for the reproducibility of
the in-solution dissociation and digestion steps that were
performed prior to analysis (explained below).

Mass Spectrometry. Samples were run using a Waters
HDX-Manager (Waters Corp., Milford, MA), with a desalting
flow of a 0.23% aqueous formic acid solution provided by an
Agilent 1260 Infinity quaternary pump (Agilent Technologies,
Santa Clara, CA) and a gradient flow provided by a
nanoAcquity UPLC Binary Solvent Manager (Waters). For
intact protein (global exchange) analysis, the quenched samples
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were thawed, adjusted to 35% (v/v) formic acid, and incubated
on ice for 2 min to promote dissociation of aggregates. Gel
filtrations indicated that this procedure was sufficient to
dissociate the oligomers (Figure S1 of the Supporting
Information). Samples were subsequently adjusted to pH 2.5
using 5.0 M NaOH and injected. A 700 yL/min desalting flow
and a 50 yL/min gradient flow (S to 50% B over 3 min) were
used, along with a MassPREP Micro Desalting Column
(Waters). For peptide (local exchange) analysis, samples were
thawed and digested in solution using a large excess of pepsin
[23:1 (w/w)] for 2 min prior to injection. A 500 pL/min
desalting flow and a 40 4L /min gradient flow (8 to 40% B over
6 min) were used, along with a Zorbax Stablebond Guard
Column and a 1.0 mm X 50 mm Zorbax Stablebond C18
column (Agilent Technologies). Samples were analyzed by ESI-
MS using a Waters Synapt Gl mass spectrometer with a
detector MCP voltage of 1700 V for intact proteins or 1950 V
for peptides. Rigorous washing steps, consisting of three short
gradients from S to 90% B, were performed between each
injection. Blanks were recorded periodically, and signals arising
from peptide carryover were found to be negligible.

Data Analysis. The identity of the peptic peptides was
confirmed by LC—MS/MS analysis on an LTQ-Orbitrap mass
spectrometer (Thermo Fisher Scientific, Waltham, MA). LTQ-
Orbitrap raw data files were converted to Mascot generic
format (MGF) files using Proteome Discoverer version 1.1
(Thermo Scientific, Franklin, MA) with default settings.
MassAl 1.05 (MassAl Bioinformatics) was used to identify
peptides from the MGF files. Deuterium incorporation was
determined using DynamX version 0.8 (Waters). Gaussian
fitting of isotopic distributions was done in Excel.

SDS—PAGE. Intact and digested aSN monomers and
oligomers were run on a 4 to 20% tris-glycine polyacrylamide
gel using a TGS buffer. All samples were mixed with 1:1 sample
buffer (SDS and B-mercaptoethanol) and boiled for 10 min.

Antibody Blotting. Protein (monomeric or oligomeric,
250 ng per dot) was loaded onto a nitrocellulose membrane.
The membrane was dried and stored until all time points were
obtained. The membrane was developed as previously
described with the Fila-1 antibody and anti-rabbit HRP
(DAKO), stripped [100 mM glycine (pH 2.5)], and
subsequently developed with the ASY-1 antibody and anti-
rabbit HRP (DAKO).>73!

B RESULTS

The aSN Oligomers Slowly Dissociate after Excess
Monomer Is Removed. aSN oligomers were produced and
isolated using gel filtration as previously described by Lashuel et
al.'' Removing the excess monomers and lowering the total
aSN concentration in the solution shifted the equilibrium from
oligomer association to dissociation, making the oligomers
metastable as no stabilizing factors were present, e.g., metal
ions®>** or covalent cross-linking to dopamine.>* To examine
the stability of the oligomers after they had been isolated, a
fraction (0.5 mg/mL) was stored at 0 °C. Samples were drawn
after 3 h (designated day 0), 7 days, and 14 days and analyzed
in parallel by gel filtration and dot blotting. The isolated
samples were centrifuged prior to being analyzed, and no
indications of insoluble species could be observed, even after
the samples had been stored for 21 days. The soluble oligomers
were metastable with respect to dissociation, as evidenced by
the increasing amount of monomeric SN over time in the gel
filtration chromatograms (Figure 1). Approximately 15%
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Figure 1. aSN oligomer stability analyzed by gel filtration and Fila-1 antibody reactivity. Oligomer and monomer samples were subjected to these
analyses 3 h (day 0) and 7, 14, and 21 days after isolation. (A) Gel filtrations were performed to evaluate dissociation of oligomers to monomers.
The peak at 18 min (day 0) corresponded to the elution time at which the oligomeric @SN was originally purified. (B) Dot blotting, probing for Fila-
1 immunoreactivity in samples containing approximately 250 ng of total ®SN. Monomeric @SN was used as a negative control. To check aSN
loading, filters were stripped for Fila-1 IgG and reprobed with the anti-ASY-1 antibody that binds both monomeric and aggregated aSN. Fila-1
reactivity is given relative to the observed ASY-1 reactivity, to compensate for variations in the amounts of protein loaded.
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Figure 2. Global exchange profiles for SN monomers and oligomers comparing their undeuterated state and deuterium incorporation after
exchange for 0.5 and 256 min. Spectra represent the most abundant charge state (+16) and the deconvoluted spectrum. Peaks labeled M denote the
molecular mass of the protein, while peaks labeled M, denote oxidation products. (A) Deuterated monomeric @SN gave rise to a single unprotected
population, exhibiting a mass increase of ~90 Da after exchange for 0.5 min. (B) Deuterated oligomeric aSN gave rise to two populations (ie.,
protected aSN and unprotected aSN), with the unprotected population behaving like the monomer and the protected population displaying a mass
increase of ~58 Da after exchange for 0.5 min. Spectra were deconvoluted using MaxEnt 1. The raw mass spectra presented here were smoothed.

monomeric @SN could be observed after 3 h, representing a displayed a surprisingly slower decay compared to the loss of
relatively fast initial dissociation phase. This tendency oligomer content when analyzed by gel filtration (Figure 1B);
continued, albeit at a lower rate, with approximately 60% of 64% of the Fila-1 reactivity present at day O was retained after 7
the signal belonging to the monomer peak after 7 days and 95% days and 46% after 14 days, despite the intensity of the
after 14 days. Interestingly, the oligomers analyzed after the oligomer peak being reduced to approximately 40 and 5% in
samples had been stored for 7 and 14 days eluted later, i.e., at the gel filtration chromatograms. The Fila-1 reactivity was
smaller hydrodynamic volumes, suggesting that they had further reduced to 20% after the oligomers had been stored for
become smaller (Figure 1A). 21 days.

The rabbit polyclonal aggregation-specific antibody, Fila-1, is Unless otherwise stated, the oligomers characterized in this
raised against insoluble aSN fibrils and depleted for aSN study were stored for 2 days at 0 °C before HDX analysis.
monomer reactivity and has previously been used to detect Qualitatively, the exchange patterns observed in the day 0
insoluble fibrils and soluble oligomers of aSN.>*' Dot blot samples (ie., storage for 3 h) were nearly identical to those of
analysis, examining the stability of the oligomers using Fila-1, day 2 samples (Figure S1 of the Supporting Information).
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Figure 3. Examples of local exchange profiles for three representative peptides exhibiting strong (left), moderate (middle), and weak or no
protection (right). For each peptide, spectra are shown for the undeuterated monomer, the monomer preparation after exchange for 0.5 min, and the
oligomer preparation after exchange for 0.5, 8, and 128 min. Isotopic distributions highlighted in blue were used in quantifying the deuterium

content of the peptides.

H/D Exchange Measurements Show That «SN
Oligomers Are Protected against Isotopic Exchange.
Prior to intact protein analysis, monomer and oligomer
solutions were both subjected to dissociation by incubation in
35% formic acid for 2 min. Acidified samples were subsequently
adjusted to pH 2.5 using S M NaOH and immediately injected.
This procedure was found to increase the level of back-
exchange by ~6%, upon comparison to the deuterium content
of labeled @SN monomers with and without the dissociation
procedure (data not shown). For monomer and oligomer
preparations, a base peak (14460.9 Da) matching the
theoretical mass of @SN (14460.2 Da) was observed in the
undeuterated samples (Figure 2). No peaks from, for example,
contaminating proteins or truncated aSN were present.
However, peaks corresponding to an oxidation product could
be observed. The backbone amides in monomeric aSN are
known to exchange at rates very close to their intrinsic chemical
exchange rates, in accordance with the absence of any stable
structure in monomeric aSN (intrinsically disordered state).”’
According to the predicted intrinsic chemical exchange rates for
aSN under these experimental conditions, the exchange will be
complete (99.9%) after deuteration for 10 s. Similarly, our
experimental HDX data for monomeric aSN show no sign of
any stable structure as the deuterium uptake is complete after
the shortest period of deuteration [ie., at 0.5 min (see Figure
2A)]. aSN exhibited a 26% loss of deuterium due to back-
exchange under quench conditions. For the deuterated
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oligomeric sample, the deconvoluted mass spectra show four
major peaks that correspond to two populations (i.e., protected
aSN and unprotected aSN), as each population is split into
two peaks because of the presence of oxidized aSN (Figure
2B). The HDX profile of the unprotected aSN population
closely matches that of the monomeric @SN sample in Figure
2A, while the protected population appears at a lower mass,
indicating a stable structure that exhibits protection of some of
its backbone amides. The protected backbone amides
incorporated additional deuterium during prolonged isotopic
exchange (256 min). Interestingly, the peak widths of the
populations obtained from the oligomer preparation were
significantly broader than those obtained from the monomeric
sample. This could be an indication of slight structural
heterogeneity and would correspond well with previous reports
of oligomer heterogeneity in identical preparations made by
Lashuel et al.'' The presence of unprotected aSN in the
oligomer preparation corresponded well with the dissociation
we observed when we performed subsequent gel filtrations on
the isolated oligomers.

Spatially Resolved H/D Exchange Shows That the N-
Terminus Is Protected against Isotopic Exchange in aSN
Oligomers. The labeled preparations were also analyzed at the
peptide level by digesting the deuterated samples with pepsin
prior to LC—MS analysis. SDS—PAGE of digested monomeric
and oligomeric @SN (undeuterated) revealed that no intact
protein remained after such treatment, indicating that our

dx.doi.org/10.1021/bi4009193 | Biochemistry 2013, 52, 9097—9103
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Figure 4. Heat map of the local exchange patterns observed in peptides derived from deuterium-labeled @SN oligomers. For the sake of simplicity,
only nonoverlapping peptides are shown. A heat map that includes all identified peptides can be found in Figure S9 of the Supporting Information.
Peptides are color-coded according to fractional deuterium uptake, relative to peptides derived from the fully exchanged aSN monomers. The
coloring of each peptide, from top to bottom, represents deuterium uptake after exchange for 0.5, 2, 8, 32, 128, and 256 min.

analysis sampled all of the aggregation states present in the
oligomer preparation (Figure S3 of the Supporting Informa-
tion). Representative spectra exemplifying the observed
deuteration patterns are shown in Figure 3. Peptides derived
from the @SN monomers did not exhibit any sign of backbone
amide protection, all being fully exchanged after they had been
labeled for 0.5 min and all giving rise to uniform Gaussian
isotopic distributions (Figure 3 and Figure S7 of the Supporting
Information). This fits our observations of intact monomeric
aSN, where exchange was also complete after samples had been
labeled for 0.5 min.

The deuterated preparations of oligomeric aSN gave rise to
peptide mass spectra that contained one or two distinct isotopic
distributions (Figure 3, bottom). Isotopic distributions
corresponding to the fully deuterated peptide, identical to
those observed in the monomer preparation, could be observed
in all peptide spectra. The universal presence of ions
representing an unstructured state is in accordance with the
global exchange results obtained for oligomeric SN. For most
peptides, the unstructured conformer was accompanied by an
isotopic distribution containing fewer deuterons, representing a
structured conformer exhibiting protection from isotopic
exchange in its backbone amides. We employed three different
metrics to quantify the deuterium content of these protected
conformers, based on how much their isotopic envelopes
overlapped with those of the fully deuterated peptides. Where
the two distributions were clearly separate, only the isotopic
envelope with the lowest deuterium content was used to
calculate the deuterium content of the protected conformer
(Figure 3, peptide 5—17). Where the isotopic envelopes
belonging to the protected and the monomeric conformer did
overlap, a Gaussian fitting procedure was performed to
determine the average deuterium content of the protected
conformer (Figure 3, peptide 18—38). Where only a single
isotopic envelope was present, this was expected to represent
the deuterium content of both conformers in the solution; i.e.,
the protected conformer mirrored the unstructured monomeric
conformer in this region (Figure 3, peptide 125—140). The raw
mass spectra for peptides 5—17, 18—38, and 125—140, covering
the entire exchange series, can be found in Figures S4—S6 of
the Supporting Information. Deuterium uptake plots, compar-
ing deuterium incorporation in the monomeric and oligomeric
samples for each peptide, can be found in Figure S7 of the
Supporting Information.
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A heat map overview of deuterium uptake in the protected
oligomeric state, normalized according to deuterium uptake in
the fully exchanged monomeric state, can be found in Figure 4.
The C-terminus of @SN, starting at amino acid 94, appears to
be unstructured and thus fully solvent accessible in the
oligomers, exchanging completely within 0.5 min of exchange.
Within the larger region of residues 1—95 of @SN, containing 6
of the 11-mer consensus repeats, it is interesting to note the
three protected regions of approximately 14 amino acids (4—
17, 39—54, and 70—89), which are interspersed with two more
dynamic regions (18—38 and 55—76). It was not surprising that
the region of residues 70—89 was protected, given that it is a
part of the hydrophobic NAC domain, spanning amino acids
61—95.%° We expect that the fast-exchanging backbone amides
of peptide 55—76 are located in the region of residues 55—70,
as peptide 70—89 was also found to exchange very slowly
(Figure S8 of the Supporting Information).

B DISCUSSION

Interestingly, the deuteration pattern we observe for SN in the
oligomers has only slight indications of heterogeneity, both at
the intact protein level and at the peptide level. Such a lack of
heterogeneity is a good indication that the oligomers are
ordered assemblies, perhaps varying in size. The N-terminal
protection we observe in the oligomeric state probed in this
study is particularly interesting, as previous HDX-MS and
-NMR analyses of @SN in its monomeric and fibrillar states
showed the N-terminus to exchange rapidly.””** The ability of
peptide 55—76 to undergo isotopic exchange in the oligomeric
state is also distinctly different from observations in fibrils
studied by HDX-NMR, which contained a continuous
protected region from amino acid 39 to 97.”” The strongly
protected regions we observe in our oligomer preparation, i.e.,
peptides 39—54 and 70—89, along with the less protected
region of residues 55—70, match the behavior one would expect
if these two regions formed elongated f-strands, as has been
proposed for aSN fibrils based on NMR and electron
paramagnetic resonance (EPR) measurements.>®®” It is
possible that the analyzed oligomers adopt a similar fold,
although the pf-strands would appear to be less elongated,
approximately 20 residues compared to the 26—30 residues
reported for the fibrils. Such similar folds, with the oligomers
exhibiting extended dynamic regions and shortened ordered
regions compared to fibril models, could indicate a zipperlike
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maturation process that would shield larger parts of the 11-mer
aSN consensus repeats as aggregation progressed. It should be
noted that the HDX-NMR analyses performed by Vilar et al.
matched a fibrillar model in which aSN adogpted a structure
containing five stacked antiparallel f-strands.”

Throughout the study, we observe a difference in the relative
abundance of monomeric and oligomeric @SN when comparing
our HDX data with gel filtration chromatograms and antibody
plots. The mass spectra for the deuterated aSN oligomer
preparation indicated that a larger amount of monomers were
present, compared to gel filtration chromatograms (Figures 1A
and 2B). This difference is likely due to batch-to-batch
variations as the results presented in Figure 1 and 2 arise
from two different batches of aSN oligomers. Additionally, we
speculate about whether oligomeric peripherally associated
aSN eluting in the oligomer fraction could have a flexible
structure that would exchange completely within 0.5 min.

Quantitative differences were also observed upon comparison
of oligomer and monomer abundance in the same preparation,
using gel filtration and Fila-1 reactivity. Interestingly, similar
quantitative differences in oligomer/monomer ratios as
measured by gel filtration and other techniques (SAXS, DLS,
and NMR) have previously been reported for aSN
oligomers.14’38’39 In these cases, interactions with the gel
filtration resin were proposed as likely causes for the
discrepancies, with resin interactions promoting the dissocia-
tion of the oligomers. Taken together, the Fila-1 and gel
filtration data suggest that the oligomers that remain in the
solution after being stored for 14 days are still capable of
binding Fila-1, but a large proportion of the oligomers
dissociate upon gel filtration.

While subsequent gel filtrations and antibody blotting
indicate that the isolated oligomers were metastable with
respect to dissociation over a period of weeks (Figure 1), the
oligomers were stable on the time scale of the labeling. This is
exemplified by the fully exchanged state being equally abundant
after exchange for 0.5 and 256 min (see examples in Figures $4
and S5 of the Supporting Information; other peptides exhibit
the same characteristics but are not shown).

On the basis of our observations, it would be very interesting
to investigate whether the N-terminal structuring of aSN we
observe is also present in oligomers formed by wt @SN in the
presence of additives that promote aggregation, or in oligomers
formed by the aSN point mutants leading to autosomal
dominant forms of PD. Further studies to probe the oligomeric
structure of @SN and variants thereof using HDX-MS and other
approaches such as limited proteolysis will be pursued.

In conclusion, HDX-MS analysis was able to successfully
identify a protected structure of oligomeric aSN from a
solution containing oligomers generated using wt aSN, in the
absence of aggregation promoting or stabilizing additives. This
represents the first analysis of aSN backbone dynamics upon
adoption of a soluble, oligomeric state. We believe that this
method would be able to compare differences in aggregate
heterogeneity or conformation for oligomers generated under
different conditions or using different mutants of @SN. Such
analyses could potentially lead to a more detailed under-
standing of the formation and function of aSN oligomers.

B ASSOCIATED CONTENT

© Supporting Information
Comparison of deuterium uptake in day 0 and day 2 oligomers
after exchange for 30 s (Figure S1), analysis of aSN oligomer
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dissociation using gel filtration chromatography (Figure S2),
SDS—PAGE analysis of in-solution digestion of aSN
monomers and oligomers (Figure S3), representative spectra
illustrating deuterium uptake in peptides 5—17, 18—38, and
125—140 from monomer and oligomer preparations (Figures
$4—S86), deuterium uptake plots for each individual peptide
identified in the monomeric and oligomeric @SN preparations
(Figure S7), and an expanded heat map of the local exchange
patterns observed in peptides derived from deuterium-labeled
aSN oligomers (Figure S8). This material is available free of
charge via the Internet at http://pubs.acs.org.
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