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Recent experimental evidence points to intermediates populated
during the process of amyloid fibril formation as the toxic moieties
primarily responsible for the development of increasingly common
disorders such as Alzheimer’s disease and type II diabetes. We
describe here the application of a pulse-labeling hydrogen-
deuterium (HD) exchange strategy monitored by mass spectrom-
etry (MS) and NMR spectroscopy (NMR) to characterize the aggre-
gation process of an SH3 domain under 2 different conditions, both
of which ultimately lead to well-defined amyloid fibrils. Under one
condition, the intermediates appear to be largely amorphous in
nature, whereas under the other condition protofibrillar species
are clearly evident. Under the conditions favoring amorphous-like
intermediates, only species having no protection against HD ex-
change can be detected in addition to the mature fibrils that show
a high degree of protection. By contrast, under the conditions
favoring protofibrillar-like intermediates, MS reveals that multiple
species are present with different degrees of HD exchange pro-
tection, indicating that aggregation occurs initially through rela-
tively disordered species that subsequently evolve to form ordered
aggregates that eventually lead to amyloid fibrils. Further analysis
using NMR provides residue-specific information on the structural
reorganizations that take place during aggregation, as well as on
the time scales by which they occur.

aggregation � HD exchange � misfolding intermediates � PI3-SH3

Protein aggregation into amyloid fibrils is associated with a wide
range of increasingly prevalent disorders such as Alzheimer’s

disease, Creutzfeldt–Jakob disease, and type II diabetes (1, 2).
Amyloid fibril formation appears to be a multistep process during
which a series of intermediate aggregated states is sampled (3).
Although early hypotheses proposed amyloid fibrils as the primary
pathogenic agent, much recent evidence supports the view that
smaller aggregates populated during the fibril assembly process
represent the primary culprits (4, 5). The importance of the details
of the aggregation process to the mechanism of disease makes
characterization of the different species present during aggregation
an issue of extreme importance. Of all of the species formed during
aggregation, amyloid fibrils, despite their size and apparent intrac-
tability, are the easiest to characterize because of their long-lived
nature and great regularity. Application of solid-state NMR
(NMR) techniques (6), site-directed spin labeling in combination
with electron paramagnetic resonance (EPR) (7), and hydrogen
deuterium (HD) exchange experiments (8–10) have all made very
significant contributions to the study of their structures. Prefibrillar
intermediates, however, are very difficult to characterize because
they are short-lived, are often heterogeneous, and may be present
at low populations. Despite these problems, several techniques have
been developed to study such species, notably photo-induced
cross-linking of unmodified proteins (PICUP) (11) and various

forms of mass spectrometry (12, 13). In addition, a conformation-
specific antibody that recognizes soluble oligomers from many types
of proteins, regardless of sequence, has been produced and has
proved to be very useful in monitoring the kinetics of oligomer
formation (14).

HD exchange experiments are based on solvent accessibilities;
amide protons that normally undergo rapid exchange with solvent
deuterons experience much slower exchange when involved in
H-bonded structures and/or when sterically inaccessible to the
solvent. HD exchange experiments can be applied to probe systems
either at equilibrium or during the kinetic chain of reactions
following perturbation from equilibrium conditions. In equilibrium
experiments, the protein conformation under study does not
change with time. In the context of protein aggregation, equilibrium
HD exchange experiments have been used to probe the core
structure of a range of amyloid fibrils (8–10) and protofibrils (15)
and the dynamics of molecular recycling within an ensemble of
fibrils (16). By contrast to such equilibrium studies, kinetic HD
exchange experiments can monitor protein conformational changes
as a function of time. Within this context, we have developed a
pulse-labeling HD exchange experiment designed to gain both
mechanistic information on the process of aggregation and struc-
tural information on the different species present during the course
of aggregation (Fig. 1).

In this article, we describe the application of such pulse-labeling
HD exchange experiments to the study of the aggregation process
of the SH3 domain of the �-subunit of bovine phosphatidylinositol-
3�-kinase (PI3-SH3). The PI3-SH3 domain is a protein that aggre-
gates to form well-characterized fibrils in vitro, particularly at low
pH (17, 18). Moreover, these fibrils and their precursors show
structural and cytotoxic properties that are closely similar to those
observed in many depositional disorders (19). The results described
in this article provide important information about the aggregation
process of a protein, such as the distribution and stability of the
different aggregation states and the nature of structural reorgani-
zations occurring during amyloid fibril formation.

Results
A Pulse-Labeling Strategy for HD Exchange Analysis of Aggregation
Intermediates. The pulse-labeling HD exchange experiment de-
signed to probe the species present at different stages in the
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aggregation reaction involves first the incubation of soluble protein
in deuterated buffer under specific conditions where aggregation
occurs (Fig. 1). Variation in the period allowed for aggregation,
�tagg, permits the study of the species present at different times.
Then, the solution is subjected to dilution or dialysis for a fixed
labeling time, �tlabel, in protonated aggregation buffer. �tlabel is
chosen so that deuterium atoms located in unprotected regions of
the aggregates undergo isotope exchange, whereas deuterium at-
oms located in protected regions are retained. After the labeling
pulse, the sample is freeze-dried to quench exchange. By using
different �tagg values and a fixed �tlabel, the most protected regions
of each of the aggregates under study are labeled. To analyze the
deuterium incorporation in the aggregates, the latter are dissociated
into monomers by transfer to a DMSO solution (9), and analyzed
by a combination of electrospray ionization mass spectrometry
(ESI-MS) (8, 16) and NMR (9, 10, 16). MS has the unique ability
to detect and characterize populations of molecules with different
degrees of exchange (20). NMR analysis complements the MS
analysis by defining the average proton occupancy over the distri-
bution of protein molecules on a residue-specific basis.

PI3-SH3 Amyloid Fibril Formation Proceeds Through Different Types of
Intermediates Depending on the Solution Conditions. We monitored
the aggregation process of PI3-SH3 by using transmission electron
microscopy (TEM), atomic force microscopy (AFM), and oli-
gomer-specific immunoreactivity (14). Studies were carried out at
pH 2.0, in accord with earlier HD exchange experiments (16), and
at pH 1.5. The results show that even a small difference in pH can
result in the population of different intermediate assemblies on the
way to fibril formation.

At pH 2.0, electron micrographs obtained for samples aggregated
from 0 to 4 days show the dominant presence of amorphous
aggregates. At intermediate times from 6 to 8 days, these structures

coexist with fibrillar ones and from 10 days onward, electron
micrographs reveal the presence of highly abundant and morpho-
logically well-defined fibrils (Fig. 2A). Similar types of aggregates
are observed by AFM (Fig. 2B), except for the amorphous ones,
such aggregates may not adhere well to the graphite surface or they
may be missed during imaging because of low tip adhesion. When
we examined the binding of the oligomer-specific antibody A11 at
different incubation times (14), no immunoreactivity was observed
at any stage during the entire aggregation process (Fig. 2C),
suggesting that under these conditions the type of aggregates
recognized by this antibody are either absent or present only at low
populations. From now on, we will refer to pH 2.0 conditions as
AM, indicating that they favor the formation of amorphous-like
intermediates.

Electron micrographs obtained for samples aggregated from 0 to
4 days at pH 1.5 show the presence of short, thin protofibrils as well
as flat-ribbon-like structures that can be seen to be formed from 2
fibril strands (21). After aggregation for 6 days, the flat-ribbon-like
fibrils coexist with conventional amyloid-like fibrils, which become
the major species after 8 days of aggregation (Fig. 3A). AFM
analysis is highly complementary to that using TEM, because at
early aggregation times AFM reveals the presence of abundant
protofibrils (Fig. 3B), which are only rarely observed by TEM.
These protofibrillar species have very small heights of 0.8–1.0 nm
and, because of this, the TEM staining agent may not generate
sufficient contrast for their observation. When these samples were
examined by using the oligomer-specific antibody A11 (14), clear
immunoreactivity can be observed in samples incubated for 4 to 10
days (Fig. 3C), indicating that oligomers recognized by this antibody
are significantly populated. Throughout the article, we will refer to
these conditions as PF because they favor protofibrillar-like
intermediates.

The morphology of the mature fibrils generated under both
conditions appears rather similar, the only clear differences being
that the fibrils at pH 2.0 appear as individual, discrete structures,
whereas those at pH 1.5 are shorter and generally appear as small
bundles of 2 or 3 fibrils. Having 2 different conditions under which
different types of intermediates are favored, amorphous and pro-
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Fig. 1. Schematic description of the pulse-labeling HD exchange experiment
developed to study protein aggregation. (A) The experiment starts by incu-
bating soluble protein under aggregation conditions in a deuterium based
buffer. After a variable aggregation time, �tagg, labeling takes place for a
fixed period, �tlabel, using protonated aggregation buffer. The magnitude of
�tlabel is chosen so that only unprotected amide deuterons will exchange
significantly with the solvent. After the labeling pulse, freeze-drying is used to
quench exchange. Different samples are prepared at defined �tagg values,
which are later solubilized into monomers by transfer to a DMSO solution and
analyzed by NMR and ESI-MS. The figure illustrates hypothetical scenarios
when the protein is left to aggregate for a short �tagg (B) and a long �tagg (C).

A 2 d 6 d 21 d

B 0 d 3 d 21 d
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14 15 17 19 21 C10 11 12 13
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Fig. 2. Characterization of the PI3-SH3 aggregation process under AM
conditions. (A) Electron micrographs obtained for �tagg of 2, 6, and 21 days.
(Scale bar, 200 nm.) (B) AFM images obtained for �tagg of 0, 3, and 21 days.
(Scale bar, 100 nm.) (C) Kinetics of oligomer-specific immunoreactivity. At the
times indicated, aliquots were applied to a nitrocellulose membrane and
probed with the oligomer-specific antibody, A11. The spot marked with a C
corresponds to A� oligomers and was used as a positive control.
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tofibrillar, while giving similar end products provides us with the
opportunity for comparative studies by means of the pulse-labeling
HD experiment discussed above and from which mechanistic and
structural information on the aggregation process can be obtained.

PI3-SH3 Amyloid Fibril Formation Under Conditions Favoring Amor-
phous-Like Intermediates. When the pulse-labeling experiment is
used to study the aggregation process of PI3-SH3 under AM
conditions, only 2 different HD exchange species are detected by
ESI-MS throughout the entire aggregation process (Fig. 4A). From
0 to 8 days of aggregation, a single peak is observed at m/z 1637.1
(Fig. 4A). This peak corresponds in mass to the protein with no
protected backbone amides, and as it may include soluble mono-
meric protein and/or aggregates with structural or dynamical prop-
erties that give no protection against HD exchange, we denote this
population Smon-Uagg. After 9 days of aggregation, the peak rep-
resenting the Smon-Uagg state remains visible, but a second peak at
higher mass is evident with an m/z value of 1647.1 corresponding to
species with an average of 52.2 � 3.3 protected amides. The
appearance of this second peak is concurrent with the appearance
of well-defined fibrils in TEM micrographies (Fig. 2A); we there-
fore denote this peak as resulting from the fibrillar, Fagg, state. In
agreement with this attribution, at longer aggregation times, the
intensity of the Fagg species increases relative to that of the
Smon-Uagg in the MS spectrum, such that Fagg is the dominant
species after 12 days of aggregation (Fig. 4A).

The same samples were also analyzed by NMR spectroscopy to
determine the proton occupancies at individual sites. A proton
occupancy of 1.0 for a particular residue indicates that its amide
backbone hydrogen has undergone complete HD exchange during
the labeling pulse and it is thus located in a region of structure that
does not provide any protection from solvent interactions. A value
of 0.0 indicates that the amide hydrogen has not exchanged and it
is thus located in a region of the structure able to offer protection.
From 1 to 8 days of aggregation, NMR analysis shows a flat profile
with proton occupancies close to 1.0, revealing no amide protection
for any backbone amide [supporting information (SI) Fig. S1B], as

6 d 21 dA 2 d

B 3 d 21 d3 d

C
0 2 4 6 10 13 15 218

Fig. 3. Characterization of the PI3-SH3 aggregation process under PF con-
ditions. (A) Electron micrographs obtained for �tagg of 2, 6, and 21 days. The
circle indicates a protofibril and the arrow shows a flat-ribbon-like fibril.
(Scale bar, 200 nm.) (B) AFM images obtained for �tagg of 3 and 21 days. (Scale
bar, 100 nm.) (C) Kinetics of oligomer-specific immunoreactivity. At the times
indicated, aliquots were applied to a nitrocellulose membrane and probed
with the oligomer-specific antibody, A11.
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Fig. 4. PI3-SH3 pulse-labeled samples prepared under AM conditions. (A) ESI-MS mass spectra (�6 charge state). The spectra show the relative populations of
Smon-Uagg and Fagg at the indicated �tagg times. Peak intensities are normalized to the overall species population. (B) Exchange profile for Smon-Uagg obtained from
NMR data of samples prepared after �tagg of 8 days. (C) Exchange profile for Fagg obtained by deconvolution of the NMR data of samples prepared after �tagg

values of 10, 11, 12, 13, 17, and 19 days by using the distribution of populations obtained by ESI-MS analysis and the NMR exchange profile for the Smon-Uagg

species. (B and C) The bars represent the proton occupancy and percentage of exchange for each residue. The locations of the �-sheet strands, turns, and loops
in the native state of PI3-SH3 are indicated above the graph. An asterisk above a bar indicates a residue whose resonance is not fully resolved; the absence of
a bar indicates that the resonance of the residue is not detectable or that the residue is proline that does not have an amide hydrogen (residues 50, 70, and 84 ).
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expected from the MS results. Starting at 9 days and coinciding with
the appearance of the Fagg peak by MS, the progressive protection
of amide hydrogens is increasingly evident (Fig. S1C) and becomes
more pronounced at longer aggregation times (Fig. S1D). NMR
data, corresponding to aliquot samples where the Smon-Uagg and
Fagg peaks were detected by ESI-MS, were deconvoluted by using
both the population distribution obtained by ESI-MS analysis and
the amide exchange profile measured by NMR after 8 days of
incubation as the exchange profile for the Smon-Uagg state (Fig. 4B).
This calculation allows an exchange profile for the PI3-SH3 fibrils
to be obtained (Fig. 4C). The quantity of deuterium in the decon-
voluted Fagg state, measured as 1 minus the measured proton
occupancy and summed over all of the amide protons except for
residues 50, 70, and 84 that are prolines, equals 53.3, a value very
close to the number of amide deuterons, 52.2 � 3.3, in the Fagg state
determined by ESI-MS.

Examination of the PI3-SH3 fibril exchange profile reveals that
the amide hydrogens from 7 residues at the C terminus (Ile 77 to
Ser 83) and six (Gly 64 to Glu 65, Lys 34 to Ser 36, and Asp 28)
residues distributed throughout the sequence exchange significantly
faster than the average (�0.6). The fact that these low-protected
stretches of residues are preceded by, or contain, a glycine residue
suggests that they are likely to include flexible loops and turns
within the fibril structure. As far as the rest of the residues are
concerned, the regions of the sequence comprising Ala 10 to Lys 16
and Glu 19 to Gly 27 show the lowest proton occupancies (�0.2),
whereas the remainder of the residues in the sequence exhibit
proton occupancies of �0.35. This pattern of exchange suggests that
residues Ala 10 to Lys 16 and Glu 19 to Gly 27 are likely to be
present as part of a highly protected fibrillar core, and that the

remainder of the residues are protected within the fibrillar structure
and even perhaps within the core in such a way that their amide
hydrogens are at least partially protected from exchange.

PI3-SH3 Amyloid Fibril Formation Under Conditions Favoring Proto-
fibrillar-Like Intermediates. The aggregation process of PI3-SH3
under PF conditions was also studied by means of the pulse-labeling
experiment. Under these conditions, ESI-MS analysis reveals that
aggregation occurs as a multistate process with multiple species
arising, coexisting, and decaying with time (Fig. 5A). A plot of the
intensity of each peak as a function of the aggregation time, �tagg,
reveals that some species coexist for significant time periods (�4
days) (Fig. S2). Thus, a first set of peaks with m/z values of 1639.1,
1640.3, and 1641.6, corresponding to a � 6 charge state and
indicated with a green band in Fig. 5A, are dominant at early
aggregation times, from 0 to 4 days. The peak with m/z of 1639.1
corresponds to a species in which all amide deuterons have ex-
changed with solvent within the labeling time, indicating that it
corresponds to the species with the least persistent protective
structure. The peaks at m/z 1640.3 and 1641.6 correspond, respec-
tively, to species with average masses that have 11.3 � 1.3 and
19.2 � 1.7 amides protected. A second set of peaks with m/z values
of 1643.1, 1644.5, and 1645.9, overlaid with a blue band in Fig. 5A,
is present early in the aggregation reaction but become dominant
at somewhat later times, from 6 to 10 days. These species corre-
spond, respectively, to average masses indicative of 27.8 � 1.8,
36.3 � 1.5, and 44.9 � 2.1 amides that are highly protected. Finally,
a third set of 4 peaks, indicated by an orange band in Fig. 5A,
correspond to the species that are most abundant late in the
aggregation process. These peaks have m/z values of 1647.5, 1648.9,
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1650.1, and 1651.8 corresponding, respectively, to average masses
that indicate the presence of 54.6 � 0.9, 62.7 � 0.8, 70.2 � 1.2, and
80.2 � 1.2 protected amides. Because these species appear toward
the end of the aggregation process and become the dominant
species when electron micrographs show the presence of well-
defined fibrils, we attribute these species to the fibrils, Fagg. The
presence of several peaks from the aggregation reaction at pH 1.5,
and the fact that in the analysis of the data several species coexist
for significant periods, reveals that aggregation at this pH is a more
heterogeneous process than at pH 2.0.

ESI-MS results provide us with unique information about the
distribution of species at different stages of the aggregation process.
For a given value of �tagg, NMR spectroscopy of a set of duplicate
samples identical to those used for the MS analysis gives us the
average proton occupancy on a residue-by-residue basis over the
distribution of molecules detected by ESI-MS (Fig. S3). For a given
�tagg, we have combined the populations obtained by ESI-MS with
NMR data (of the type indicated in Fig. S3) and have then used a
multilinear regression analysis to obtain residue-specific informa-
tion for each group of peaks detected by ESI-MS (Fig. 5 B–D).

The exchange profile defined by NMR spectroscopy for the
protein molecules that correspond to the first set of peaks (see the
green band in Fig. 5A) reveals that these species possess largely
disordered conformations as all residues have similar proton oc-
cupancies with values close to 1.0 (Fig. 5B). We will therefore
attribute these species to disordered aggregates lacking persistent
structure, denoted Dagg. The NMR-based exchange profiles for the
second set of species (corresponding to the blue band in Fig. 5A)
reveal that residues Tyr 12 to Ile 22 are highly protected from
exchange. The proton occupancies for the rest of the residues
increase gradually as their positions in the sequence become more
distant from the most protected ones (Fig. 5C). The fact that we are
able to observe a clear pattern of protection within the sequences
of these intermediate species suggests, therefore, that the initially
disordered aggregates have reorganized to form conformations
where residues Tyr 12 to Ile 22, in particular, are located in highly
persistent structure; we refer to these species as ordered aggregates,
Oagg. The deconvoluted exchange profiles for the species that make
up the third group of peaks, the orange band in Fig. 5A, already
assigned to fibrils, Fagg, reveal that the most protected region
comprises residues Tyr 12 to Leu 26, similar to that of the Oagg
species, but that further reorganization has taken place. Thus, in the
Fagg state, some parts of the protein have become more protected
(e.g., residues Tyr 73 to Ile 77), but others have become more
exposed (e.g., residues Gly 27 and Glu 28, Gly 35 and Ser 36, and
Gly 64) when compared with the Oagg species (Fig. 5D).

Discussion
On the Structure of the Fibrils. We have previously carried out HD
exchange experiments on PI3-SH3 amyloid fibrils (16). Under the
conditions used, exchange was dominated by the continuous recy-
cling of molecules within the ensemble of fibrils. Although our main
aim in developing the pulse-labeling experiment has been to
characterize the various species present at different stages of the
aggregation process, the fact that use of short labeling times
eliminates the contribution of recycling to exchange (Fig. S4) has
allowed us to obtain the exchange patterns for the PI3-SH3
molecules incorporated within the fibrils (Figs. 4C and 5D). The
pattern obtained for the fibrils produced under AM conditions (Fig.
4C) and under PF conditions (Fig. 5D) is very similar. Small
differences, such a higher protection for residues at the N terminus
of the sequence for fibrils produced under PF conditions could be
explained by differences in the way the protofilaments interact
within the higher-order structure of the mature fibrils.

It is interesting to compare our exchange data with reports in the
literature. Work on a homologous protein of the PI3-SH3 domain,
the �-spectrin SH3 domain, and several PI3-SH3 mutants has
suggested that residues located in part of the RT loop and adjacent

divergent turn (DT) in the native state, act as ‘‘mediators’’ or
‘‘facilitators’’ in the conversion of the soluble PI3-SH3 into amyloid
fibrils (22). Other studies using molecular dynamics simulations to
probe aggregation of the Src-SH3 domain concluded that the RT
loop sequence constitutes the initial core structure for fibril for-
mation (23). The RT loop and the DT region in the native structure
of PI3-SH3 includes residues Ala 10 to Lys 16 and Glu 19 to Gly 27,
which are the most protected regions of the fibril (Fig. 4C). Our data
thus reinforce the crucial role of residues comprising the RT loop
and the DT in the native state in the formation of amyloid fibrils.

On the Mechanism of Aggregation. Several mechanisms have been
proposed to explain amyloid fibril formation (24); among them, the
nucleated conformational conversion (NCC) mechanism (25) is
supported by a range of experimental and theoretical observations
(26–28). In the NCC mechanism, a group of monomers initially
present in solution coalesce to form amorphous oligomers. These
oligomers subsequently undergo a reorganization process and
eventually give rise to organized oligomers and fibrils rich in �-sheet
structure. Up to now, a detailed empirical description of such a
process at the molecular level has remained elusive because of the
challenge in describing the early stages of aggregation of polypep-
tide chains by experiment, primarily because of the difficulties in
detecting and characterizing the small, structurally heterogenous,
and transient species that are involved.

When the pulse-labeling HD exchange approach is used to probe
the aggregation behavior of the PI3-SH3 domain under AM
conditions, only the initial, Smon-Uagg, and final, Fagg, states are
detected (Fig. 4A). Explanations for the lack of detection of Oagg
species include the possibility that they are present at very low
populations, or that their protected regions are highly dynamic,
resulting in fluctuations that are large enough to give rise to
exchange during the labeling pulse. The latter possibility could be
rationalized by the fact that intermolecular interactions are less
favorable at the lower ionic strength that exists at pH 2.0 than at
pH 1.5.

Application of the same pulse-labeling experiment under PF
conditions reveals that species detected early in the aggregation
process, referred to throughout this article as Dagg, are disordered
on the basis of the low degree of amide hydrogen exchange
protection measured by MS and NMR methods (Fig. 5B). The
intermediate species, referred to as Oagg, however, are found to
adopt highly ordered conformations, particularly from residues Tyr
12 to Ile 22, a conclusion based on the very low proton occupancies
of these residues (Fig. 5C).

The fact that under PF conditions an oligomer-specific antibody,
thought to be conformation specific, recognizes some or all of the
intermediate species, but not their precursors or the subsequent
fibrils (Fig. 3C), further reinforces the conclusion that a confor-
mational change has occurred before their formation. This antibody
is likely to recognize conformational characteristics of the inter-
mediate species, perhaps because of the exposure of hydrophobic
side chains (28, 29) or the adoption of a different conformational
form (30). The most protected residues in the Oagg species are also
the most protected ones in the Fagg species, implying that these
intermediates are likely to be species that progress to fibril forma-
tion. Under PF conditions, a variety of species, including transient
ones, has been detected and indeed trapped. Their exchange data
are consistent, at least, with the NCC mechanism because aggre-
gation occurs through initially formed disordered species, Dagg, that
subsequently evolve and assemble into ordered aggregates, Oagg,
that eventually lead to amyloid fibrils, Fagg.

Conclusions
The results presented here have shown that a pulse-labeling HD
exchange strategy is a powerful means of gaining detailed kinetic,
mechanistic, and structural insights into the nature and intercon-
version of different species populated during the aggregation of an
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SH3 domain into amyloid fibrils. Similar approaches should be
applicable to other peptide and protein systems including those
associated with important medical disorders. In addition, besides
examining the aggregates themselves, the effect of other molecular
species on the aggregating system can be investigated suggesting
that extension of this approach would have significant biological
and pharmaceutical importance.

Materials and Methods
Protein Expression. Unlabeled PI3-SH3, uniformly 15N, and 13C, 15N labeled
PI3-SH3 were obtained as described in ref. 16.

Pulse-Labeling HD Exchange Experiments. PI3-SH3 aggregation was initiated by
incubating freshly dissolved protein in D2O (Euriso-top) at a concentration of 0.4
mM, at either pH* 1.6 or pH* 1.1, corresponding to pH 2.0 and 1.5, at 34 °C. For
bothaggregationbuffers, thepH*,thereadingonthepHmeterwhenmeasuring
D2O solutions, was adjusted by using HCI. Duplicate aliquots of 150 �L were
withdrawn after different �tagg intervals. Aliquots of the solutions were taken at
�tagg ranging from 0 to 21 days. After the variable aggregation period, �tagg, in
the D2O buffer, the buffer was exchanged to give an H2O-based buffer by means
of a fixed labeling time, �tlabel. Two different means of buffer exchange were
used: dialysis and a 1/15 dilution. For each of them, �tlabel was determined
experimentally and adjusted to be the minimum time required for exposed
deuterons to exchange with solvent. HD exchange is slower at pH 2.0 than at pH
1.5, soappropriatedialysisanddilutioncontrolswereperformedatpH2.0.At this
pH, the optimal �tlabel was found to be 2 h for dialysis and 30 min for dilution (Fig.
S5). The same �tlabel times were used at pH 2.0 and at pH 1.5. Dialysis was
performed for 2 h with a 100 MWCO membrane (Spectra/Por) and H2O (Riedel-
de-Haën) adjusted to pH 1.5 or pH 2.0 with HCl (Riedel-de-Haën). After the
labeling pulse by means of dialysis, from each 150-�L aliquot a 20-�L aliquot was
taken for ESI-MS analysis and a 100-�L aliquot for NMR analysis, both of which
were immediately freeze-dried to quench exchange. When the labeling pulse
was applied by means of dilution, from each 150-�L aliquot, 20-�L and 100-�L
aliquots were divided for ESI-MS and NMR analysis, respectively. These aliquots
were diluted 1/15 with H2O that was adjusted to pH 1.5 or 2.0 with HCl. The
dilution buffer at pH 1.5 was adjusted with formic acid (Riedel-de-Haën) because
the use of HCl gives rise to strong adduct peaks in the MS. Controls to determine
that formic acid was not affecting the nature of the species under investigation
were carried out (Fig. S6 and Fig. S7). After dilution, samples were immediately

freeze-dried to quench exchange. Further considerations on the pulse-labeling
experiments are given in the online SI Materials and Methods.

HD Exchange Analyzed by ESI-MS and NMR. Lyophilized samples were trans-
ferred into a solution of 95% DMSO-d6/5% D2O at pH* 4.6 that solubilizes the
various aggregates into monomers and preserves the deuterium content of the
protein molecules (9). The solubilized samples were then analyzed by ESI-MS (8,
16) and NMR (9, 10, 16). Exchange profile for Fagg species detected under AM
conditions were obtained by deconvoluting the NMR data obtained at a given
�tagg (for 10, 11, 12, 13, 17, and 19 days) by using the population distributions
obtained by ESI-MS at that �tagg and the NMR data of samples prepared after
�tagg equal to 8 days as corresponding to the NMR exchange profile for the
Smon-Uagg species. Exchange profiles for Dagg, Oagg, and Fagg species detected
underPFconditionswereobtainedbymulti-linear regressionanalyses combining
the NMR data obtained for samples prepared at a given �tagg (equal to 0, 2, 6, 10,
13, and 15 days) with the population distributions obtained by ESI-MS at that
�tagg by using the program GNUMERIC. Further details on the ESI-MS and NMR
analysis are provided in the online SI Material and Methods.

Morphological Characterization of Amyloid Fibril Formation. EM and AFM
analysis were carried out with samples withdrawn from the D2O solution at
different �tagg times. EM analysis was carried out as reported (16). AFM imaging
was performed with a commercial multimode atomic force microscope con-
trolled by a Nanoscope IV electronics (Digital Instruments). Ten microliters of the
sample were allowed to adsorb for �5–10 min at room temperature on freshly
cleaved, highly ordered pyrolytic graphite (Nt-MDT Co.), and finally imaged in
milliQ water and in tapping mode operation.

Oligomer-Specific Antibody. Three-microliter aliquots of PI3-SH3 samples with-
drawn from the D2O solution under AM and PF conditions were applied to a
nitrocellulose membrane at different �tagg. The membrane was then immuno-
detected with the oligomer-specific antibody, A11 (Biosource) (14), following
manufacturers procedures. Immunoreactive bands were detected with the ECL
Plus system (Amersham Biosciences).
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