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ABSTRACT: A critical aspect to understanding the molec-
ular basis of Alzheimer’s disease (AD) is the characterization
of the kinetics of interconversion between the different
species present during amyloid-β protein (Aβ) aggregation.
By monitoring hydrogen/deuterium exchange in Aβ fibrils
using electrospray ionization mass spectrometry, we de-
monstrate that the Aβ molecules comprising the fibril
continuously dissociate and reassociate, resulting in molec-
ular recycling within the fibril population. Investigations on
Aβ40 and Aβ42 amyloid fibrils reveal that molecules making
upAβ40 fibrils recycle to amuch greater extent than those of
Aβ42. By examining factors that could influence molecular
recycling and by running simulations, we show that the rate
constant for dissociation of molecules from the fibril (koff) is
much greater for Aβ40 than that for Aβ42. Importantly, the
koff values obtained for Aβ40 and Aβ42 reveal that recycling
occurs on biologically relevant time scales. These results
have implications for understanding the role of Aβ fibrils in
neurotoxicity and for designing therapeutic strategies
against AD.

Alzheimer’s disease (AD) is a progressive neurodegenerative
disorder characterized by aggregation of the amyloid-β

protein (Aβ) into amyloid fibrils.1 Aβ fibrils are the principal
constituents of the diffuse and neuritic plaques found in regions
of the brain affected by the disease. As such, these fibrils were
initially thought to be the pathogenic agent in AD.2 However,
little correlation has been found between the amount of plaques
in the brain and the severity of AD.3 Over the past decade, this
puzzle has been resolved by emerging data that impute inter-
mediates of the aggregation process, such as Aβ oligomers, as the
species responsible for neurodegeneration.4 However, recent
data have shown that fibrillar Aβ plaques are a potential reservoir
of oligomeric Aβ species.5 On one hand, this has reconciled the
role of fibrillar Aβ plaques versus Aβ oligomers as the responsible
toxic species in AD. On the other hand, it suggests that to

understand the basis of AD and the role of Aβ in AD it is crucial
to characterize the kinetics of interconversion between the
different species present during Aβ aggregation.

Hydrogen�deuterium exchange (H/D) experiments measure
the degree of protection of labile hydrogens against exchange with
solvent deuterons as a function of time. It is a powerful method
for studying the structure, stability, dynamics, and folding of
proteins.6�9 In previous work,10 we used carefully designed
H/D experiments to study amyloid fibrils formed by an SH3
domain of the R-subunit of bovine phosphatidylinositol-30-kinase
(PI3-SH3), a generic model of amyloid formation.11 We showed
that molecules comprising the fibrils continuously dissociate and
reassociate, resulting in molecular recycling within the fibril
population.10 We have now extended this work to the explicit
study of Aβ amyloid fibrils and show that they also undergo
recycling. The ability to observe this dynamic behavior has allowed
us to study recycling for Aβ40 and Aβ42 fibrils, variants that are
40 and 42 residues long, which have different roles in AD.
Although Aβ40 is the most abundant form, several lines of
evidence actually support Aβ42 as being more strongly linked to
the etiology of AD.12 Herein, we report on important differences
in the recycling properties of Aβ40 and Aβ42 amyloid fibrils.
To determine the origin of said differences, we evaluated the
effects of fibril length distribution and fibril morphology and then
performed simulation studies. Based on these results, we propose
that differences in Aβ40 and Aβ42 recycling stem from differences
between each variant’s average dissociation rate constant (koff).

We first prepared Aβ40 and Aβ42 fibrils at pH 7.4. Electron
micrographs of these samples show that the predominant
morphology for the fibrils is a 5-nm wide filament with a slight
tendency to laterally associate into bundles (Figure 2a,b). Aβ40
amyloid fibrils were exposed to a deuterated buffer for different
periods of time (Figure 1). After different exchange times, fibrils
were ultracentrifuged, and the resulting pelleted fibrils were
freeze-dried to quench the exchange. Dissolving the pelleted
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fibrils in a dimethylsulfoxide (DMSO) based buffer efficiently
breaks them down intomonomers while preserving the exchange
information.7 The deuterium content of the samples was then
analyzed by ESI-MS, which has the unique ability to detect and
characterize populations of protein molecules with different
degrees of exchange.10,13

The mass spectra of Aβ40 amyloid fibrils subjected to the
aforementioned protocol show two extremely well-resolved
peaks (Figure 2c), indicating that the fibrils contain two distinct,
isotopically labeled populations of Aβ40. The lower-mass popu-
lation (Ppd, for partially deuterated) corresponds to a population
of Aβ40 molecules in which 20.7 ( 0.5 backbone amides had
undergone H/D exchange. The higher-mass population (Pfd, for
fully deuterated) corresponds to species in which 38.6 ( 0.6
backbone amides had undergone H/D exchange. During recy-
cling, and when fibrils are exposed to a deuterated buffer, protein
molecules dissociate from the fibril with a rate constant koff. Once
in solution, H/D exchange occurs rapidly, with a rate constant
kex. Finally, protein molecules reincorporate into the fibril as fully
deuterated species with a rate constant kon. Thus, molecular
recycling is consistent with a bimodal isotopic distribution
obtained through the EX1 exchange mechanism. After dissociat-
ing from the fibrils, molecules are long enough in solution to allow all
labile hydrogen atoms to be exchanged before reincorporating back
into the fibril. Other H/D experiments designed to probe the core
structure of Aβ40 amyloid fibrils have revealed that a set of ∼19
amide protons readily exchange with solvent deuterons.6 This value
is very similar to the number of backbone amides that have
exchanged in our Ppd species (20.6 ( 0.5), suggesting that the Ppd

species correspond to the population of molecules that had not
dissociated from the fibrils (white circles in Figure 1b). The mass of
the detected Pfd species corresponds to species in which most of the
backbone amides have undergone exchange (38.6( 0.6, out of 39).
This is in agreement with the population of Aβ40 molecules that
dissociated from the fibrils, underwent exchange, and then reincor-
porated into the fibril ensemble (orange circles in Figure 1b). When
the fibrils were left to undergo exchange for longer periods of time
before MS analysis, the intensity of the Pfd species increased relative
to that of the Ppd species. After 3 days, 49.2( 0.8% of the molecules
within the fibrils were fully deuterated, and after 39 days, 74.3( 0.8%
of the molecules appeared as Pfd species (Figure 2e).

We then studied Aβ42 fibrils using the aforementioned H/D
experiment. The mass spectra of Aβ42 amyloid fibrils exposed to
a deuterated buffer for different periods of time also show two
well-resolved peaks (Figure 2d). The lower mass population, Ppd,
represents a population of molecules in which 23.0 ( 0.9
backbone amides underwent exchange. The higher mass popula-
tion, Pfd, corresponds to species in which nearly all of the
backbone amides underwent exchange (39.6 ( 1.2, out of 41).
Also, as observed for Aβ40 amyloid fibrils, when the Aβ42 fibrils
were left to exchange for longer periods of time before ESI-MS

Figure 1. Schematic description of the H/D experiment designed to
study molecular recycling within Aβ fibrils. (a) Protonated Aβ fibrils are
exposed to deuterated buffer for varying periods of time (Δtlabel). After
the labeling pulse, the solution is ultracentrifuged to remove any soluble
protein and the pelleted fibrils are freeze-dried to quench exchange.
Amyloid fibrils are later solubilized into monomers by transfer to a
DMSO solution and analyzed by ESI-MS. (b) Schematic of the recycling
mechanism for a distribution of fibrils at different times of exchange.
Molecules dissociate and reassociate through both ends of the fibril.
Following fibril dissolution, two populations of molecules are found in
solution, those corresponding to the population of molecules that have
not yet dissociated from the fibrils (white circles), and those represent-
ing the population that have dissociated from the fibrils and subse-
quently reincorporated after complete exchange (orange circles).

Figure 2. Molecular recycling within Aβ40 and Aβ42 fibrils at pH 7.4.
Electron micrographs of (a) Aβ40 fibrils and (b) Aβ42 fibrils, obtained
after incubation of either protein in 50 mM ammonium acetate, 1 mM
Tris, and 0.01% NaN3 at pH 7.4 and 25 �C without agitation. The scale
bars represent 100 nm. Mass spectra (4þ charge state) showing the
relative populations of Ppd and Pfd species after different times of exchange
for (c) Aβ40 and (d) Aβ42. The spectral intensities are all plotted relative
to the most intense peak in the spectra. Plot of the relative fraction of Pfd
molecules in the sample as a function of time of exchange (gray circles)
compared to the best fit obtained from the simulations (green curve) for
(e) Aβ40, koff= 0.6 s

�1 and (f) Aβ42, koff = 1.0� 10�2 s�1. The error bars
represent the standard deviations resulting from duplicate samples.
Standard deviation values smaller than 1 are difficult to observe.
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analysis, the intensity of the Pfd species increased relative to that
of the Ppd species (Figure 2d). Nevertheless, although Aβ40 and
Aβ42 fibrils both undergo recycling, we noticed marked diffe-
rences in their recycling properties. Molecules comprising Aβ40
fibrils recycle to amuch greater extent than those of Aβ42. After 3
days, 49.2 ( 0.8% of the Aβ40 fibril molecules were fully
deuterated, compared to only 13.3 ( 0.6% for Aβ42; likewise,
after 39 days, 74.3( 0.8% of the Aβ40 fibril molecules were fully
deuterated, compared to only 28.9( 0.3% for Aβ42 (Figure 2e,f).

One possible explanation for the different recycling properties
observed within Aβ40 and Aβ42 amyloid fibrils is differences
between their corresponding fibril-length distributions. In pre-
vious work,10 we showed that distributions with shorter fibrils
have more fibril ends that can undergo recycling, which leads to a
greater extent of deuteration. According to this premise, the
differences that we observed for Aβ40 and Aβ42 fibrils would
mean that the former, on average, should be considerably shorter
than the latter. To test this possibility, we estimated the
respective fibril length distributions of Aβ40 and of Aβ42 based
on transmission electron microscopy (TEM) images. However,
we found that the Aβ40 and Aβ42 fibrils were actually similar in
length: in fact, the Aβ40 fibrils were slightly longer than the Aβ42
fibrils (Figure S1). This result is opposite to what one might
predict from exchange and indicates that the observed differences
in recycling are not due to differences in fibril length.

Another explanation for the different recycling properties
observed within Aβ40 and Aβ42 amyloid fibrils is differences
in the average dissociation rate constant of molecules from the
fibrils, koff, of the two Aβ variants. Analysis of the plot of isotope
exchange against time (Figure 2e,f) enables obtaining quantita-
tive estimates of koff, as during recycling the koff limits the
appearance of the Pfd molecules. We constructed a model
considering a fibril ensemble with the same fibril length distribu-
tion as obtained from the TEMmeasurements of fibrils grown at
pH 7.4, whereby dissociation and reassociation occur at both
ends of the fibril and at the same rate (Figure 1b).We then used it
to run various simulations to obtain estimates of the koff value for
each Aβ variant. The simulations that best mimicked the experi-
mental time course of the isotope exchange reaction provided the
following estimates for koff: 0.6 s�1 for Aβ40 (green curve in
Figure 2e) and 1.0 � 10�2 s�1 for Aβ42 (green curve in
Figure 2f) revealing that the koff value for Aβ40 is 60 times larger
than that for Aβ42.

Aβ40 and Aβ42 fibrils produced at pH 7.4 comprise a 5-nm
wide filament with a slight tendency to laterally associate into
bundles (Figure 2a,b). Fibril morphology is sensitive to subtle
differences in fibril growth conditions (pH, temperature, buffer
composition, and protein concentration).14 To examine the
effect of fibril bundles on the dissociation properties of Aβ
molecules from the fibrils, we incubated Aβ40 and Aβ42
separately at pH 2.0 and 37 �C without agitation, conditions
reported as leading to few fibril bundles.15 Study of the resulting
fibrils by EM revealed that both Aβ40 and Aβ42 fibrils form well-
defined, discrete, individual 10-nm wide fibrils (Figure S2a,b).
Application of the H/D protocol, followed by ESI-MS analysis of
the Aβ40 and Aβ42 fibrils produced at pH 2.0, yielded a similar
H/D time course to that obtained at pH 7.4. The spectra show
two well-resolved peaks, corresponding to Ppd and Pfd, whereby
the intensity of Pfd increases with time relative to that of Ppd
(Figure S2c,d). H/D exchange is 4 orders of magnitude slower at
pH 2.0 than at pH 7.4. Therefore, observation of a bimodal
distribution at pH 2.0 is clear evidence that exchange occurs

through the EX1 mechanism. We measured the fibril length
distribution of the pH 2.0 fibrils using TEM (Figure S3) and then
incorporated the measured value in recycling simulations. The
experimental time course of the isotope exchange reaction was
reproduced by a koff of 1.5 s

�1 for Aβ40 (green curve in Figure
S2e) and a koff of 0.5� 10�2 s�1 for Aβ42 (green curve in Figure
S2f). These values are close to the corresponding ones obtained
at pH 7.4, 0.6 s�1 for Aβ40 (green curve in Figure 2e) and 1.0�
10�2 s�1 for Aβ42 fibrils (green curve in Figure 2f), thereby
indicating that association of fibrils into bundles did not greatly
affect Aβ40 and Aβ42 koff values.

To further validate our results, we considered that recycling is
monitored under equilibrium conditions; thus, the rate of dis-
sociation of protein molecules from the fibrils (voff) equals the
rate of reincorporation of protein molecules into the fibrils (von).
Furthermore, our observation of Pfd species indicates that the
rate of hydrogen exchange (vex) is faster than von. Thus, from the
two aforementioned premises, it follows that voff = von < vex.
Applying experimental data to this equation, we calculated the
maximum koff value consistent with the observation of Pfd species
(koff

max) for each of our experimental conditions (Supporting
discussion and Tables S1 and S2). The koff values obtained from
the simulations should be smaller than koff

max, which is precisely
the situation for all the conditions studied (Table S3, Figure S4).
This proves that the H/D exchange experiments here described
are indeed monitoring recycling within Aβ fibrils.

Our results show that Aβ fibrils continuously dissolve and
reform, supporting a dynamic model for Aβ fibrils and providing
evidence that Aβ fibril formation is not irreversible. These
findings are consistent with a dynamical model based on com-
peting aggregation and disaggregation processes proposed
to interpret plaque morphology16 and with studies on the
interaction of Aβ42 and Aβ40 at different stages of aggregation.17

Additionally, our data extend earlier work on fibril growth,18 in
which the authors proposed that only early interaction between
fibrils and depositing Aβ was reversible, while becoming irrever-
sibly associated to the fibril in a time-dependent manner.

We have quantitatively estimated the rate constants that
determine fibril dissolution at pH 7.4: 0.6 s�1 for Aβ40 and
1.0� 10�2 s�1 for Aβ42. These koff values point to differences in
fibril dissolution rates between Aβ40 and Aβ42 fibrils, being
faster in the case of Aβ40 fibrils compared to Aβ42 fibrils. This
reinforces the conclusions of other groups, who have reported
that the biophysical behavior of Aβ40 is distinct from that of
Aβ42.19 Another important aspect of the koff values obtained is
that recycling occurs on time scales that are biologically relevant,
not so fast as to be only thermodynamically important, and not so
slow as to be kinetically irrelevant.

These results may have future implications for understanding
how fibrils contribute to neurotoxicity in AD. Recently published
data show that amyloid fibrils are a reservoir fromwhich small Aβ
oligomers are generated.5 This finding would agree with our
results on Aβ fibril recycling, assuming, first, that small oligomers,
such as dimers and trimers, rather thanmonomers are involved in
the recycling process and, second, that these oligomers are either
intrinsically unprotected to exchange or in rapid dynamic
equilibrium with the monomer.

Finally, our findings have important implications in the design
of AD therapies. They highlight the importance of the Aβ variant
used to test the efficiency of a given therapeutic strategy. Fur-
thermore, they point to two possible therapeutic strategies:
trapping the released Aβ species to promote subsequent
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dissolution of the fibrils; and, if the released Aβ species are toxic,5

blocking the fibril ends to prevent the release of Aβ molecules
from the fibril. In fact, the H/D experiments used in this work
to monitor molecular recycling stand as one possible means to
test the efficacy of molecules that work by either of these two
strategies.
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