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ABSTRACT: Alzheimer’s disease is associated with the deposition
of the amyloid-β peptide (Aβ) into extracellular senile plaques in
the brain. In vitro and in vivo observations have indicated that
transthyretin (TTR) acts as an Aβ scavenger in the brain, but the
mechanism has not been fully resolved. We have monitored the
aggregation process of Aβ40 by thioflavin T fluorescence, in the
presence or absence of different concentrations of preformed seed
aggregates of Aβ40, of wild-type tetrameric TTR (WT-TTR), and
of a variant engineered to be stable as a monomer (M-TTR). Both
WT-TTR and M-TTR were found to inhibit specific steps of the
process of Aβ40 fibril formation, which are primary and secondary
nucleations, without affecting the elongation of the resulting fibrils.
Moreover, the analysis shows that both WT-TTR and M-TTR bind
to Aβ40 oligomers formed in the aggregation reaction and inhibit their conversion into the shortest fibrils able to elongate. Using
biophysical methods, TTR was found to change some aspects of its overall structure following such interactions with Aβ40 oligomers,
as well as with oligomers of Aβ42, while maintaining its overall topology. Hence, it is likely that the predominant mechanism by
which TTR exerts its protective role lies in the binding of TTR to the Aβ oligomers and in inhibiting primary and secondary
nucleation processes, which limits both the toxicity of Aβ oligomers and the ability of the fibrils to proliferate.

■ INTRODUCTION

Alzheimer’s disease (AD) is an increasingly prevalent form of
dementia that involves a loss of memory, cognitive ability, and
behavioral stability. It has long been known that its main
histopathological hallmarks are the presence of extracellular
lesions, called senile plaques, and of intracellular bundles, called
neurofibrillary tangles,1,2 which are known to be composed
primarily of amyloid fibrils of the amyloid β (Aβ) peptide and of
abnormal straight filaments or paired helical filaments formed by
the protein tau, respectively.3

The involvement of transthyretin (TTR) in the process of Aβ
fibril formation was first reported more than 20 years ago, when
it was found that TTR, among the proteins present in the
cerebrospinal fluid (CSF), was able to bind to Aβ40 and form
stable complexes.4 Such an interaction was found to be able to
inhibit amyloid fibril formation by Aβ-derived peptides in vitro,
as observed with thioflavin T (ThT) fluorescence, Congo red
birefringence, and transmission electron microscopy.4 The
interaction of TTR with Aβ has been confirmed by many
other studies in vitro, and it is now well established that it occurs
with monomeric, oligomeric, and fibrillar forms of Aβ40 and

Aβ42, with a higher affinity for oligomeric and fibrillar forms
relative to monomers in solution state.5−9 Similarly, the
inhibition of Aβ aggregation by TTR, resulting from such an
interaction, has also been confirmed by many other studies in
vitro,6−8,10 with consequent suppression of the toxic effects of
Aβ.6,8,9,11 In addition to inhibiting Aβ fibril formation, TTR has
also been shown to bind to preformed Aβ40 and Aβ42 oligomers
and preformed Aβ40 fibrils and reduce their toxicity when added
to the extracellular medium of murine primary neurons and of
human neuroblastoma SH-SY5Y cells, or when injected into the
hippocampi of mice, indicating a multiplicity of mechanisms
through which TTR can be beneficial against the adverse effects
of Aβ.11−13 Observations of the ability of TTR to inhibit
aggregation and toxicity of Aβ have also been obtained in animal
models, such as Caenorhabditis elegans transgenic for human
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Aβ42 and TTR14 and mice transgenic for mutant forms of the
amyloid β precursor protein (APP) and having different levels of
endogenous TTR or human TTR.15

The involvement of TTR in human AD is suggested by the
concomitant decrease of both Aβ42 and TTR levels in the CSF of
AD patients16−18 and of their accumulation and colocalization in
similar areas of the cortex and hippocampus in both human AD
patients and transgenic mice.11,19 Moreover, the expression of
TTR in neurons is responsive to the expression of Aβ in both
adult transgenic mice and cultured primary neurons from such
mice, well before plaque formation or signs of neurodegenera-
tion are detectable to any significant extent.11,20 The
concentration of TTR in the CSF was also found to increase
with aging in humans in the absence of dementia,16 suggesting
that controlled expression of this protein is a response to the
increasing age-dependent failure of protein homeostasis. Indeed,
the recent observation that TTR expression can be induced in
human neuroblastoma SH-SY5Y cells, primary hippocampal
neurons from APP23 mice, and adult APP23 hippocampi (but
not mouse liver or cultured hepatoma cells), following the
activation of the heat shock response, is supportive of the
hypothesis that TTR plays a key role in maintaining neuronal
protein homeostasis and hence in protecting against neuro-
degeneration.21

Despite intensive research, the exact mechanism by which
TTR modulates the behavior of Aβ and, in particular, affects the
microscopic steps in the complex process of conversion of
monomeric Aβ into amyloid fibrils is still not known in detail. It
is also unclear if the tetrameric and monomeric forms of TTR
undergo conformational changes when binding to Aβ. In this
work, we have investigated the unseeded and seeded formations
of Aβ40 fibrils in the presence of a variety of concentrations of
both WT-TTR and M-TTR to establish which microscopic
steps of the process of fibril formation are affected by TTR, and
have also determined the conformational changes occurring in
TTR during these events, as well as those associated with its
interaction with preformed toxic oligomers of Aβ42.

■ MATERIALS AND METHODS
Expression, Purification, and Site-Directed Mutagenesis of

TTRs. The pMMHa plasmid containing the WT-TTR or M-TTR gene
was transformed into competent BL21 DE3 Epicurian Gold cells
(Agilent Technologies, Santa Clara, CA). The M-TTR gene was
previously obtained by introducing two mutations at the dimer−dimer
interface (F87M and L110M) in the Hu-TTR plasmid DNA by site-
directed mutagenesis.22 Moreover, a mutant protein named W79F-M-
TTRwas produced by site-directedmutagenesis starting from the DNA
plasmid of M-TTR using the QuickChange site-directed mutagenesis
kit (Agilent Technologies, Santa Clara, CA). All DNA sequences were
checked with DNA sequencing.
All TTR variants were isolated and purified following previously

described procedures.23 In brief, the initial culture of Escherichia coli
cells containing the plasmid was grown until cell growth was visible
before inoculating 15 mL of the culture into 1.5 L of LBmedia with 100
μg mL−1 of ampicillin in 2.8 L Fernbach flasks. The cells were grown at
37 °C with vigorous shaking until OD600 = 1.0−1.2; they were then
induced with 1 mM isopropyl β-D-thiogalactoside (IPTG) overnight at
37 °C with vigorous shaking. They were then harvested by
centrifugation at 21 000g for 10 min at 4 °C and resuspended in 100
mL L−1 of culture of TBS (20 mM Tris, 0.5 M NaCl, pH 7.5 1 mM
phenylmethylsulfonyl fluoride (PMSF) and 1 mM ethylenediaminete-
traacetic acid (EDTA)), and then sonicated in a cold room or ice bath
(3 cycles, 3 min each, with 3 s pulses, 100 amplitude, 1 min resting
between cycles). Pellet cell debris was collected by centrifugation at
12 000g for 15 min at 4 °C, and the resuspended ammonium sulfate

pellet was desalted by dialysis against 2 L of 25 mMTris, pH 8.0, at 4 °C
for 24 h using membranes with a 4 kDa molecular weight cutoff
(MWCO). The resulting solutions were chromatographed on an ionic
exchange, HR-Q column (23 mL) using buffer A (25 mM Tris, 1 mM
EDTA, pH 8.0) and buffer B (25mMTris, 1MNaCl, 1 mMEDTA, pH
8.0) with the gradient starting from 0% buffer B, changing to 20% buffer
B in 1 CV, going to 35% buffer B in 9 CV, keeping 35% buffer B for 1/2
CV, and then going to 100% buffer B in 2 CV. TTR samples were
collected from 21% buffer B to 35% buffer B and concentrated down to
∼20 mL using an ultrafilter and a 10 kDa MWCOmembrane and were
further purified by gel filtration by employing a Superdex 75 gel
filtration column (GE Healthcare, Chicago, IL) at a flow rate of 1.8 mL
min−1 and eluted in 10 mM phosphate buffer, 100 mM KCl, 1 mM
EDTA, pH 7.6, 4 °C. The center of the absorbance peak was collected.
The purification yield was usually ∼10−30 mg L−1 of LB culture.
Purified proteins were stored at−20 °C in 20mMphosphate buffer, pH
7.4. Purified proteins were checked with matrix-assisted laser
desorption ionization (MALDI) mass spectrometry, and their purity
was found by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) to be >95% in all cases. Protein concentrations
were determined spectrophotometrically using ε280 = 18 450 M

−1 cm−1

for M-TTR, ε280 = 77 600 M−1 cm−1 for WT-TTR, and ε280 = 12 950
M−1 cm−1 for W79F-M-TTR.

Expression and Purification of Aβ40 and Aβ42. Aβ40 was
expressed in the E. coli BL21 Gold (DE3) strain (Agilent Technologies,
Santa Clara, CA) and purified as described previously24 with slight
modifications. Briefly, the purification procedure involved sonication of
E. coli cells, dissolution of inclusion bodies in 8 M urea, and ion
exchange in batch mode on diethylaminoethyl cellulose resin followed
by lyophilization. The lyophilized powder was dissolved, further
purified using a Superdex 75 HR 26/60 column (GE Healthcare,
Buckinghamshire, U.K.), and the fractions collected were analyzed
using SDS-PAGE for the presence of the desired peptide product. The
fractions with the peptide were combined, frozen using liquid nitrogen,
and lyophilized again. The Aβ40 concentration was determined
spectrophotometrically using ε280 = 1490 M−1 cm−1.

Aβ42 was purchased from Abcam (Cambridge, U.K.). The
lyophilized powder was dissolved in hexafluoroisopropanol (HFIP),
which was then evaporated with a nitrogen flow; the powder was then
dissolved in dimethyl sulfoxide (DMSO) and reached final volume by
the addition of the desired buffer. Finally, the protein was incubated at 4
°C for 24 h. Protein concentration was determined using ε280 = 1490
mol−1 cm−1. Aβ42-derived diffusible ligands (ADDLs) were prepared by
incubating Aβ42 for 24 h, as previously described.25 For the circular
dichroism (CD) analysis, the samples containing ADDLs were dialyzed
overnight against 20 mM sodium phosphate buffer, 150 mMNaCl, pH
7.4, 4 °C, with 3 kDa MWCO membranes.

Dynamic Light Scattering (DLS). WT-TTR, M-TTR, and Aβ40
samples were prepared at a final protein concentration of 15 μM in 20
mM phosphate buffer, 150 mM NaCl, pH 7.4, 25 °C. Before the
measurements, the protein samples were filtered with 20 nm cutoff
Anotop filters (Whatman, Little Chalfont, U.K.). DLS measurements
were performed using a Zetasizer Nano S device from Malvern
Instruments (Malvern, Worcestershire, U.K.) thermostated with a
Peltier system. Low-volume 10× 4 mm2 disposable cells were used, and
the values of refractive index and viscosity set on the instrument were
determined using the software provided with the instrument, based on
the information of buffer and temperature provided by the user. All size
distributions were the average of three consecutive measurements.

Time Course of Aβ40 Amyloid Fibril Formation. Solutions of
monomeric Aβ40 were prepared by dissolving the lyophilized peptide in
6 M guanidinium hydrochloride (GdnHCl). Monomeric forms were
purified from potential oligomeric species and salt using a Superdex 75
10/300 GL column (GEHealthcare) at a flow rate of 0.5 mLmin−1 and
were eluted in 20 mM phosphate buffer, 150 mM NaCl, pH 7.4. The
center of the peak was collected, and the peptide concentration was
determined from the absorbance of the integrated peak area using ε280 =
1490 M−1 cm−1.

The Aβ40 samples were diluted to final concentrations of 1−5 μM
with 20 mM phosphate buffer, 150 mM NaCl, pH 7.4, at 37 °C, under
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quiescent conditions, and supplemented with a small volume from a 2
mM thioflavin T (ThT) stock solution in water to reach a final ThT
concentration of 20 μM. WT-TTR and M-TTR were added to final
monomer equivalents (m.e.) ranging from 0.01 to 0.5 relative to Aβ40.
All samples were prepared in low-binding Eppendorf tubes on ice using
careful pipetting to avoid introduction of air bubbles. Each sample was
then pipetted into multiple wells of a 96-well half-area, low-binding,
clear bottom, and poly(ethylene glycol) (PEG)-coated plate (Corning
3881) to give 80 μL per well (three repeats per sample). The 96-well
plate was placed at 37 °C under quiescent conditions in a plate reader
(Fluostar Omega, Fluostar Optima, or Fluostar Galaxy, BMG Labtech,
Offenburg, Germany). TheThT fluorescence wasmeasured in real time
for all of the wells concomitantly through the bottom of the plate with a
440 nm excitation filter and a 480 nm emission filter. The time course
(or kinetic trace, ThT fluorescence versus time) of aggregation was then
obtained for each well.
Chemical Kinetics Model of Aβ40 Amyloid Fibril Formation.

Amyloid fibril formation was analyzed using a kinetic model containing
the microscopic steps of primary nucleation and fibril elongation and a
multistep secondary nucleation, the mechanism of aggregation of Aβ40,
as previously described26,27
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where [P] and [M] are the number and mass concentrations of
aggregates, respectively; kn, k2, and k+ are the rate constants for primary
nucleation, secondary nucleation, and fibril elongation, respectively;
[m] is the concentration of monomers; KM is the Michaelis constant;
and nc and n2 are the reaction orders relative to the monomer of primary
and secondary nucleations, respectively.
All kinetic traces of aggregation obtained at different Aβ40

concentrations were first normalized to fibrillar mass concentration,
dividing the ThT fluorescence values at time t ([M]t) by the
corresponding values measured at the plateau ([M]∞), taken as 1.0
or 100%. The resulting traces were analyzed simultaneously with a
procedure of global best fitting using the fitting platform amylofit,26−28

which employs an integrated rate law obtained from the above
equations, as previously described26−28
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and where [m]0 is the initial monomer concentration; [P]0, [M]0 and
[P]∞, [M]∞ are the aggregate number and mass concentration at the
beginning and end of aggregation, respectively; k+, kn, and k2 are the rate
constants of elongation, primary, and secondary nucleations,
respectively; nc and n2 are the reaction orders relative to the monomer
of primary and secondary nucleations, respectively; and KM is the

Michaelis constant; other details were as reported previously.27 The
dependence of the aggregation half-time (t1/2) on [m]0 can be
expressed as a simple scaling law t1/2 ∼ ([m]0)

γ, with the scaling
exponent γ. For the above model, γ is given by27
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where γ = −n2 + 1/2 at low monomer concentrations and γ = −1/2 at
high monomer concentrations.26,27,29

The global fitting procedure was first performed using the kinetic
traces of Aβ40 at different concentrations in the absence of the TTR
species to obtain the mean values and errors for KM, k+kn, and k+k2 that
best describe all kinetic traces. It was then repeated on the kinetic traces
in the presence of 5.0 μM Aβ40 and the TTR species at different
concentrations to identify the microscopic steps inhibited by each TTR
form. This was achieved by allowing one of the microscopic rate
constants kn, k2, or k+ to vary between data sets recorded at different
inhibitor concentrations and forcing the other parameters to be global,
i.e., take the same value for all data sets, as outlined in detail.28 It was
then repeated on the kinetic traces in the presence of 5.0 μMAβ40, 25%
Aβ40 seeds, and TTRs at different concentrations to assess whether the
TTR species affected the fibril elongation process. It was finally
repeated on the kinetic traces in the presence of 5.0 μM Aβ40, 2% Aβ40
seeds, and TTRs at different concentrations to assess whether the TTR
species affected the secondary nucleation process. This was achieved by
comparing the k2 values required to describe the aggregation kinetics, in
both the absence and presence of the TTR species. Finally, to assess the
consistency of our conclusions from both the unseeded and lightly
seeded experiments, the data at 5.0 μM Aβ40 in both the absence and
presence of 2% Aβ40 seeds, and in the absence and presence of 0.1 m.e.
of either M-TTR or WT-TTR, were fitted together. The rate constants
kn and k2 were both allowed to vary (while k+ was kept constant) but
forced to take the same value for both the unseeded and the seeded
data.

Atomic Force Microscopy (AFM) Imaging. High-resolution and
phase-controlled AFMwas performed on positively functionalizedmica
(TedPella Inc.) substrates.30 The mica surface was cleaved and
incubated for 1 min with 10 μL of 0.5% (v/v) (3-aminopropyl)-
triethoxysilane (APTES) from Sigma-Aldrich (St. Louis, MO) in Milli-
Q water. Then, the substrate was rinsed three times with 1 mL of Milli-
Qwater and dried by a gentle stream of nitrogen gas. Aliquots of an Aβ40
sample aggregating at a concentration of 10 μM in 20 mM sodium
phosphate buffer, 150 mM NaCl, pH 7.4, 37 °C, with or without 0.08
m.e. of M-TTR were removed from the aggregation reaction at 0, 1, 3,
and 4 h of incubation and were directly deposited onto the
functionalized mica surfaces. The droplets were incubated for 10 min,
then rinsed with 1 mL of Milli-Q water, and dried by the gentle stream
of nitrogen gas. The preparation was carried out at room temperature.
AFM maps were realized by means of a JPK nanowizard2 (Berlin,
Germany) system operating in tapping mode and equipped with a
silicon tip (μmasch, 2 N m−1) with a nominal radius of 10 nm. Image
flattening was performed by SPIP (Image Metrology, Hørsholm,
Denmark) software.

Labeling of TTRs with N-(7-Dimethylamino-4-methylcou-
marin-3-yl)maleimide (DACM). Each TTR variant was diluted to 0.2
mM in 20 mM phosphate buffer, 50 mMNaCl, pH 7.4, 25 °C. Aliquots
of DACM dissolved in pure DMSO were added to a 10-fold molar
excess of dye. Each sample was wrapped with aluminum foil and
incubated under shaking for 1 h at 37 °C. The reaction was quenched
with 5 μL of trifluoroacetic acid (TFA). The unbound dye was removed
by extensive dialysis, using 3 kDa MCWO membranes, and the sample
was then centrifuged to remove any precipitate. The DACM
concentration of the resulting labeled protein sample was determined
using ε381 = 27 000M

−1 cm−1. The protein concentration wasmeasured
at 280 nm using the same ε280 values reported above, after subtraction of
the contribution of an equimolar concentration of DACM-GSH. Only
samples with a degree of labeling close to 100% were used. The absence
of free DACM, unlabeled protein, and multiply labeled protein in the
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samples, as well as the presence of singly labeled TTRs, was checked
with mass spectrometry, as previously reported.31

Intrinsic Fluorescence and Fluorescence Resonance Energy
Transfer (FRET). Aliquots of an Aβ40 sample aggregating at a
concentration of 10 μM in 20 mM sodium phosphate buffer, 150
mM NaCl, pH 7.4, 37 °C, were removed from the various aggregation
reactions at different time points and mixed with solutions containing
either DACM-labeled or unlabeled WT-TTR, M-TTR, or W79F-M-
TTR. The final conditions after mixing were 9 μMAβ40 and 3 μM (0.3
m.e.) DACM-labeled or unlabeled TTR monomer (in one of its three
forms), at molar ratios of 1:3 (TTR/Aβ40) in 20mM sodium phosphate
buffer, 150 mM NaCl, pH 7.4, 37 °C. Fluorescence emission spectra
(excitation 290 nm) were recorded using a PerkinElmer LS 55
spectrofluorimeter (Waltham, MA) equipped with a thermostated cell
holder attached to a Haake F8 water bath (Karlsruhe, Germany). A 10
× 2 mm2 quartz cuvette was used. The FRET efficiency (E) and the
associated distance (R) between Cys10-DACM and Trp41 were
determined as determined previously.31

In another set of experiments, Aβ42-derived diffusible ligands
(ADDLs) were prepared by incubating Aβ42 for 24 h as described.25

12 μM Aβ42 ADDLs (m.e.) were co-incubated with 4 μM DACM-
labeled or unlabeledM-TTR orW79F-M-TTR (m.e.) at molar ratios of
1:3 (TTR/Aβ42) in 20 mM sodium phosphate buffer, 150 mM NaCl,
pH 7.4, 37 °C. 4 μMDACM-labeled or unlabeledM-TTR orW79F-M-
TTR (m.e.) was also incubated under the same conditions in the
absence of Aβ42 ADDLs. 12 μM Aβ42 ADDLs (m.e.) were also
incubated in the absence of the TTR species. Fluorescence emission
spectra were recorded at 0, 20, 40, and 60 min and analyzed using the
same apparatus, cuvette, and equation as described above. Proteolytic
activity of M-TTR on monomeric Aβ42 was excluded by incubating the
two proteins for 30 min or 4 h before SDS-PAGE analysis.
Far-UV CD Spectroscopy. Far-UV CD spectra of WT-TTR, M-

TTR, andW79F-M-TTR in the presence of Aβ40 following a 30min co-
incubation in 20mM sodium phosphate buffer, pH 7.4, 25 °C, and of all
four proteins incubated for 30min individually, were collected from 185
to 250 nm using a J-810 spectropolarimeter from Jasco (Tokyo, Japan)
equipped with a thermostated cell holder attached to a Thermo Haake
C25P water bath (Karlsruhe, Germany) and using a 0.1 cm path length
cuvette (Hellma, Müllheim, Germany). NaCl (150 mM) was not used
in this case due to the noise generated by this salt in the far-UV CD
spectra. Total protein concentrations of 0.1 mg mL−1 were used for
both individual proteins or protein mixtures (TTR-Aβ40); these
corresponded to 23 and 7.3 μM (individual proteins) or 11.2 and 3.7
μM (protein mixtures at molar ratios of 3:1) for Aβ40 and TTR
monomers, respectively. All spectra were blank-subtracted and
converted to mean residue ellipticity ([Θ]). In the case of protein
mixtures, mean residue ellipticity values [Θ] were calculated as

l c n m c n m/ ( )/ ) ( / )mix 1 1 1 2 2 2[Θ] = Θ [ + ] (11)

where Θ is the ellipticity in mdeg units, l is the path length in cm units
and has a value of 0.1 cm, n1 and n2 are the numbers of residues of TTR
and Aβ40, respectively, m1 and m2 are the molecular masses in Da of

TTR and Aβ40, respectively, and c1 and c2 are the protein concentrations
in mg mL−1 of TTR and Aβ40, respectively. The theoretical average
mean residue ellipticity values ([Θ]avg), assuming that neither
unstructured to structured transitions nor secondary structure
rearrangements occur, were calculated as

n n R n n R( )/( )avg 1 1 2 2 1 2[Θ] = [Θ] + [Θ] + (12)

where [Θ]1 and [Θ]2 correspond to the measured mean residue
ellipticity values, n1 and n2 to the number of residues of TTR and Aβ40,
respectively, and R to the excess molar ratio of protein.

In another set of experiments, far-UV CD spectra of 4 μM M-TTR
and W79F-M-TTR incubated in the presence of 12 μM (m.e.) Aβ42
ADDLs in 20 mM sodium phosphate buffer, pH 7.4, 37 °C, were
recorded after 0, 20, 40, and 60 min using a J-810 spectropolarimeter
from Jasco (Tokyo, Japan) equipped with a thermostated cell holder
attached to a Thermo Haake C25P water bath (Karlsruhe, Germany)
and using a 0.1 cm path length cuvette (Hellma, Müllheim, Germany).
All spectra were blank-subtracted and converted to mean residue
ellipticity ([Θ]).

Fluorescence Quenching of M -TTR by Aβ42 ADDLs.
Fluorescence spectra of M-TTR (excitation 280 nm, emission 300−
450 nm) at an initial concentration of 7.2 μM were recorded after
adding increasing volumes of 20 mM phosphate buffer, 150 mM NaCl
at 37 °C, with or without Aβ42 ADDLs, with final concentrations of the
latter ranging from 0 to 9 μM (m.e.). A 10 × 4 mm2 quartz cuvette was
used with the same fluorimeter apparatus as that described above. We
also acquired fluorescence spectra of ADDLs alone to confirm the
absence of fluorescence. The ratio between the total emitted
fluorescence (300−450 nm) in the absence (F0) and presence (F) of
ADDLs was determined at all ADDL concentrations.

Size Exclusion Chromatography. Aβ42 ADDLs (1.0 mg mL−1)
and M-TTR (0.2 mg mL−1) were mixed or kept separated and
incubated at 25 °C for 30 min in PBS. Five hundred microliters were
then injected into a Superdex 200 Increase 10/300 GL (Ge Healthcare,
Little Chalfont, U.K.) and run with an AKTA-pure 25 L (GE
Healthcare), with PBS elution and optical absorption recording at 280
nm. One milliliter fractions were collected, precipitated with prechilled
acetone, and analyzed by SDS-PAGE with a 4−20% Mini-PROTEAN
precast protein gel (Bio-Rad, Hercules, CA). The obtained gel was
stained with silver nitrate.

Cell Toxicity Assays. The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT) reduction assay was performed as
described previously.13,32 The image acquisition and analysis of
caspase-3 activity were also performed as described previously.13,32

■ RESULTS
Aβ40, WT-TTR, and M-TTR Are Not Aggregated After

Purification. Samples of Aβ40, WT-TTR, and M-TTR were
generated as described in Materials and Methods, and analysis
with SDS-PAGE showed that the proteins were electrophoreti-
cally pure. An initial preliminary analysis was carried out with

Figure 1. Secondary nucleation step in Aβ40 aggregation is kinetically saturated. (a) Time courses of amyloid fibril formation at the indicated Aβ40
concentrations, (b) half-time of Aβ40 aggregation versus the initial monomer concentration, as derived from (a). The solid line is the theoretical
prediction of the half-time using eq 10. Error bars are standard deviations (s.d.). (c) Normalized time courses as derived from (a). The solid lines show
predictions for the resulting reaction profiles using a kinetic model containing the microscopic steps of primary nucleation and fibril elongation and a
multistep secondary nucleation (eq 3) with fixed reaction orders of nc = n2 = 2.27
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dynamic light scattering (DLS) to rule out the possibility that
any of the three purified proteins had aggregated prior to the
analysis. The Aβ40 peptide was found to have an apparent
hydrodynamic diameter (Dh) of 3.0 ± 0.1 nm (Supporting
Information, Figure S1), in agreement with previously reported
values33 and with the expectations originating from general
polymer scaling arguments for a monomeric unfolded 40-
residue long peptide, i.e., 3.5 ± 0.734 or 3.6 ± 1.7 nm.35 M-TTR
was found to have a Dh value of 4.2 ± 0.1 nm (Supporting
Information, Figure S1), in good agreement with values
previously determined experimentally22,36,37 and with the
value theoretically expected for a monomeric 127-residue
globular protein, i.e., 3.9 ± 0.9 nm.35 WT-TTR was found to
have aDh value of 6.2± 0.1 nm (Supporting Information, Figure
S1), which is in good agreement with that expected for the
folded tetrameric state, as calculated from geometric laws.
Secondary Nucleation Step in Aβ40 Aggregation Is

Saturated Under the Used Conditions.We then monitored
the aggregation of Aβ40 at various concentrations in a buffer
close to physiological conditions and probed the progress of the
aggregation reaction using ThT fluorescence at 480 nm
(excitation 440 nm). Specifically, Aβ40 was incubated at a series
of concentrations between 1.0 and 5.0 μM in 20 mM phosphate
buffer, 150 mM NaCl, 20 μM ThT, pH 7.4, at 37 °C, under
quiescent conditions. The ThT fluorescence values of the
resulting samples were measured at regular time intervals and
plotted as a function of time (Figure 1a). In previous work, ThT
was not found to significantly affect the rate of fibril formation of
Aβ40.

27 In all cases, the time courses followed a characteristic
sigmoidal profile with lag, exponential, and plateau phases. The
length of the lag phase was found to decrease with the Aβ40

concentration, and the steepness of the exponential phase
increased, as well as the final ThT fluorescence measured at the
plateau, which is proportional to the peptide concentration to a
good approximation (Figure 1a).38 Three samples were
prepared for each Aβ40 concentration, and the resulting kinetic
traces were found to show little variation (Figure 1a).
To interpret quantitatively these time courses, we considered

first the half-time of the fibril mass formation as a function of the
initial monomer concentration, which yields the exponent γ that
informs on the dominant nucleation mechanisms active in a
given system.27 In the case of Aβ40 aggregation, it has been found
to vary from −1.2 at low Aβ40 concentrations to −0.2 at high
Aβ40 concentrations.27 This is due to the fact that at low
monomer concentrations, where γ is highly negative, rates of
secondary nucleation are predominantly determined by the
attachment of free monomers to the surface of the fibrils, and
thus the rates depend strongly on the monomer concentration.
Instead, at high monomer concentrations, where γ is lower,
secondary nucleation is saturated, as secondary nucleation sites
are fully occupied by monomers. Under these conditions, the
rate of nucleation is no longer dependent on the concentration
of free monomers but is governed by the rate of conversion and
detachment of the bound monomers on the fibril surface.27

Interestingly, the data in Figure 1b show an exponent γ above
−1.0 (less negative), at all monomer concentrations, indicating
that secondary nucleation is likely to have approached saturation
under the conditions explored here. This saturation at lower
concentrations than those observed previously is likely a result of
the increased ionic strength under the conditions used here. As
established previously, an increase in ionic strength promotes

Figure 2.WT-TTR andM-TTR display strong inhibition of primary nucleation in Aβ40 aggregation. (a−f) Time courses of fibril formation by 5.0 μM
Aβ40 in the presence of WT-TTR (a−c) and M-TTR (d−f) at the indicated concentrations (m.e.). The solid lines are fits of the kinetic profiles by a
model in which secondary nucleation (a, d), elongation (b, e), or primary nucleation (c, f) is inhibited by TTRs. (g) Incubation of 20, 30, and 50 μM
WT-TTR and M-TTR under the same conditions in the absence of Aβ40. (h) Change in the effective rate constants of primary nucleation in Aβ40
aggregation, as derived from (e) and (f), shown with increasing concentrations ofWT-TTR (green) andM-TTR (black). Error bars are s.d. of the rates
obtained from individual fitting of the repeats. The traces in (a)−(f) show the average traces of those repeats.
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the attachment step during the secondary nucleation of Aβ and
thus leads to saturation at lower concentrations.39

We next proceeded to assess if all kinetic traces could be
quantitatively reproduced from a molecular model in which
saturated secondary nucleation is the mechanism dominating
the kinetics of aggregation, as suggested by the scaling analysis
discussed above. To this effect, all of the kinetic traces were first
normalized to the same fibrillar mass concentration by dividing
the ThT fluorescence intensity at time t ([M]t) by the
corresponding values measured at the plateau ([M]∞), taken
as 1.0 or 100% (Figure 1c). Oligomer concentrations were found
to be small compared to monomer and fibrillar concentrations
and thus do not need to be considered explicitly in this
normalization.40 The resulting time courses of [M]t/[M]∞ at
different Aβ40 concentrations were then analyzed simultane-
ously by generating the best fits to the experimental data using a
single rate law (eq 3) that was derived from a model that
includes the specific microscopic steps of primary nucleation,
fibril elongation, and a saturated secondary nucleation process
(eqs 1 and 2), as described previously27 and in Materials and
Methods (Figure 1c). From the fitting of the model, we also
found that the concentration at which secondary nucleation has
reached half-saturation (Km

1/2) was below the range of Aβ40
concentrations studied here (1−5 μM), in agreement with the
idea that the saturation of the secondary nucleation pathway is
expected at the measured monomer concentrations.
WT-TTR and M-TTR Inhibit Primary Nucleation in the

Process of Aβ40 Aggregation. The time courses of amyloid
fibril formation by 5.0 μM Aβ40 were studied under the same
solution conditions in the absence and presence of tetrameric
WT-TTR and monomeric M-TTR at different concentrations,
ranging from 0.01 to 0.5 molar equivalents (m.e.) of monomeric
TTR subunits (Figure 2a−f). All concentrations of TTR
molecules reported here refer to concentrations of monomeric
TTR subunits. The fibril formation kinetics of a 5.0 μM sample
of Aβ40 were found to be significantly slowed down in the
presence of either TTR variant, but the comparison of kinetic
traces at similar m.e. shows that WT-TTR has a more effective
inhibitory effect. When the two forms of TTR studied here were
incubated under the same experimental conditions in the
absence of Aβ40, the ThT fluorescence was not found to increase
with time, even with very high concentrations of M-TTR and
WT-TTR (Figure 2g).
We then carried out a quantitative analysis of the effects of the

two different TTR species by fitting the rate law determined in
the absence of TTR but allowing some of the rates to vary (see
Materials and Methods).26,41 The kinetic aggregation traces in
Figure 2a−f could be fitted to the moment equation after
introducing suitable perturbations to single rate constants
describing individual microscopic processes (eq 3). This
approach thereby indicated which specific microscopic steps
were affected by the presence of the TTR species and showed
that the unseeded aggregation kinetics of Aβ40 in the presence of
a range ofM-TTR orWT-TTR concentrations investigated here
are very well described when the primary nucleation rate
constant (kn) is specifically decreased (Figure 2c,f). By contrast,
the experimental data are not consistent with predictions made
by altering the rate constants of secondary nucleation (k2) or
elongation (k+) (Figure 2a,b,d,e).
This analysis reveals that in the presence of M-TTR or WT-

TTR, the primary nucleation pathway, which is governed by the
product of the rate constants of elongation and primary
nucleation (k+kn), is specifically perturbed. In particular, the

k+kn value in the presence of the TTR species (k+kn
app) was

found to decrease by a factor of approximately 10 and 106 with
0.1 m.e. ofWT-TTR andM-TTR, respectively, relative to that in
the absence of TTRs (k+kn) (Figure 2h and Supporting
Information, Table S1). Hence, the analysis indicates that the
inhibitory effects of WT-TTR and M-TTR on unseeded Aβ40
aggregation originate largely from the modulation of a single key
microscopic step, i.e., primary nucleation.

WT-TTR and M-TTR Do Not Modify the Elongation
Step in Aβ40 Aggregation. The analysis described so far
identified primary nucleation as the most strongly affected
kinetic quantity. To probe whether there was also a small effect
on elongation rate (k+) that was not visible in the unseeded data
due to the strong effect on primary nucleation, we recorded time
courses of Aβ40 fibril formation under the same conditions, but
in the presence of large quantities of preformed fibrils of Aβ40,
corresponding to 25% of soluble Aβ40 in m.e. and in the presence
of 0.2 and 0.4 m.e. of WT-TTR and M-TTR (Figure 3a). With
25% of preformed fibrils, the primary and secondary nucleation
steps are effectively bypassed, the overall number of aggregates
remains approximately constant in time, and the dominant
mechanism responsible for the consumption of monomeric Aβ40
is the elongation of the preformed fibrils.40,42 In the absence of
TTR, amyloid fibril formation by Aβ40 was very rapid and
without a detectable lag phase, as expected due to the presence
of seed fibrils (Figure 3a). Neither 0.2 nor 0.4 m.e. of WT-TTR
and M-TTR was found to affect significantly the aggregation
kinetics (Figure 3a,b), revealing that Aβ40 fibril elongation is not
affected by the presence of either TTR form.

WT-TTR and M-TTR Inhibit Secondary Nucleation in
Aβ40 Aggregation. To probe whether there was also an effect
on secondary nucleation rate constant (k2) in the presence of the
two forms of TTR that was not visible in the unseeded data due
to the strong effect on primary nucleation, we repeated the
experiments described above in the presence of smaller
quantities of preformed fibrils of Aβ40 (2% m.e.). At this
concentration of fibril seeds, primary nucleation is bypassed, but
both fibril elongation and surface-catalyzed secondary nuclea-
tion contribute significantly to the overall kinetics of fibril
formation.42−45 In the absence of either form of TTR, the entire
process of Aβ40 fibril formation was found to have an
intermediate rate relative to the corresponding processes in
the absence and presence of 25% seeds, with a short lag phase
still detectable (Figure 3c). In the presence of 0.1 and 0.2 m.e. of
M-TTR and WT-TTR, the fibril formation process was
significantly slowed down in a concentration-dependent
manner, with the efficiency of inhibition being higher for WT-
TTR than for M-TTR (Figure 3c,d). Since neither M-TTR nor
WT-TTR affects Aβ40 fibril elongation at these concentrations
(Figure 3a,b), and the primary nucleation step is bypassed with
2% fibrillar seeds, this retardation can be attributed to a decrease
in the rate constant of secondary nucleation (k2). Indeed, the
experimental time courses are well described when only k2 is
varied in the presence of increasing concentrations of M-TTR
and WT-TTR (Figure 3c,d). The k2 values were found to be
decreased by ca. 32 and 35% at 0.1 and 0.2 m.e. of M-TTR,
respectively, and by ca. 52 and 70% at 0.1 and 0.2 m.e. of WT-
TTR, respectively (Figure 3d). As this is a small decrease
compared to the decrease of primary nucleation, it was not
observed in unseeded experiments, where the inhibition of
primary nucleation dominates. As a further check, we show how
the unseeded and the 2% seeded traces can be described by the
simultaneous inhibition of both primary and secondary
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nucleations (Supporting Information, Figure S2). These fits
confirm the inhibition of both primary and secondary
nucleations.
In conclusion, the agreement between the experimental traces

and their fits suggests that the inhibition of Aβ40 fibril formation
observed in the unseeded experiments byWT-TTR andM-TTR
is largely due to an inhibition of primary nucleation and, in part,
secondary nucleation (Figure 3e). The efficiency of this
inhibition was found to be different for the two forms of TTR,
however, as the comparison of the kinetic plots obtained at the
same concentrations of TTR molecules in terms of monomeric
subunits shows thatWT-TTR is able to inhibit both primary and
secondary nucleations to a greater extent than M-TTR.

M-TTR Delays the Deposition of Amyloid Fibrils of
Aβ40. The aggregation process of Aβ40 was also probed using
phase-controlled and high-resolution atomic force microscopy
(AFM), with and without M-TTR to follow the time-dependent
appearance of the various aggregate morphologies. Aβ40 was
incubated under the same solution conditions at a concentration
of 10 μM in the absence or presence of 0.08 m.e. of M-TTR, and
samples were withdrawn and analyzed at various times between
0 and 4 h (Figure 4a). We did not perform the same experiment
with WT-TTR because the aggregation process was still in the
lag phase under these conditions after 4 h (Figure 2a). In the
absence of M-TTR, after incubation for 1 h, corresponding to
the lag phase in the ThT fluorescence time course, aggregated
species with a height of 0.2−0.4 nm were the predominant
species, attributable to the individual polypeptide chains in a
monomeric state deposited on the mica surface; however, a
small but significant population of species with a height of 0.5−
1.0 nm was present and can be attributed to oligomers (Figure
4b,c). Indeed, such species are likely to have a larger diameter in
suspension than that estimated here, as a consequence of both
the minor deformations caused by the cantilever tip on the
oligomer shape and of the discoidal shape of the oligomers that
results from the fact that AFM measures accurately their height
rather than their width. After incubation for 3 h, i.e., during the
exponential phase in the ThT fluorescence time course, a
modest population of species with a height of 2−4 nm,
attributable to protofibrils and protofilaments, is clearly present.
After incubation for 4 h, corresponding to the plateau phase, a
large population of mature fibrils, with a height of approximately
6−9 nm, dominates the sample, along with some of the
protofilaments with a height of 2−4 nm46−48 (Figure 4b).
In the presence of 0.08 m.e. of M-TTR, amyloid fibril

formation was substantially slower than in its absence, and
monomers with a height of 0.2−0.4 nm persisted after 3 h and
were still the predominant species after 4 h, where only a small
number of short, 2−3 nm high protofibrils were detected
(Figure 4b). Nevertheless, larger numbers of oligomers were
observed during the lag phase in the presence ofM-TTR, as after
1 h of incubation species with heights of 0.5−1.2 nm were
predominant, and even larger oligomers with heights greater
than 1.2 nm were detected (Figure 4b,c and Supporting
Information, Figure S3). These results indicate that M-TTR
inhibits the process of amyloid fibril formation by Aβ40.

WT-TTR and M-TTR Undergo a Specific Conforma-
tional Change Upon Binding to Aβ40 Oligomers. We next
studied the intrinsic fluorescence of TTRs during Aβ40 fibril
formation to probe possible conformational changes of TTRs
when interacting with Aβ40. WT-TTR and M-TTR have two
tryptophan (Trp) residues in each monomer subunit, at
positions 41 and 79, whereas Aβ40 does not have any, making
it possible to attribute the observed intrinsic fluorescence
entirely to TTR molecules. Moreover, only Trp41 is fluorescent
in the native state because Trp79 fluorescence is naturally
quenched.31,49,50 For this reason, we analyzed aW79Fmutant of
M-TTR, which contains the only fluorescent Trp41, avoiding
complications arising from Trp79 fluorescence increases during
conformational changes.
Aβ40 (10 μM) was incubated under the same conditions as

described above. At regular time intervals, aliquots were
withdrawn and mixed with W79F-M-TTR. The final conditions
were 9 μM Aβ40, 3 μM (0.3 m.e.) W79F-M-TTR, 150 mM
NaCl, pH 7.4, 25 °C. The Trp intrinsic fluorescence was then
measured immediately after mixing and plotted versus time of

Figure 3. WT-TTR and M-TTR cause significant inhibition of
secondary nucleation, but not elongation, in Aβ40 aggregation. (a)
Kinetic profiles of a 5.0 μMAβ40 solution with 25% of preformed seeds
(m.e.) in the absence and presence of 0.2 or 0.4 m.e. of M-TTR and
WT-TTR. Solid lines are fits of the reaction profiles when elongation
(k+) is allowed to vary by the different TTR species. (b) Normalized
rate constants for fibril elongation derived from the fitted curves in (a).
Error bars are s.d. (c) Kinetic profiles of a 5.0 μMAβ40 solution with 2%
of preformed seeds (m.e.) in the absence and presence of 0.1 or 0.2 m.e.
of M-TTR or WT-TTR. Solid lines represent predictions for the
resulting reaction profiles when secondary nucleation (k2) is allowed to
vary by the different TTR species. (d) Normalized rate constants for
secondary nucleation derived from the fitted curves in (c). Error bars
are s.d. (e) Scheme of the proposed protective mechanisms operated by
WT-TTR and M-TTR on Aβ fibril formation and its toxicity. Top:
microscopic processes of amyloid fibril formation and associated rate
constants slowed down by WT-TTR and M-TTR (red crosses).
Bottom right: binding of TTR molecules to Aβ oligomers and
inhibition of their toxicity.
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Aβ40 aggregation (Figure 5A). As Aβ40 aggregation proceeds,
Trp fluorescence increases until an apparent equilibrium is
reached. This occurs with an apparent rate constant of 4.3(±1.3)
× 10−4 s−1, indicating that such a change occurs within the lag
phase of Aβ40 fibril formation. Since M-TTR does not bind

monomeric Aβ40,
7 the observed change can be attributed to its

binding to Aβ40 in an oligomeric state.
The analysis was then repeated under identical experimental

conditions using W79F-M-TTR covalently labeled with N-(7-
dimethylamino-4-methylcoumarin-3-yl)maleimide (DACM) at

Figure 4.M-TTR delays the formation of Aβ40 amyloid fibrils. (a) Time course of ThT fluorescence for 10 μMAβ40 with and without 0.08 m.e. of M-
TTR. The vertical bars indicate the time points of sample withdrawal for AFM imaging. (b) AFM images at 0, 1, 3, and 4 h of aggregation after a twofold
dilution. (c) Statistical analysis and box-chart representation of the height of the oligomers after 1 h, as evaluated from AFM imaging.

Figure 5. TTRs undergo a conformational change, but maintain their topology, upon binding to Aβ40 oligomers. (A, B) Time course of Trp intrinsic
fluorescence measured after mixing an aliquot of Aβ40 undergoing aggregation (at the indicated time points) and an aliquot of an unlabeled (A) or
DACM-labeled (B) W79F-M-TTR. The solid lines result from a procedure of best fitting using single-exponential functions. (C) Time courses of
FRET E (blue) and Cys10-Trp41 distance R (purple) using the values derived from (A) and (B). The solid lines are best-fits to single-exponential
functions. (D−F) Far-UV CD spectra measured after incubating Aβ40 with WT-TTR (D), M-TTR (E), and W79F-M-TTR (F), for 30 min using a
total protein concentration of 0.1 mg mL−1 and using a 1:3 molar ratio of TTR/Aβ40 (purple). Spectra of Aβ40 alone (red) or TTR alone (green) are
also shown. Spectra reconstructed from a linear combination of the spectra of Aβ40 alone and TTR alone using a 1:3 molar ratio, as described in
Materials and Methods, are also shown (blue).
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Cys10 (Figure 5B). DACM acts as an acceptor of the
fluorescence emitted from Trp41 due to FRET.31 The initial
Trp fluorescence at time 0, in the absence of Aβ40, is very low due
to FRET (compare the y scales in Figure 5A,B). The Trp
fluorescence then increases with a rate similar to that of the
unlabeled mutant, i.e., 4.3(±1.0) × 10−4 s−1. By determining the
FRET efficiency (E) values at any given time using the Trp
fluorescence values reported in Figure 5A,B and by converting
such values into distance R between Cys10-DACM and Trp41,
plots of E vs time and R vs time could be reconstructed,31

showing a time-dependent decrease of the FRET E value
attributable to a conformational change that increases slightly,
but significantly, the distance between Cys10 and Trp41 (Figure
5C).
Overall Fold of WT-TTR and M-TTR Is Unchanged

During the Lag Phase of Aβ40 Aggregation. We next used
far-UV circular dichroism (CD) to probe possible changes in the
secondary structure of the various forms of TTR when
interacting with Aβ40. In particular, we acquired far-UV CD
spectra of the three forms of TTR alone and after co-incubation
for 30 min with Aβ40, a time sufficient for the TTR molecules to
interact with oligomeric Aβ40, as indicated by the intrinsic
fluorescence measurements (Figure 5D−F). The total protein
concentration was 0.1 mg mL−1, corresponding to 23 and 7.3
μM for Aβ40 and TTR monomers, respectively, in 20 mM
phosphate buffer, pH 7.4, 25 °C. The far-UV CD spectra after
incubating WT-TTR and Aβ40 for 30 min are largely
superimposable with that obtained by averaging the spectra
recorded for the two proteins individually (Figure 5D). This is in

agreement with a previous report on a similar time scale.8 Similar
conclusions were obtained when the analysis was repeated with
M-TTR (Figure 5E) and W79F-M-TTR (Figure 5F). Hence,
the interaction of all three forms of TTRwith Aβ40 during the lag
phase of its aggregation process does not even partially disrupt
the secondary structure of the TTR species.

Different Forms of TTR Maintain Their Topology and
Secondary Structure Upon Binding to Toxic Aβ42
Oligomers. Previous studies have shown that WT-TTR and
M-TTR can interact with preformed toxic oligomers of Aβ40 and
Aβ42 and inhibit their toxicity.7,12,13 We therefore repeated our
biophysical analysis using preformed amyloid-derived diffusible
ligands (ADDLs) formed by Aβ42 that have previously been
shown to be toxic to rat neuronal cells, rat hippocampal neurons,
and mice organotypic hippocampal slice cultures.12,25,51−53 The
identity of our ADDL preparations was confirmed by SDS-
PAGE and Western blotting (Supporting Information, Figure
S4a), as previously reported.51 The TTRmolecules that we used
were M-TTR and its mutant W79F-M-TTR because M-TTR
was found to be the most effective form for suppressing the
toxicity of Aβ42 oligomers.13 The binding of M-TTR with the
Aβ42 ADDLs was checked with two independent tests
(Supporting Information, Figure S4b−e).
M-TTR (4 μM) was then incubated with or without

preformed Aβ42 ADDLs (12 μM, m.e.) in 20 mM phosphate
buffer, 150 mM NaCl, pH 7.4, at 37 °C, and far-UV CD spectra
were recorded after 0, 20, 40, and 60 min. The spectrum of M-
TTR was found to be stable with time and to be typical of an all-
β protein, as described above (Figure 6a). The spectrum of the

Figure 6. M-TTR undergoes a specific conformational change, while maintaining the topology, upon binding to Aβ42 ADDLs. (a−c) Far-UV CD
spectra of M-TTR (a), Aβ42 ADDLs (b), and M-TTR plus Aβ42 ADDLs (c) measured at the indicated times of incubation using a protein
concentration of 0.1 mg mL−1 (a, b) or 0.2 mg mL−1 with a 1:1 mass ratio of M-TTR: Aβ42 ADDLs (c). In panel (c), the experimental spectra
(continuous lines) are compared with those obtained by summing the spectra of M-TTR alone and ADDLs alone (dashed lines). (d−h) Fluorescence
spectra recorded for both M-TTR (d, e) and DACM-M-TTR (g, h) in the absence (d, g) and presence (e, h) of Aβ42 ADDLs after the indicated times
of incubation. Fluorescence spectra recorded for Aβ42 ADDLs alone are also shown (f). (i) FRET E values of M-TTR in the absence (green) and
presence (red) of Aβ42 ADDLs.
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Aβ42 ADDLs in the absence of M-TTR was also stable with time
and had a low value of mean residue ellipticity with a negative
peak at 218 nm, indicating a significant level of organized
secondary structure (Figure 6b). The spectrum of Aβ42 ADDLs
in the presence of M-TTR was stable with time and similar to
that obtained by adding together the spectra of M-TTR alone
and ADDLs alone (Figure 6c). The analysis was repeated for
W79F-M-TTR, leading to very similar results (Supporting
Information, Figure S5a−c), confirming that no change of
secondary structure and topology occurs for M-TTR or W79F-
M-TTR following their interaction with Aβ42 ADDLs.
Various TTR Species Undergo a Specific Conforma-

tional Change Upon Binding to Toxic Aβ42 Oligomers.
The interaction between ADDLs and M-TTR was also studied
by means of intrinsic fluorescence and FRET using the same
experimental conditions as those described in the previous
section. The fluorescence spectra of both M-TTR and DACM-
M-TTR were found to be stable within the first hour of
incubation in the absence of the ADDLs (Figure 6d,g), whereas
those recorded in their presence decreased in intensity with time
(Figure 6e,h), indicating a progressive interaction of M-TTR
and DACM-M-TTR with the ADDLs. The ADDLs were not
fluorescent, indicating that this species does not contribute to
the observed fluorescence spectra (Figure 6f). The FRET E
value of M-TTR in the absence of the ADDLs was stable with
time (Figure 6i) and similar to that measured previously,31

whereas that in their presence decreased progressively (Figure
6i). This analysis was repeated for the W79F mutant of M-TTR,
leading to very similar results (Supporting Information, Figure
S5d−i). These results indicate that a conformational change
occurs for M-TTR or its mutant following the interaction with
ADDLs and also indicate an increased spatial distance between
DACM-Cys10 and the two tryptophan side chains, especially
Trp41.
Various TTR Species Suppress the Toxicity of Aβ42

Oligomers. We then evaluated whether the interaction
between TTR and ADDLs was able to suppress the toxicity of
the oligomers. We first added preformed ADDLs to the cell
culture medium of human SH-SY5Y neuroblastoma cells at a
concentration of 12 μM (m.e.), confirming their toxicity using
the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) assay (Supporting Information, Figure S6a). We
then treated the cells with ADDLs preincubated for 1 h in the
presence of 1.2 μM WT-TTR or M-TTR (m.e.) and found no
detectable toxicity, with a level of MTT reduction similar to that
of untreated cells or to cells treated with the Aβ42 monomers
(Supporting Information, Figure S6a). Similar results were
obtained from analyzing caspase-3 activity, a well-recognized
apoptotic marker, using confocal microscopy (Supporting
Information, Figure S6b). Fluorescence microscopy images
and the corresponding semiquantitative values of the green
fluorescence signal associated with caspase-3 activity show that
WT-TTR and M-TTR significantly prevented the apoptotic
response induced by ADDLs (Supporting Information, Figure
S6b). These results confirm the ability of M-TTR andWT-TTR
to suppress the toxicity of ADDLs (Figure 3e), as previously
reported.13

■ DISCUSSION
TTR Inhibits Primary and Secondary Nucleations of Aβ

by Binding to Oligomers and Preventing Their Con-
version into Short Fibrils. In this work, we have confirmed
the inhibition of the process of amyloid fibril formation by Aβ40

that is mediated by monomeric and tetrameric forms of
TTR,6,7,10 but have, in addition, studied this process further
by investigating the microscopic mechanisms underlying this
phenomenon. We have shown that this inhibitory effect results
from the ability of the different forms of TTR to slow down the
microscopic steps of both primary and secondary nucleations
while leaving the elongation step unaffected (Figure 3e).
How can we interpret these results? Under the conditions of

highly substoichiometric concentrations of WT-TTR and M-
TTR used here, nearly all of the Aβ40 molecules will be unbound
in solution, regardless of the binding affinity. The lack of any
effect of WT-TTR and M-TTR on the rate of the microscopic
step of fibril elongation observed here and previously54 is
consistent with the hypothesis that binding between TTR
molecules and Aβ40 monomers, if present, is not significant in
determining the kinetics of Aβ40 fibril formation. Hence, the
ability of WT-TTR or M-TTR to inhibit primary nucleation
cannot be attributed to their ability to sequester Aβ40 monomers
from the formation of nuclei competent for growth and
elongation. Both WT-TTR and M-TTR can, however, bind
Aβ40 oligomeric species with high affinity,5−8 suggesting that
both forms of TTR can bind to the Aβ40 oligomeric species
formed in the aggregation process, preventing their structural
reorganization into species that are able to elongate (Figure 3e).
Moreover, this conclusion is consistent with (i) the observation
made in this study with AFM that M-TTR can stabilize
oligomeric Aβ40, (ii) with the recent finding that M-TTR can
bind to oligomers and block their conversion into fibrils,9 and
(iii) with the previous finding that WT-TTR can bind to
oligomers that are positive for the OC antibody and block their
growth, maturation, or reorganization;8 indeed, such OC-
positive oligomers have been shown to be off-pathway species,
thus unproductive for fibril elongation.55 Indeed, such off-
pathway intermediates would be expected to dissociate more
slowly than the overall time scale of the aggregation reaction,
and further studies are needed to address the metastability of the
TTR-bound oligomers. Overall, blockage of primary nucleation
does not arise in this case from monomer sequestration but by
interaction with oligomeric species and inhibition of their
conversion and growth into nuclei.
The lack of effect on Aβ40 fibril elongation indicates that TTR

molecules do not bind strongly to the growing ends of Aβ40
fibrils. By contrast, a significant effect on secondary nucleation
was observed under conditions of saturation of the Aβ40 binding
sites on fibril surfaces, in agreement again with the concept that
the various forms of TTR hinder the conversion of fibril-bound
Aβ40 oligomers into species able to elongate. Different
mechanisms of action have been proposed for TTR, as well as
extracellular chaperones, in the binding of protein-misfolded
oligomers and inhibition of their toxicity, including “binding
followed by further oligomer clustering” and “binding causing
hydrophobic shielding”.56 Both of these mechanisms have
indeed been observed for M-TTR and toxic HypF-N or Aβ42
oligomers at particular protein:protein molar ratios.8,9,13,57 The
AFM results reported here indicate thatM-TTR can stabilize the
smaller Aβ40 oligomers, as well as induce the formation of larger
Aβ40 assemblies, consistent with these two views.
In our conditions of analysis, M-TTR was found to be less

effective than WT-TTR in inhibiting Aβ40 fibril formation, in
apparent disagreement with an earlier report under similar
conditions.7 The difference can be due to subtle differences in
experimental conditions, as well as in differences in TTR and
Aβ40 protein purification.
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M-TTR Undergoes a Subtle Conformational Change
When Interacting with Aβ Oligomers. M-TTR has been
shown to be very plastic, with conformational changes occurring
as the pH decreases to values of 3.9−5.0,58 upon the addition of
small amounts of urea at equilibrium before the major unfolding
transition at pH 7.437 and transiently during folding from the
fully unfolded to the fully folded state at pH 7.4.37 The data
presented here suggest that M-TTR undergoes a subtle
conformational change when interacting with Aβ40 and Aβ42
oligomers. Far-UV CD indicates that M-TTR maintains its
secondary structure and overall topology, but fluorescence
measurements reveal that it undergoes subtle changes in
conformation, as indicated by small enhancements in
tryptophan fluorescence and increases in the average spatial
distances between the tryptophan residues, particularly Trp41,
and the fluorophore attached to Cys10. Thus, following
interaction with Aβ40 oligomers forming during amyloid fibril
formation and stable Aβ42 ADDLs, the FRET efficiency
decreases from 0.72 ± 0.02 to 0.60 ± 0.03 and 0.57 ± 0.03,
respectively, a change that is less dramatic than that observed
upon full unfolding of M-TTR for the same donor−acceptor
pair, where the change is from 0.72 ± 0.02 to 0.29 ± 0.01.31

This conformational state is distinct from other partially
folded or native-like states observed previously. In fact, the
amyloidogenic state of M-TTR at pH 3.9−5.0 has the same
secondary structure and Trp-DACM FRET efficiency as the
native state.31 The conformational state populated in 1M urea at
pH 7.4 has a far-UVCD spectrum distinct from that of the native
structure, indicating some degree of unfolding, but indistin-
guishable fluorescence properties, including similar FRET E
values.31,37 Finally, the kinetic folding intermediate at pH 7.4 has
a higher FRET efficiency than, and a similar β-sheet content to,
the native state, again showing a distinction from the species
characterized here.31,37 Such a variety of partially folded states
adopted byM-TTR under the various circumstances emphasizes
the structural plasticity of this protein.
How Does TTR Prevent Aβ Fibril Formation and

Toxicity in Vivo? The concentration of WT-TTR is estimated
to be 0.09−0.36 μM in the human CSF of healthy individuals.59

WT-TTR is also present in the neurons and brain parenchyma,
although its concentration in these environments has not yet
been determined.11 By contrast, the concentration of Aβ40 in the
CSF of healthy individuals is 0.6−5.0 nM60 and has been
determined to be in the high picomolar to low nanomolar range
in the human brain,5,61,62 where the concentration of Aβ42 is
even lower.60 The interaction between WT-TTR and
monomeric Aβ40 occurring in solution has been studied
previously7,10 and reported to have a KD value of 435 ± 19
μM, using Trp41 intrinsic fluorescence quenching by Aβ40,

10 or
24 μM, using solution NMR and isothermal titration
calorimetry.7 With these protein concentrations and affinities,
therefore, only a small fraction of monomeric Aβ40 is likely to be
associated with tetrameric WT-TTR, i.e., ca. 0.4−1.5% in the
CSF, assuming a KD value of 24 μM.7 A similar order of
magnitude (or even lower) is expected in the brain parenchyma,
and the situation for monomeric Aβ42 is likely to be very similar.
Although quantitatively negligible, however, it cannot be
excluded that the binding of monomeric Aβ40/Aβ42 to
tetrameric TTR can become significant in some circumstances.7

The most effective mechanism inhibiting amyloid fibril
formation by Aβ40 and Aβ42 in vivo is likely to be the interaction
betweenWT-TTR (or its dissociated subunits) and Aβ40 or Aβ42
oligomers. It is still unclear whether WT-TTR binds the Aβ

oligomers in its tetrameric form7 or only after dissociation into
its constituent subunits.8 The affinity of WT-TTR and M-TTR
for oligomeric Aβ is much higher than that of monomers.5−9

Consequently, such binding can be an effective strategy through
which TTR inhibits both Aβ fibril formation (by blocking the
conversion of small-sized oligomers into small fibrils through
primary and secondary nucleations) and reducing the toxicity of
the oligomers (Figure 3e). This latter mechanism of neuro-
protection mediated by TTR has been widely described
previously7,11−13 and has been confirmed in the present study.
The former mechanism is as important as the latter, however,
because it is increasingly recognized that the proliferation of
protein aggregates can be dominated by secondary nucleation
on the surfaces of fibrils42,45 and that the spread of protein
deposition diseases through the brain may result from the
diffusion of fibrils.63,64

■ CONCLUSIONS

TTR is increasingly recognized to act as an Aβ scavenger in the
brain, as indicated by the increased levels of this protein in the
CSF during aging,16 the expression of TTR in the heat shock
response in neurons,21 the concomitant reduction in the level of
Aβ and TTR in the CSF in AD,16,18 and the colocalization of the
two proteins in the senile plaques of the cortex and hippocampus
in AD.11 In fact, it seems that TTR is upregulated as a result of
aging, stress, and as a means of protection against the aggregates
of Aβ40/Aβ42 in the brain and that it follows the fate of the CSF
pool of Aβ. In this study, we have shown that an important
mechanism of this protective role lies in the ability of TTR to
bind to Aβ oligomers and inhibit their conversion into the short
fibrils, as both the microscopic steps of primary and secondary
nucleations are retarded. This protection, which has been
observed to require a subtle conformational conversion of TTR,
is dual as it limits both the toxicity of the oligomeric species and
the ability of the aggregates to proliferate over time.

■ ASSOCIATED CONTENT

*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.biomac.9b01475.

Size distributions of WT-TTR, M-TTR, and Aβ40; global
fits of the inhibition of TTRs in unseeded and 2% seeded
experiments; height of oligomeric populations as
measured by AFM; characterization of the identity and
M-TTR binding of Aβ42 ADDLs; conformational change
of W79F-M-TTR upon binding to Aβ42 ADDLs; and cell
toxicity assays and other experimental details (PDF)

■ AUTHOR INFORMATION

Corresponding Authors
Tuomas P. J. Knowles − Department of Chemistry, Centre for
Misfolding Diseases, University of Cambridge, Cambridge CB2
1EW, U.K.; Department of Physics, Cavendish Laboratory,
Cambridge CB3 0HE, U.K.; orcid.org/0000-0002-7879-
0140; Email: tpjk2@cam.ac.uk

Fabrizio Chiti − Department of Experimental and Clinical
Biomedical Sciences “Mario Serio”, Section of Biochemistry,
University of Florence, 50134 Florence, Italy; orcid.org/0000-
0002-1330-1289; Email: fabrizio.chiti@unifi.it

Biomacromolecules pubs.acs.org/Biomac Article

https://dx.doi.org/10.1021/acs.biomac.9b01475
Biomacromolecules 2020, 21, 1112−1125

1122

https://pubs.acs.org/doi/10.1021/acs.biomac.9b01475?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.9b01475/suppl_file/bm9b01475_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tuomas+P.+J.+Knowles"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-7879-0140
http://orcid.org/0000-0002-7879-0140
mailto:tpjk2@cam.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fabrizio+Chiti"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-1330-1289
http://orcid.org/0000-0002-1330-1289
mailto:fabrizio.chiti@unifi.it
pubs.acs.org/Biomac?ref=pdf
https://dx.doi.org/10.1021/acs.biomac.9b01475?ref=pdf


Authors
Seyyed Abolghasem Ghadami − Department of Experimental
and Clinical Biomedical Sciences “Mario Serio”, Section of
Biochemistry, University of Florence, 50134 Florence, Italy

Sean Chia − Department of Chemistry, Centre for Misfolding
Diseases, University of Cambridge, Cambridge CB2 1EW, U.K.

Francesco Simone Ruggeri − Department of Chemistry, Centre
for Misfolding Diseases, University of Cambridge, Cambridge
CB2 1EW, U.K.

Georg Meisl − Department of Chemistry, Centre for Misfolding
Diseases, University of Cambridge, Cambridge CB2 1EW, U.K.;
orcid.org/0000-0002-6562-7715

Francesco Bemporad − Department of Experimental and
Clinical Biomedical Sciences “Mario Serio”, Section of
Biochemistry, University of Florence, 50134 Florence, Italy

JohnnyHabchi−Department of Chemistry, Centre for Misfolding
Diseases, University of Cambridge, Cambridge CB2 1EW, U.K.

Roberta Cascella − Department of Experimental and Clinical
Biomedical Sciences “Mario Serio”, Section of Biochemistry,
University of Florence, 50134 Florence, Italy

Christopher M. Dobson − Department of Chemistry, Centre for
Misfolding Diseases, University of Cambridge, Cambridge CB2
1EW, U.K.

Michele Vendruscolo − Department of Chemistry, Centre for
Misfolding Diseases, University of Cambridge, Cambridge CB2
1EW, U.K.; orcid.org/0000-0002-3616-1610

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.biomac.9b01475

Funding
The authors thank the Iranian Ministry of Science Research and
Technology for the studentship to S.A.G., the University of
Florence for Fondi di Ateneo (S.A.G., F.B., and F.C.), the
Regione Toscana, Project FAS-Salute SUPREMAL (R.C. and
F.C.), the Department of Chemistry and the Center for
Misfolding Diseases of the University of Cambridge (S.C.,
F.S.R., G.M., J.H., C.M.D., M.V., and T.P.J.K.), the Darwin
College, and the Swiss National Foundation for Science to F.S.R.
(Grants 152958, P300P2_171219, and 200021_162767).

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS

The authors thank Joel Buxbaum and Xinyi Li for providing the
gene coding M-TTR.

■ ABBREVIATIONS USED

Aβ, amyloid β; AD, Alzheimer’s disease; ADDLs, amyloid-
derived diffusible ligands; AFM, atomic force microscopy; APP,
amyloid β precursor protein; CD, circular dichroism; APTES,
(3-aminopropyl)triethoxysilane; CSF, cerebrospinal fluid;
DACM, N-(7-dimethylamino-4-methylcoumarin-3-yl)-
maleimide; DLS, dynamic light scattering; DMSO, dimethyl
sulfoxide; FRET, fluorescence resonance energy transfer;
GdnHCl, guanidinium hydrochloride; GSH, glutathione;
IPTG, isopropyl β-D-thiogalactoside; m.e., monomer equiv-
alents; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide; M-TTR, monomeric variant of TTR; TFA,
trifluoroacetic acid; TTR, transthyretin

■ REFERENCES
(1) Alzheimer, A.; Stelzmann, R. A.; Schnitzlein, H. N.; Murtagh, F. R.
An English translation of Alzheimer’s 1907 paper, “Uber eine
eigenartige Erkankung der Hirnrinde”. Clin. Anat. 1995, 8, 429−431.
(2) Ball, M. J. Alzheimer’s disease: a challenging enigma. Arch. Pathol.
Lab. Med. 1982, 106, 157−162.
(3) Selkoe, D. J.; Hardy, J. The amyloid hypothesis of Alzheimer’s
disease at 25 years. EMBO Mol. Med. 2016, 8, 595−608.
(4) Schwarzman, A. L.; Gregori, L.; Vitek, M. P.; Lyubski, S.;
Strittmatter, W. J.; Enghilde, J. J.; Bhasin, R.; Silverman, J.; Weisgraber,
K. H.; Coyle, P. K. Transthyretin sequesters amyloid beta protein and
prevents amyloid formation. Proc. Natl. Acad. Sci. U.S.A. 1994, 91,
8368−8372.
(5) Buxbaum, J. N.; Ye, Z.; Reixach, N.; Friske, L.; Levy, C.; Das, P.;
Golde, T.; Masliah, E.; Roberts, A. R.; Bartfai, T. Transthyretin protects
Alzheimer’s mice from the behavioral and biochemical effects of Abeta
toxicity. Proc. Natl. Acad. Sci. U.S.A. 2008, 105, 2681−2686.
(6) Costa, R.; Goncalves, A.; Saraiva, M. J.; Cardoso, I. Transthyretin
binding to A-Beta peptide–impact on A-Beta fibrillogenesis and
toxicity. FEBS Lett. 2008, 582, 936−942.
(7) Li, X.; Zhang, X.; Ladiwala, A. R.; Du, D.; Yadav, J. K.; Tessier, P.
M.; Wright, P. E.; Kelly, J. W.; Buxbaum, J. N. Mechanisms of
transthyretin inhibition of beta-amyloid aggregation in vitro. J. Neurosci.
2013, 33, 19423−19433.
(8) Yang, D. T.; Joshi, G.; Cho, P. Y.; Johnson, J. A.; Murphy, R. M.
Transthyretin as both a sensor and a scavenger of beta-amyloid
oligomers. Biochemistry 2013, 52, 2849−2861.
(9) Garai, K.; Posey, A. E.; Li, X.; Buxbaum, J. N.; Pappu, R. V.
Inhibition of amyloid beta fibril formation by monomeric human
transthyretin. Protein Sci. 2018, 27, 1252−1261.
(10) Liu, L.; Murphy, R. M. Kinetics of inhibition of beta-amyloid
aggregation by transthyretin. Biochemistry 2006, 45, 15702−15709.
(11) Li, X.; Masliah, E.; Reixach, N.; Buxbaum, J. N. Neuronal
production of transthyretin in human and murine Alzheimer’s disease:
is it protective? J. Neurosci. 2011, 31, 12483−12490.
(12) Brouillette, J.; Caillierez, R.; Zommer, N.; Alves-Pires, C.;
Benilova, I.; Blum, D.; De Strooper, B.; Buee, L. Neurotoxicity and
memory deficits induced by soluble low-molecular-weight amyloid-
beta1-42 oligomers are revealed in vivo by using a novel animal model.
J. Neurosci. 2012, 32, 7852−7861.
(13) Cascella, R.; Conti, S.; Mannini, B.; Li, X.; Buxbaum, J. N.;
Tiribilli, B.; Chiti, F.; Cecchi, C. Transthyretin suppresses the toxicity of
oligomers formed by misfolded proteins in vitro. Biochim. Biophys. Acta
2013, 1832, 2302−2314.
(14) Link, C. D. Expression of human beta-amyloid peptide in
transgenic Caenorhabditis elegans. Proc. Natl. Acad. Sci. U.S.A. 1995,
92, 9368−9372.
(15) Choi, S. H.; Leight, S. N.; Lee, V. M.; Li, T.; Wong, P. C.;
Johnson, J. A.; Saraiva, M. J.; Sisodia, S. S. Accelerated Abeta deposition
in APPswe/PS1deltaE9 mice with hemizygous deletions of TTR
(transthyretin). J. Neurosci. 2007, 27, 7006−7010.
(16) Serot, J. M.; Christmann, D.; Dubost, T.; Couturier, M.
Cerebrospinal fluid transthyretin: aging and late onset Alzheimer’s
disease. J. Neurol., Neurosurg. Psychiatry 1997, 63, 506−508.
(17) Castaño, E.M.; Roher, A. E.; Esh, C. L.; Kokjohn, T. A.; Beach, T.
Comparative proteomics of cerebrospinal fluid in neuropathologically-
confirmed Alzheimer’s disease and non-demented elderly subjects.
Neurol. Res. 2006, 28, 155−163.
(18) Schultz, K.; Nilsson, K.; Nielsen, J. E.; Lindquist, S. G.; Hjermind,
L. E.; Andersen, B. B.; Wallin, A.; Nilsson, C.; Petersen, A.
Transthyretin as a potential CSF biomarker for Alzheimer’s disease
and dementia with Lewy bodies: effects of treatment with
cholinesterase inhibitors. Eur. J. Neurol. 2010, 17, 456−460.
(19) Stein, T. D.; Johnson, J. A. Lack of neurodegeneration in
transgenic mice overexpressing mutant amyloid precursor protein is
associated with increased levels of transthyretin and the activation of
cell survival pathways. J. Neurosci. 2002, 22, 7380−7388.
(20) Stein, T. D.; Anders, N. J.; DeCarli, C.; Chan, S. L.; Mattson, M.
P.; Johnson, J. A. Neutralization of transthyretin reverses the

Biomacromolecules pubs.acs.org/Biomac Article

https://dx.doi.org/10.1021/acs.biomac.9b01475
Biomacromolecules 2020, 21, 1112−1125

1123

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Seyyed+Abolghasem+Ghadami"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sean+Chia"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Francesco+Simone+Ruggeri"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Georg+Meisl"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-6562-7715
http://orcid.org/0000-0002-6562-7715
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Francesco+Bemporad"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Johnny+Habchi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Roberta+Cascella"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Christopher+M.+Dobson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Michele+Vendruscolo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-3616-1610
https://pubs.acs.org/doi/10.1021/acs.biomac.9b01475?ref=pdf
https://dx.doi.org/10.1002/ca.980080612
https://dx.doi.org/10.1002/ca.980080612
https://dx.doi.org/10.15252/emmm.201606210
https://dx.doi.org/10.15252/emmm.201606210
https://dx.doi.org/10.1073/pnas.91.18.8368
https://dx.doi.org/10.1073/pnas.91.18.8368
https://dx.doi.org/10.1073/pnas.0712197105
https://dx.doi.org/10.1073/pnas.0712197105
https://dx.doi.org/10.1073/pnas.0712197105
https://dx.doi.org/10.1016/j.febslet.2008.02.034
https://dx.doi.org/10.1016/j.febslet.2008.02.034
https://dx.doi.org/10.1016/j.febslet.2008.02.034
https://dx.doi.org/10.1523/JNEUROSCI.2561-13.2013
https://dx.doi.org/10.1523/JNEUROSCI.2561-13.2013
https://dx.doi.org/10.1021/bi4001613
https://dx.doi.org/10.1021/bi4001613
https://dx.doi.org/10.1002/pro.3396
https://dx.doi.org/10.1002/pro.3396
https://dx.doi.org/10.1021/bi0618520
https://dx.doi.org/10.1021/bi0618520
https://dx.doi.org/10.1523/JNEUROSCI.2417-11.2011
https://dx.doi.org/10.1523/JNEUROSCI.2417-11.2011
https://dx.doi.org/10.1523/JNEUROSCI.2417-11.2011
https://dx.doi.org/10.1523/JNEUROSCI.5901-11.2012
https://dx.doi.org/10.1523/JNEUROSCI.5901-11.2012
https://dx.doi.org/10.1523/JNEUROSCI.5901-11.2012
https://dx.doi.org/10.1016/j.bbadis.2013.09.011
https://dx.doi.org/10.1016/j.bbadis.2013.09.011
https://dx.doi.org/10.1073/pnas.92.20.9368
https://dx.doi.org/10.1073/pnas.92.20.9368
https://dx.doi.org/10.1523/JNEUROSCI.1919-07.2007
https://dx.doi.org/10.1523/JNEUROSCI.1919-07.2007
https://dx.doi.org/10.1523/JNEUROSCI.1919-07.2007
https://dx.doi.org/10.1136/jnnp.63.4.506
https://dx.doi.org/10.1136/jnnp.63.4.506
https://dx.doi.org/10.1179/016164106X98035
https://dx.doi.org/10.1179/016164106X98035
https://dx.doi.org/10.1111/j.1468-1331.2009.02841.x
https://dx.doi.org/10.1111/j.1468-1331.2009.02841.x
https://dx.doi.org/10.1111/j.1468-1331.2009.02841.x
https://dx.doi.org/10.1523/JNEUROSCI.22-17-07380.2002
https://dx.doi.org/10.1523/JNEUROSCI.22-17-07380.2002
https://dx.doi.org/10.1523/JNEUROSCI.22-17-07380.2002
https://dx.doi.org/10.1523/JNEUROSCI.22-17-07380.2002
https://dx.doi.org/10.1523/JNEUROSCI.2211-04.2004
pubs.acs.org/Biomac?ref=pdf
https://dx.doi.org/10.1021/acs.biomac.9b01475?ref=pdf


neuroprotective effects of secreted amyloid precursor protein (APP) in
APPSWmice resulting in tau phosphorylation and loss of hippocampal
neurons: support for the amyloid hypothesis. J. Neurosci. 2004, 24,
7707−7717.
(21) Wang, X.; Cattaneo, F.; Ryno, L.; Hulleman, J.; Reixach, N.;
Buxbaum, J. N. The systemic amyloid precursor transthyretin (TTR)
behaves as a neuronal stress protein regulated by HSF1 in SH-SY5Y
human neuroblastoma cells and APP23 Alzheimer’s disease model
mice. J. Neurosci. 2014, 34, 7253−7265.
(22) Jiang, X.; Smith, C. S.; Petrassi, H. M.; Hammarstrom, P.; White,
J. T.; Sacchettini, J. C.; Kelly, J. W. An engineered transthyretin
monomer that is nonamyloidogenic, unless it is partially denatured.
Biochemistry 2001, 40, 11442−11452.
(23) Reixach, N.; Foss, T. R.; Santelli, E.; Pascual, J.; Kelly, J. W.;
Buxbaum, J. N. Human-murine transthyretin heterotetramers are
kinetically stable and non-amyloidogenic. A lesson in the generation of
transgenic models of diseases involving oligomeric proteins. J. Biol.
Chem. 2008, 283, 2098−2107.
(24) Walsh, D. M.; Thulin, E.; Minogue, A. M.; Gustavsson, N.; Pang,
E.; Teplow, D. B.; Linse, S. A facile method for expression and
purification of the Alzheimer’s disease-associated amyloid beta-peptide.
FEBS J. 2009, 276, 1266−1281.
(25) Lambert, M. P.; Barlow, A. K.; Chromy, B. A.; Edwards, C.;
Freed, R.; Liosatos, M.; Morgan, T. E.; Rozovsky, I.; Trommer, B.;
Viola, K. L.; Wals, P.; Zhang, C.; Finch, C. E.; Krafft, G. A.; Klein, W. L.
Diffusible, nonfibrillar ligands derived from Abeta1-42 are potent
central nervous system neurotoxins. Proc. Natl. Acad. Sci. U.S.A. 1998,
95, 6448−6453.
(26) Knowles, T. P.; Waudby, C. A.; Devlin, G. L.; Cohen, S. I.;
Aguzzi, A.; Vendruscolo, M.; Terentjev, E. M.;Welland, M. E.; Dobson,
C. M. An analytical solution to the kinetics of breakable filament
assembly. Science 2009, 326, 1533−1537.
(27) Meisl, G.; Yang, X.; Hellstrand, E.; Frohm, B.; Kirkegaard, J. B.;
Cohen, S. I.; Dobson, C. M.; Linse, S.; Knowles, T. P. Differences in
nucleation behavior underlie the contrasting aggregation kinetics of the
Abeta40 and Abeta42 peptides. Proc. Natl. Acad. Sci. U.S.A. 2014, 111,
9384−9389.
(28) Meisl, G.; Kirkegaard, J. B.; Arosio, P.; Michaels, T. C.;
Vendruscolo, M.; Dobson, C. M.; Linse, S.; Knowles, T. P. Molecular
mechanisms of protein aggregation from global fitting of kinetic
models. Nat. Protoc. 2016, 11, 252−272.
(29) Meisl, G.; Rajah, L.; Cohen, S. A. I.; Pfammatter, M.; Saric, A.;
Hellstrand, E.; Buell, A. K.; Aguzzi, A.; Linse, S.; Vendruscolo, M.;
Dobson, C. M.; Knowles, T. P. J. Scaling behaviour and rate-
determining steps in filamentous self-assembly. Chem. Sci. 2017, 8,
7087−7097.
(30) Ruggeri, F. S.; Vieweg, S.; Cendrowska, U.; Longo, G.; Chiki, A.;
Lashuel, H. A.; Dietler, G. Nanoscale studies link amyloid maturity with
polyglutamine diseases onset. Sci. Rep. 2016, 6, No. 31155.
(31) Ghadami, S. A.; Bemporad, F.; Sala, B. M.; Tiana, G.; Ricagno, S.;
Chiti, F. FRET studies of various conformational states adopted by
transthyretin. Cell. Mol. Life Sci. 2017, 74, 3577−3598.
(32) Evangelisti, E.; Cecchi, C.; Cascella, R.; Sgromo, C.; Becatti, M.;
Dobson, C. M.; Chiti, F.; Stefani, M. Membrane lipid composition and
its physicochemical properties define cell vulnerability to aberrant
protein oligomers. J. Cell Sci. 2012, 125, 2416−2427.
(33) Granata, D.; Baftizadeh, F.; Habchi, J.; Galvagnion, C.; De
Simone, A.; Camilloni, C.; Laio, A.; Vendruscolo, M. The inverted free
energy landscape of an intrinsically disordered peptide by simulations
and experiments. Sci. Rep. 2015, 5, No. 15449.
(34) Damaschun, G.; Damaschun, H.; Gast, K.; Zirwer, D. Denatured
states of yeast phosphoglycerate kinase. Biochemistry 1998, 63, 259−
275.
(35) Wilkins, D. K.; Grimshaw, S. B.; Receveur, V.; Dobson, C. M.;
Jones, J. A.; Smith, L. J. Hydrodynamic radii of native and denatured
proteins measured by pulse field gradient NMR techniques.
Biochemistry 1999, 38, 16424−16431.
(36) Pires, R. H.; Karsai, A.; Saraiva, M. J.; Damas, A. M.; Kellermayer,
M. S. Distinct annular oligomers captured along the assembly and

disassembly pathways of transthyretin amyloid protofibrils. PLoS One
2012, 7, No. e44992.
(37) Conti, S.; Li, X.; Gianni, S.; Ghadami, S. A.; Buxbaum, J.; Cecchi,
C.; Chiti, F.; Bemporad, F. A complex equilibrium among partially
unfolded conformations in monomeric transthyretin. Biochemistry
2014, 53, 4381−4392.
(38) Hellstrand, E.; Boland, B.; Walsh, D. M.; Linse, S. Amyloid beta-
protein aggregation produces highly reproducible kinetic data and
occurs by a two-phase process. ACS Chem. Neurosci. 2010, 1, 13−18.
(39) Meisl, G.; Yang, X.; Dobson, C. M.; Linse, S.; Knowles, T. P. J.
Modulation of electrostatic interactions to reveal a reaction network
unifying the aggregation behaviour of the Abeta42 peptide and its
variants. Chem. Sci. 2017, 8, 4352−4362.
(40) Cohen, S. I.; Linse, S.; Luheshi, L. M.; Hellstrand, E.; White, D.
A.; Rajah, L.; Otzen, D. E.; Vendruscolo, M.; Dobson, C. M.; Knowles,
T. P. Proliferation of amyloid-beta42 aggregates occurs through a
secondary nucleation mechanism. Proc. Natl. Acad. Sci. U.S.A. 2013,
110, 9758−9763.
(41) Arosio, P.; Knowles, T. P.; Linse, S. On the lag phase in amyloid
fibril formation. Phys. Chem. Chem. Phys. 2015, 17, 7606−7618.
(42) Arosio, P.; Cukalevski, R.; Frohm, B.; Knowles, T. P.; Linse, S.
Quantification of the concentration of Abeta42 propagons during the
lag phase by an amyloid chain reaction assay. J. Am. Chem. Soc. 2014,
136, 219−225.
(43) Habchi, J.; Arosio, P.; Perni, M.; Costa, A. R.; Yagi-Utsumi, M.;
Joshi, P.; Chia, S.; Cohen, S. I.; Muller, M. B.; Linse, S.; Nollen, E. A.;
Dobson, C. M.; Knowles, T. P.; Vendruscolo, M. An anticancer drug
suppresses the primary nucleation reaction that initiates the production
of the toxic Abeta42 aggregates linked with Alzheimer’s disease. Sci.
Adv. 2016, 2, No. e1501244.
(44) Habchi, J.; Chia, S.; Limbocker, R.; Mannini, B.; Ahn, M.; Perni,
M.; Hansson, O.; Arosio, P.; Kumita, J. R.; Challa, P. K.; Cohen, S. I.;
Linse, S.; Dobson, C. M.; Knowles, T. P.; Vendruscolo, M. Systematic
development of small molecules to inhibit specific microscopic steps of
Abeta42 aggregation in Alzheimer’s disease. Proc. Natl. Acad. Sci. U.S.A.
2017, 114, E200−E208.
(45) Cohen, S. I.; Vendruscolo, M.; Dobson, C. M.; Knowles, T. P.
From macroscopic measurements to microscopic mechanisms of
protein aggregation. J. Mol. Biol. 2012, 421, 160−171.
(46) Ruggeri, F. S.; Adamcik, J.; Jeong, J. S.; Lashuel, H. A.; Mezzenga,
R.; Dietler, G. Influence of the beta-sheet content on the mechanical
properties of aggregates during amyloid fibrillization. Angew. Chem., Int.
Ed. 2015, 54, 2462−2466.
(47) Ruggeri, F. S.; Habchi, J.; Cerreta, A.; Dietler, G. AFM-Based
Single Molecule Techniques: Unraveling the Amyloid Pathogenic
Species. Curr. Pharm. Des. 2016, 22, 3950−3970.
(48) Khalaf, O.; Fauvet, B.; Oueslati, A.; Dikiy, I.; Mahul-Mellier, A.
L.; Ruggeri, F. S.; Mbefo, M. K.; Vercruysse, F.; Dietler, G.; Lee, S. J.;
Eliezer, D.; Lashuel, H. A. The H50Q mutation enhances alpha-
synuclein aggregation, secretion, and toxicity. J. Biol. Chem. 2014, 289,
21856−21876.
(49) Jazaj, D.; Ghadami, S. A.; Bemporad, F.; Chiti, F. Probing
conformational changes of monomeric transthyretin with second
derivative fluorescence. Sci. Rep. 2019, 9, No. 10988.
(50) Lai, Z.; Colon, W.; Kelly, J. W. The acid-mediated denaturation
pathway of transthyretin yields a conformational intermediate that can
self-assemble into amyloid. Biochemistry 1996, 35, 6470−6482.
(51) Lambert, M. P.; Viola, K. L.; Chromy, B. A.; Chang, L.; Morgan,
T. E.; Yu, J.; Venton, D. L.; Krafft, G. A.; Finch, C. E.; Klein, W. L.
Vaccination with soluble Abeta oligomers generates toxicity-neutraliz-
ing antibodies. J. Neurochem. 2001, 79, 595−605.
(52) De Felice, F. G.; Velasco, P. T.; Lambert, M. P.; Viola, K.;
Fernandez, S. J.; Ferreira, S. T.; Klein, W. L. Abeta oligomers induce
neuronal oxidative stress through an N-methyl-D-aspartate receptor-
dependent mechanism that is blocked by the Alzheimer drug
memantine. J. Biol. Chem. 2007, 282, 11590−11601.
(53) Lacor, P. N.; Buniel, M. C.; Furlow, P. W.; Clemente, A. S.;
Velasco, P. T.; Wood, M.; Viola, K. L.; Klein, W. L. Abeta oligomer-
induced aberrations in synapse composition, shape, and density provide

Biomacromolecules pubs.acs.org/Biomac Article

https://dx.doi.org/10.1021/acs.biomac.9b01475
Biomacromolecules 2020, 21, 1112−1125

1124

https://dx.doi.org/10.1523/JNEUROSCI.2211-04.2004
https://dx.doi.org/10.1523/JNEUROSCI.2211-04.2004
https://dx.doi.org/10.1523/JNEUROSCI.2211-04.2004
https://dx.doi.org/10.1523/JNEUROSCI.4936-13.2014
https://dx.doi.org/10.1523/JNEUROSCI.4936-13.2014
https://dx.doi.org/10.1523/JNEUROSCI.4936-13.2014
https://dx.doi.org/10.1523/JNEUROSCI.4936-13.2014
https://dx.doi.org/10.1021/bi011194d
https://dx.doi.org/10.1021/bi011194d
https://dx.doi.org/10.1074/jbc.M708028200
https://dx.doi.org/10.1074/jbc.M708028200
https://dx.doi.org/10.1074/jbc.M708028200
https://dx.doi.org/10.1111/j.1742-4658.2008.06862.x
https://dx.doi.org/10.1111/j.1742-4658.2008.06862.x
https://dx.doi.org/10.1073/pnas.95.11.6448
https://dx.doi.org/10.1073/pnas.95.11.6448
https://dx.doi.org/10.1126/science.1178250
https://dx.doi.org/10.1126/science.1178250
https://dx.doi.org/10.1073/pnas.1401564111
https://dx.doi.org/10.1073/pnas.1401564111
https://dx.doi.org/10.1073/pnas.1401564111
https://dx.doi.org/10.1038/nprot.2016.010
https://dx.doi.org/10.1038/nprot.2016.010
https://dx.doi.org/10.1038/nprot.2016.010
https://dx.doi.org/10.1039/C7SC01965C
https://dx.doi.org/10.1039/C7SC01965C
https://dx.doi.org/10.1038/srep31155
https://dx.doi.org/10.1038/srep31155
https://dx.doi.org/10.1007/s00018-017-2533-x
https://dx.doi.org/10.1007/s00018-017-2533-x
https://dx.doi.org/10.1242/jcs.098434
https://dx.doi.org/10.1242/jcs.098434
https://dx.doi.org/10.1242/jcs.098434
https://dx.doi.org/10.1038/srep15449
https://dx.doi.org/10.1038/srep15449
https://dx.doi.org/10.1038/srep15449
https://dx.doi.org/10.1021/bi991765q
https://dx.doi.org/10.1021/bi991765q
https://dx.doi.org/10.1371/journal.pone.0044992
https://dx.doi.org/10.1371/journal.pone.0044992
https://dx.doi.org/10.1021/bi500430w
https://dx.doi.org/10.1021/bi500430w
https://dx.doi.org/10.1021/cn900015v
https://dx.doi.org/10.1021/cn900015v
https://dx.doi.org/10.1021/cn900015v
https://dx.doi.org/10.1039/C7SC00215G
https://dx.doi.org/10.1039/C7SC00215G
https://dx.doi.org/10.1039/C7SC00215G
https://dx.doi.org/10.1073/pnas.1218402110
https://dx.doi.org/10.1073/pnas.1218402110
https://dx.doi.org/10.1039/C4CP05563B
https://dx.doi.org/10.1039/C4CP05563B
https://dx.doi.org/10.1021/ja408765u
https://dx.doi.org/10.1021/ja408765u
https://dx.doi.org/10.1126/sciadv.1501244
https://dx.doi.org/10.1126/sciadv.1501244
https://dx.doi.org/10.1126/sciadv.1501244
https://dx.doi.org/10.1073/pnas.1615613114
https://dx.doi.org/10.1073/pnas.1615613114
https://dx.doi.org/10.1073/pnas.1615613114
https://dx.doi.org/10.1016/j.jmb.2012.02.031
https://dx.doi.org/10.1016/j.jmb.2012.02.031
https://dx.doi.org/10.1002/anie.201409050
https://dx.doi.org/10.1002/anie.201409050
https://dx.doi.org/10.2174/1381612822666160518141911
https://dx.doi.org/10.2174/1381612822666160518141911
https://dx.doi.org/10.2174/1381612822666160518141911
https://dx.doi.org/10.1074/jbc.M114.553297
https://dx.doi.org/10.1074/jbc.M114.553297
https://dx.doi.org/10.1038/s41598-019-47230-4
https://dx.doi.org/10.1038/s41598-019-47230-4
https://dx.doi.org/10.1038/s41598-019-47230-4
https://dx.doi.org/10.1021/bi952501g
https://dx.doi.org/10.1021/bi952501g
https://dx.doi.org/10.1021/bi952501g
https://dx.doi.org/10.1046/j.1471-4159.2001.00592.x
https://dx.doi.org/10.1046/j.1471-4159.2001.00592.x
https://dx.doi.org/10.1074/jbc.M607483200
https://dx.doi.org/10.1074/jbc.M607483200
https://dx.doi.org/10.1074/jbc.M607483200
https://dx.doi.org/10.1074/jbc.M607483200
https://dx.doi.org/10.1523/JNEUROSCI.3501-06.2007
https://dx.doi.org/10.1523/JNEUROSCI.3501-06.2007
pubs.acs.org/Biomac?ref=pdf
https://dx.doi.org/10.1021/acs.biomac.9b01475?ref=pdf


a molecular basis for loss of connectivity in Alzheimer’s disease. J.
Neurosci. 2007, 27, 796−807.
(54)Nilsson, L.; Pamren, A.; Islam, T.; Brannstrom, K.; Golchin, S. A.;
Pettersson, N.; Iakovleva, I.; Sandblad, L.; Gharibyan, A. L.; Olofsson,
A. Transthyretin Interferes with Abeta Amyloid Formation by
Redirecting Oligomeric Nuclei into Non-Amyloid Aggregates. J. Mol.
Biol. 2018, 430, 2722−2733.
(55) Stroud, J. C.; Liu, C.; Teng, P. K.; Eisenberg, D. Toxic fibrillar
oligomers of amyloid-beta have cross-beta structure. Proc. Natl. Acad.
Sci. U.S.A. 2012, 109, 7717−7722.
(56) Mannini, B.; Chiti, F. Chaperones as Suppressors of Protein
Misfolded Oligomer Toxicity. Front. Mol. Neurosci. 2017, 10, 98.
(57) Cappelli, S.; Penco, A.; Mannini, B.; Cascella, R.; Wilson, M. R.;
Ecroyd, H.; Li, X.; Buxbaum, J. N.; Dobson, C. M.; Cecchi, C.; Relini,
A.; Chiti, F. Effect of molecular chaperones on aberrant protein
oligomers in vitro: super-versus sub-stoichiometric chaperone concen-
trations. Biol. Chem. 2016, 397, 401−415.
(58) Lim, K. H.; Dyson, H. J.; Kelly, J. W.; Wright, P. E. Localized
structural fluctuations promote amyloidogenic conformations in
transthyretin. J. Mol. Biol. 2013, 425, 977−988.
(59) Vatassery, G. T.; Quach, H. T.; Smith, W. E.; Benson, B. A.;
Eckfeldt, J. H. A sensitive assay of transthyretin (prealbumin) in human
cerebrospinal fluid in nanogram amounts by ELISA. Clin. Chim. Acta
1991, 197, 19−25.
(60) Dorey, A.; Perret-Liaudet, A.; Tholance, Y.; Fourier, A.; Quadrio,
I. Cerebrospinal Fluid Abeta40 Improves the Interpretation of Abeta42
Concentration for Diagnosing Alzheimer’s Disease. Front. Neurol.
2015, 6, 247.
(61) Cirrito, J. R.; May, P. C.; O’Dell, M. A.; Taylor, J. W.;
Parsadanian, M.; Cramer, J. W.; Audia, J. E.; Nissen, J. S.; Bales, K. R.;
Paul, S. M.; DeMattos, R. B.; Holtzman, D. M. In vivo assessment of
brain interstitial fluid with microdialysis reveals plaque-associated
changes in amyloid-beta metabolism and half-life. J. Neurosci. 2003, 23,
8844−8853.
(62) Moore, B. D.; Chakrabarty, P.; Levites, Y.; Kukar, T. L.; Baine, A.
M.; Moroni, T.; Ladd, T. B.; Das, P.; Dickson, D. W.; Golde, T. E.
Overlapping profiles of Abeta peptides in the Alzheimer’s disease and
pathological aging brains. Alzheimers Res. Ther. 2012, 4, 18.
(63) Jucker, M.; Walker, L. C. Neurodegeneration: Amyloid-beta
pathology induced in humans. Nature 2015, 525, 193−194.
(64) Aguzzi, A.; Lakkaraju, A. K. Cell Biology of Prions and Prionoids:
A Status Report. Trends Cell Biol. 2016, 26, 40−51.

Biomacromolecules pubs.acs.org/Biomac Article

https://dx.doi.org/10.1021/acs.biomac.9b01475
Biomacromolecules 2020, 21, 1112−1125

1125

https://dx.doi.org/10.1523/JNEUROSCI.3501-06.2007
https://dx.doi.org/10.1016/j.jmb.2018.06.005
https://dx.doi.org/10.1016/j.jmb.2018.06.005
https://dx.doi.org/10.1073/pnas.1203193109
https://dx.doi.org/10.1073/pnas.1203193109
https://dx.doi.org/10.3389/fnmol.2017.00098
https://dx.doi.org/10.3389/fnmol.2017.00098
https://dx.doi.org/10.1515/hsz-2015-0250
https://dx.doi.org/10.1515/hsz-2015-0250
https://dx.doi.org/10.1515/hsz-2015-0250
https://dx.doi.org/10.1016/j.jmb.2013.01.008
https://dx.doi.org/10.1016/j.jmb.2013.01.008
https://dx.doi.org/10.1016/j.jmb.2013.01.008
https://dx.doi.org/10.1016/0009-8981(91)90344-C
https://dx.doi.org/10.1016/0009-8981(91)90344-C
https://dx.doi.org/10.3389/fneur.2015.00247
https://dx.doi.org/10.3389/fneur.2015.00247
https://dx.doi.org/10.1523/JNEUROSCI.23-26-08844.2003
https://dx.doi.org/10.1523/JNEUROSCI.23-26-08844.2003
https://dx.doi.org/10.1523/JNEUROSCI.23-26-08844.2003
https://dx.doi.org/10.1186/alzrt121
https://dx.doi.org/10.1186/alzrt121
https://dx.doi.org/10.1038/525193a
https://dx.doi.org/10.1038/525193a
https://dx.doi.org/10.1016/j.tcb.2015.08.007
https://dx.doi.org/10.1016/j.tcb.2015.08.007
pubs.acs.org/Biomac?ref=pdf
https://dx.doi.org/10.1021/acs.biomac.9b01475?ref=pdf

