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ABSTRACT: The pathogenesis of Alzheimer’s disease is
characterized by the aggregation and ﬁbrillation of amyloid
peptides Aβ1−40 and Aβ1−42 into amyloid plaques. Despite
strong potential therapeutic interest, the structural pathways
associated with the conversion of monomeric Aβ peptides into
oligomeric species remain largely unknown. In particular, the
higher aggregation propensity and associated toxicity of Aβ1−42
compared to that of Aβ1−40 are poorly understood. To explore
in detail the structural propensity of the monomeric Aβ1−40
and Aβ1−42 peptides in solution, we recorded a large set of nuclear magnetic resonance (NMR) parameters, including chemical
shifts, nuclear Overhauser eﬀects (NOEs), and J couplings. Systematic comparisons show that at neutral pH the Aβ1−40 and
Aβ1−42 peptides populate almost indistinguishable coil-like conformations. Nuclear Overhauser eﬀect spectra collected at very
high resolution remove assignment ambiguities and show no long-range NOE contacts. Six sets of backbone J couplings (3JHNHα,
3
JC′C′, 3JC′Hα, 1JHαCα, 2JNCα, and 1JNCα) recorded for Aβ1−40 were used as input for the recently developed MERA Ramachandran
map analysis, yielding residue-speciﬁc backbone ϕ/ψ torsion angle distributions that closely resemble random coil distributions,
the absence of a signiﬁcantly elevated propensity for β-conformations in the C-terminal region of the peptide, and a small but
distinct propensity for αL at K28. Our results suggest that the self-association of Aβ peptides into toxic oligomers is not driven by
elevated propensities of the monomeric species to adopt β-strand-like conformations. Instead, the accelerated disappearance of
Aβ NMR signals in D2O over H2O, particularly pronounced for Aβ1−42, suggests that intermolecular interactions between the
hydrophobic regions of the peptide dominate the aggregation process.

A

forming a salt bridge and stabilizing the formation of a turn at
G25−G29.13 It is therefore tempting to hypothesize that the
formation of ﬁbrils occurs by joining Aβ monomers in their
transiently folded forms. Various structural propensities of the
amyloid peptides have also been deduced from temperatureinduced transitions. In NMR studies of Aβ1−40, J couplings14
and relaxation parameters15 were found to be temperaturedependent while Yamaguchi et al.16 reported that an increase in
temperature induces a loss of 15N−1H and 1Hα−13Cα HSQC
signal intensities that was most pronounced in the central
hydrophilic D23−A30 region. This loss of signal intensity was
attributed to chemical exchange line broadening, associated
with transient hairpin-like conformations involving residues
D23−K30.16 Interestingly, Lazo et al. reported that the A21−
A30 region of Aβ1−40 was highly resistant to proteolytic
cleavage and that the V24−K28 region of the decapeptide
Aβ21−30 adopted a turn conformation.11

myloid-β (Aβ) peptides are the 39−43-residue cleavage
products of the amyloid precursor protein and represent
the main component of senile plaques, which are neuropathological hallmarks of Alzheimer’s disease (AD).1,2
Although the aggregation of Aβ is considered a key step in
the development of AD, the nature of the molecular species
exerting the neurotoxicity remains a matter of debate.3,4
Accumulating evidence supports the hypothesis that assembly
of Aβ into neurotoxic oligomers, and not into mature ﬁbrils, is
the seminal event in AD pathogenesis.5−8 From such a
perspective, preventing the folding of nascent Aβ monomers
into toxic conformers or oligomers could be of great
therapeutic beneﬁt.
Many studies have aimed to describe the structures
transiently formed by the monomeric soluble Aβ peptides in
solution.9−12 The two most hydrophobic regions (L17−A21
and A30−V40) were generally found to have an elevated
propensity for β-conformations, while a turn propensity in the
central hydrophilic region (E22−G29) has been put forward as
the mechanism for bringing the two transient β-strands
together.11 In the solid-state nuclear magnetic resonance
(NMR) structure of the amyloid ﬁbril, the only charged side
chains in the core of the ﬁbril are those of D23 and K28,
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A β-hairpin with two β-strands (L17−D23 and G29−V36)
connected by a short loop (V24−K28) was also found in a
monomeric Aβ1−40 bound to the aﬃbody ZAβ3.17 Subsequently,
this group introduced an engineered double-cysteine mutant
(AβCC) in which the β-hairpin is stabilized by an intramolecular disulﬁde bond that was designed on the basis of the
structure of Aβ1−40 in complex with ZAβ3.18 Aβ40CC and
Aβ42CC both spontaneously form stable oligomeric species
with distinct molecular weights and secondary structure
content, with both being unable to convert into amyloid
ﬁbrils.18 Considering all of these observations, it appears to be
generally accepted that the amyloid peptides in solution are in a
dynamic equilibrium between random coil conformations and a
folded structure with a turn in the D23−A30 region. This
scenario is also supported by the ﬁnding that oxidation of M35,
which reduces the β-structure propensity of Aβ monomers,
reduces the level of aggregation and ﬁbril formation.19
Although the Aβ1−40 and Aβ1−42 peptides both are ubiquitous
in biological ﬂuids (at an approximate ratio of 9:1), the longer
Aβ1−42 is generally considered to be more pathogenic, a
conclusion reached on the basis of its higher fractional presence
in the amyloid plaques of sporadic AD patients and the
stronger in vitro tendency of Aβ1−42 to aggregate and
precipitate.20,21 However, most studies have been performed
on Aβ1−40 (or even smaller Aβ fragments), because of their
greater stability in solution compared to that of Aβ1−42. Thus,
less information about the behavior of the longer and more
neurotoxic peptide is available. Analysis of the 15N relaxation
properties led to the conclusion that the C-terminus of Aβ1−42
is more rigid than that of Aβ1−40, which has been interpreted by
Yan and Wang as a sign of β-conformation preordering at the
C-terminus of Aβ1−42.22 These authors hypothesized that the Cterminus of Aβ1−42 may thereby serve as an internal seed for
aggregation. A more structured C-terminus of Aβ1−42,
compared to that of Aβ1−40, was also observed in replica
exchange molecular dynamics (REMD) simulations.23
In the study presented here, we use solution NMR to
systematically compare the structural propensities of Aβ1−40
and Aβ1−42 peptides at neutral pH. On the basis of comparisons
of the backbone 1H, 15N, and 13C chemical shift as well as
3
JHNHα values, we ﬁnd that the monomeric forms of these two
peptides are virtually indistinguishable. Analysis of the
secondary chemical shifts shows that both peptides are highly
disordered under our conditions. Two-dimensional (2D)
nuclear Overhauser eﬀect spectroscopy (NOESY) spectra
collected at very high resolution and sensitivity show no
unambiguous long-range NOE contacts that would be
indicative of transiently populated ordered species. Analysis
of the residue-speciﬁc backbone angles of Aβ1−40 in terms of
Ramachandran maps, using the recently developed MERA
program, shows only modest deviations from random coil
library distributions, without a strongly elevated propensity for
β-conformations in the hydrophobic region of the peptide over
what would be expected on the basis of nearest neighbor
eﬀects.24

phosphate buﬀer at pH 7.0. To dissolve the peptide, we
followed the protocol of Teplow and co-workers:25 The chilled
powder peptide is ﬁrst dissolved in 10 mM NaOH (2 mg/mL)
and sonicated in a cold-water bath for 1 min. The sample is
then diluted 5-fold with pH 6.6 buﬀer to reach a ﬁnal pH of 7.0
and sonicated for an additional 1 min.
Acquisition of NMR Data. All NMR data were collected at
4 °C using Aβ1−40 and Aβ1−42 samples at a peptide
concentration of 150 μM in 20 mM sodium phosphate buﬀer
at pH 7.0. All NMR data were processed using NMRpipe26 and
analyzed with NMRDraw26 and Sparky.27 Resonance assignments were obtained from three-dimensional (3D) HNCA and
HNCO spectra recorded on a 600 MHz Bruker Avance III
spectrometer equipped with a z-axis gradient QCI cryogenic
probe. The 15N indirect dimension was acquired in the mixedtime manner28 for both experiments, and the 13C dimension in
the HNCA experiment was recorded using a 28 ms constanttime evolution period, thereby eliminating 1JCαCβ splittings.
The 3JHNHα couplings were determined from WATERGATEoptimized 15N− 1H TROSY-HSQC spectra, as recently
described,29 recorded at 800 MHz with an acquisition time in
the direct dimension of 252 ms. The 1JCαHα couplings were
measured from a 13C−1H HSQC spectrum recorded at 900
MHz using a 56 ms constant-time evolution period. The 2JNCα
and 1JNCα couplings were measured using the sensitivityenhanced experiment described by Ding and Gronenborn,30
conducted at a 1H frequency of 800 MHz. The 3JC′C′ couplings
were derived from a 3D HN(COCO)NH spectrum,31 recorded
at 500 MHz. 3JC′Hα couplings were measured at 600 MHz from
a four-dimensional (4D) HACANH[C′] E.COSY spectrum.32
Nonuniform sampling with 5% sparsity was employed for a
total acquisition time of 4 days.
3D NOESY-HSQC spectra were recorded with a mixing time
of 250 ms on a Bruker Avance III 900 MHz spectrometer
equipped with a z-axis gradient TCI cryogenic probe. In
addition to the 3D NOESY-HSQC spectra, a 2D Hα−HN
NOESY spectrum with band-selective homonuclear (BASH)
decoupling33 in the indirect Hα dimension was recorded at 900
MHz, using a mixing time of 200 ms. The Hα band-selective
pulse for the BASH decoupling had a duration of 2 ms,
centered at the water resonance, and a REBURP proﬁle.34
The aggregation kinetics of the Aβ1−42 peptide in either H2O
or D2O solvent was determined from a series of 28 ms
constant-time 1H−13C spectra recorded periodically at 500
MHz.
ThT-Detected Experiments. The lyophilized peptides
were ﬁrst dissolved in 10 mM NaOH (2 mg/mL), sonicated
in a cold-water bath for 15 min, and then diluted with a sodium
phosphate buﬀer to form a stock solution with a peptide
concentration of 20 μM in 25 mM sodium phosphate at pH 7.4
(or pD, uncorrected pH meter reading using a glass electrode)
in either H2O or D2O solvent. The samples used for these
experiments contained 5 μM Aβ1−40 and Aβ1−42 in 25 mM
sodium phosphate at pH (or pD) 7.4 (H2O or D2O solvent)
with 100 μM thioﬂavin T (ThT) and were ﬁltered with an
Amicon centrifugal ﬁlter unit (cutoﬀ of 100 kDa) just before
the experiments were conducted. A Tecan Magellan microplate
reader was used for these experiments, with excitation at 415
nm and detection at 480 nm. The plate was maintained at 37
°C and continuously shaken at 434 rpm. Four replicas of each
sample were disposed in the same microplate, and results were
averaged.

■

MATERIALS AND METHODS
Sample Preparation. Uniformly 15N-labeled and 15N- and
13
C-labeled Aβ1−40 and Aβ1−42 peptides were purchased from
Alexotech (Umea, Sweden) and used without further
puriﬁcation. In this study, all experiments were performed on
samples containing 150 μM peptides in 20 mM sodium
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Figure 1. (A) Overlay of the 15N−1H HSQC spectra recorded at 800 MHz for monomeric Aβ1−40 (red) and Aβ1−42 (black) peptides at 277 K.
Assignments of the backbone amide cross-peaks are colored gray for residues with nearly identical chemical shifts in the two peptides, while labels in
red and black (for Aβ1−40 and Aβ1−42, respectively) correspond to residues with signiﬁcantly diﬀerent chemical shifts in the two peptides. Secondary
chemical shifts for (B) 13C′, (C) 13Cα, and (D) 1Hα nuclei of Aβ1−40 (red) and Aβ1−42 (black) were derived using random coil values and correction
factors of Poulsen and co-workers.36,37

■

0.048, and 0.007 ppm for the 13C′, 13Cα, and 1Hα nuclei,
respectively (Figure 1B−D), Aβ1−40 and Aβ1−42 show very
similar secondary chemical shifts for the ﬁrst 34 residues. Small
diﬀerences become apparent only when the C-termini of the
two peptides are approached, starting with a 0.1 ppm diﬀerence
in Δδ(Hα) for M35. Our chemical shift values closely match
those reported by Hou et al. for the nonoxidized state of
M35,19 and indeed, inspection of 1H−15N HSQC spectra
(Figure 1A) shows the absence of any cross-peaks at positions
that would correspond to those reported by Hou et al.19 for the
oxidized form of the peptide, indicating an ∼2% upper limit for
the presence of the oxidized form.
The small Δδ(Hα) diﬀerences therefore reﬂect subtle
diﬀerences in the distribution of backbone angles sampled by
M35 in the two peptides, also reﬂected in a small diﬀerence in
their respective 3JHNHα values (see below), but the diﬀerences in
the other M35 backbone chemical shifts are remarkably small
between the two peptides. The absence of chemical shift
diﬀerences between Aβ1−40 and Aβ1−42 prior to M35 suggests
that the two additional C-terminal residues, I41 and A42, are
not substantially engaged in long-range interactions with the 34
N-terminal residues of the peptide. Typical chemical shift
changes for a random coil peptide upon adoption of a stable
interaction are on the order of several parts per million for 13C,
and the observed chemical shift diﬀerences between the two
peptides are ∼2 orders of magnitude smaller, indicating that the
long-range interactions involving the C-terminal residues of
Aβ1−42 are unlikely to be populated at a level much greater than
a few percent. Importantly, the C-terminal residues of Aβ1−42

RESULTS AND DISCUSSION
Although there have been extensive prior solution NMR studies
of both Aβ1−40 and Aβ1−42 peptides, both the raw data and the
interpretation of these data varied substantially. For this reason,
these earlier measurements were repeated for both peptides
using standardized conditions and the most robust experimental schemes currently available, and the data were
supplemented by multiple types of J couplings that have not
yet been reported.
Chemical Shift Comparison. Both the monomeric Aβ1−40
and Aβ1−42 peptides yield well-dispersed 15N−1H HSQC
spectra with no signiﬁcant resonance overlap at 277 K and
pH 7.0 (Figure 1A). Because of rapid amide hydrogen exchange
with water, the amide cross-peaks of residues D1 and A2 are
not visible, while those of H6, H13, and H14 are considerably
attenuated. The 1H, 15N, and 13C backbone chemical shift
assignments were completed using 3D NOESY-HSQC,
HNCO, and HNCA spectra. Except for several small outliers,
mostly for His residues and reﬂecting small pH diﬀerences, the
secondary 13Cα chemical shifts, often considered to be most
indicative of secondary structure, are in closest agreement with
literature values of Yamaguchi et al.16 for Aβ1−40 [root-meansquare deviation (rmsd) of 0.064 ppm (Figure S1A)] and
Waelti et al.35 for Aβ1−42 [rmsd of 0.083 ppm (Figure S1B)].
The diﬀerences between the observed chemical shifts and the
corresponding residue-speciﬁc random coil values, often termed
secondary chemical shifts, Δδ, are commonly used as sensitive
indicators of local secondary structure. With rmsd’s of 0.018,
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also show only minimal deviations from random coil chemical
shift values, suggesting the absence of any particular propensity
for secondary structure for this region (Figure 1B−D).
Overall, with root-mean-square (rms) values of only 0.36,
0.32, and 0.083 ppm for Δδ(13C′), Δδ(13Cα), and Δδ(1Hα),
respectively, for residues 2−39 of Aβ1−40, these three types of
secondary chemical shifts are remarkably small. Notably, by
using the random coil values of Poulsen and co-workers,
adjusted for pH, ionic strength, and temperature, the rms value
of only 0.32 ppm we obtained for Δδ(13Cα), which is generally
considered the best marker of local secondary structure, is very
close to that calculated from the 13Cα chemical shifts reported
previously by Hou et al. [rmsΔδ(13Cα) = 0.33 ppm].19,38 These
chemical shift data therefore strongly suggest, but do not
conclusively prove, that the population of any ordered
structural elements is very small.
Any diﬀerences in secondary chemical shifts between Aβ1−40
and Aβ1−42 are yet another order of magnitude smaller than the
secondary chemical shifts themselves. If one of the two peptides
would transiently adopt an ordered structure, not populated by
the other peptide, the contribution of this transiently ordered
conformer to the chemical shifts would be proportional to its
population. Ordered structural elements, such as α-helices, βsheets, or turns, typically exhibit secondary chemical shifts of ca.
0.3−1 ppm for 1HN and 1Hα and 1−4 ppm for 13Cα, 13C′, and
15 39
N. The largest chemical shift diﬀerences (excluding the
highly pH-sensitive His residues) between the two peptides are
more than 20-fold smaller than these values, indicating an
upper limit of ∼5% for the population of any transiently
ordered conformer present for one peptide but not the other.
This result suggests that the diﬀerence in aggregation kinetics
of the two peptides is unlikely to be dominated by their
diﬀerences in secondary structure propensity. Nevertheless, we
will attempt to make a quantitative interpretation of the weak
local structural preferences that both peptides have in common,
which may or may not contribute to their shared ability to form
amyloid.
Analysis of Three-Bond J Couplings. Three-bond 3JHNHα
couplings are related to backbone torsion angles ϕ by the
empirically parametrized Karplus equation.40,41 In particular,
when protein structures are reﬁned by residual dipolar
couplings, resulting in backbone dihedral angles that are
known at high accuracy, very tight correlations between
predicted and observed 3JHNHα couplings can be obtained,
yielding rmsd values between observed and predicted values of
<0.4 Hz.42,43
In the past, 3JHNHα values have been used extensively to study
structural preferences in the Aβ peptides35,38,44,45 and to
validate conformational ensembles.46,47 However, the spread in
3
JHNHα couplings in disordered systems such as the Aβ peptides
is much smaller than in folded proteins, making precise
measurement of these values more important. Although the
3
JHNHα values can be measured at very high precision (<0.05
Hz) from the cross-peak intensity modulation in a series of
constant-time 1H−15N HMQC spectra48,49 or related threedimensional NMR spectra,50 we here use a simpler method in
which the splitting is measured directly from a slightly modiﬁed
15
N−1H TROSY-HSQC spectrum,51 recorded with a long 1H
acquisition time (>250 ms) to take advantage of the favorable
transverse relaxation properties of the 1HN TROSY signal at
high ﬁeld (800 MHz).52,53 This approach yields well-resolved
doublets for nearly all amide protons (Figure 2A and Table S1),

Figure 2. 3JHNHα couplings measured in the Aβ peptides. (A) Small
expanded region of the 15N−1H TROSY spectrum recorded at a 1H
frequency of 800 MHz for the Aβ1−42 peptide showing the wellresolved doublets of cross-peaks arising from the J coupling between
the 1HN and 1Hα protons. (B) 3JHNHα coupling values measured for the
Aβ1−40 (red) and Aβ1−42 (black) peptides at 277 K. (C) Plot of 3JHNHα
measured for Aβ1−40 (red) and Aβ1−42 (black) against residue-speciﬁc
random coil values, derived from α-synuclein.55

from which 3JHNHα values can be measured at a precision that is
limited by only the available signal-to-noise ratio. Indeed, the
weaker cross-peaks of residues experiencing rapid hydrogen
exchange result in higher uncertainties for the extracted 3JHNHα
values (see, for example, the larger error bar for H13 in Figure
2B). As expected,54,55 the smallest 3JHNHα couplings are
observed for Ala residues and the largest values for β-branched
residues, notably, V18, I31, V39, and V40.
With a pairwise rmsd of only 0.10 Hz, the reproducibility
between the Aβ1−40 and Aβ1−42 values is considerably higher
than that seen previously (Figure S2) and approaches the
intrinsic precision of the measurement. This observation
indicates that there are no meaningful diﬀerences for the ﬁrst
34 residues of the two Aβ peptides, a result that is perhaps not
surprising given the high degree of similarity in chemical shifts.
By contrast, a small increase of ∼0.45 Hz in the 3JHNHα value of
M35 in Aβ1−42 over its value in Aβ1−40 is well outside the
measurement uncertainty and is indicative of a change in the
distribution of the ϕ angles of this residue, also reﬂected in a
distinct upﬁeld change of 0.1 ppm in the 1Hα chemical shift.
Overall, the 3JHNHα coupling constants measured here for
Aβ1−40 and Aβ1−42 show an rmsd of only 0.41 Hz from their
residue-speciﬁc random coil values (Figure 2C), nearly 40%
lower than that previously reported relative to a replica
exchange molecular dynamics study of Aβ1−42,46 and 25−58%
lower compared to a number obtained for other free or
experimentally restrained ensemble models generated for
Aβ1−40 and Aβ1−42.47
For disordered systems, such as the Aβ peptides, the 3JHNHα
couplings correspond to the time average of the values sampled
over the duration of the measurement, i.e., on the time scale of
seconds. To a ﬁrst approximation, the ϕ distribution for residue
i may be considered Gaussian, with an average ⟨ϕi⟩ and a
standard deviation σi. Clearly, with the 3JHNHα coupling being
dependent on both ⟨ϕi⟩ and its standard deviation, σi,56 this
coupling alone cannot distinguish between a static ϕ value and
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given residue samples the positive ϕ region of Ramachandran
space is readily quantiﬁed from the combination of 3JHNHα and
3
JC′Hα values.32 Such an analysis conﬁrms that indeed, with the
possible exceptions of L17, N27, and K28, all non-Gly residues
in Aβ1−40 have vanishingly small populations of positive ϕ
angles (Figure 3B). The ∼13% population of a positive ϕ angle
population seen for both L17 and K28 is too small to have a
signiﬁcant impact on the ⟨ϕ⟩/σ analysis of Figure 3A but
suggests that these residues are located at the center of
transient β-turns. The same applies for N27, but the ∼13%
population of positive ϕ angles seen for this residue is less
surprising given the elevated propensity for Asn residues to
adopt such values in random coil libraries.60,61 Interestingly,
N27 is the only residue adopting a positive ϕ angle in an Aβ1−42
ﬁbril structure, determined from hydrogen bonding restraints
derived from quenched hydrogen/deuterium exchange NMR
and side-chain packing restraints that were obtained from
pairwise mutagenesis studies [Protein Data Bank (PDB) entry
2BEG].62
Analysis of NOESY Spectra. Several types of NOESY
spectra were collected, using the same conditions for Aβ1−40
and Aβ1−42. A very high resolution for the HN−Hα region of the
2D spectrum was obtained by using band-selective homonuclear decoupling in the F1 dimension of the spectrum.33,63
Combined with the advantage of high ﬁeld (900 MHz), this
yielded a ﬁngerprint region with much reduced spectral overlap
compared to that of prior such measurements, thereby
removing much of the ambiguity in the spectral interpretation.
As can be readily seen (Figure 4A), not only the cross-peak
positions but also their relative intensities are very similar in the
two peptides. For all residues, we ﬁnd that the sequential Hα−
HN(i−1,i) NOE intensity, daN(i−1,i), is considerably stronger
than the intraresidue daN(i,i) NOE, as expected for the mostly
extended backbone conformations seen in coil libraries.60,61
The daN(i,i)/daN(i−1,i) ratios obtained for Aβ1−40 average 0.29
± 0.10 (Figure 4C), values comparable to those reported for αsynuclein,64 widely considered a prototypical IDP. Although,
with the exception of the exchange-broadened His residues,
sequential HN−HN NOEs are observed for virtually every pair
of amides (Figure 4B), these NOEs are ∼3-fold weaker than
daN(i,i), again typical of what is seen in α-synuclein or short
unstructured peptides, and excluding the possibility of high
fractional populations of type I or type II′ β-turns that should
give rise to strong dNN(i,i+1) NOEs.
Interestingly, as was previously reported for α-synuclein,55 a
strong correlation is seen between the intraresidue daN(i,i)
NOE intensity and the transverse relaxation rate of 15N (Figure
4D). The latter is dominated by J(0) spectral density, whereas
daN(i,i) is proportional to the product of J(0) and rHNHα−6.
Considering that the intraresidue rHNHα distance varies
relatively little in the most populated region of the coil library,
a strong correlation with J(0) is not surprising, but clearly this
result highlights that quantitative interpretation of NOE
intensities, for example, through eNOE analysis,35,65 is a
challenging undertaking. A second factor complicating the
quantitative interpretation of NOE intensities relates to the
high degree of motional anisotropy in the dynamics of a
random coil, where motions orthogonal to the Cα−Cα chain
direction are much faster than reorientation of the Cα−Cα
vector itself.55 These considerations highlight the fact that
quantitative interpretation of NOE intensities for highly
dynamic systems such as the Aβ peptides remains a diﬃcult
problem. A potential solution to this time scale dependence for

a dynamic ensemble. However, we have recently shown that
3
JC′C′ couplings represent a valuable complement to 3JHNHα and
their combined use can deﬁne both ⟨ϕ⟩ and σ.57 Although the
range of 3JC′C′ couplings is much smaller than that for 3JHNHα,
their rmsd from a best-ﬁt Karplus equation in proteins of
known structure is correspondingly smaller too, making these
couplings at least as valuable as 3JHNHα in deﬁning molecular
structure.31 A plot of 3JHNHα versus 3JC′C′ couplings yields both
⟨ϕ⟩ and σ (Figure 3A) and shows that all residues undergo

Figure 3. Analysis of residue-speciﬁc Aβ1−40 ϕ angles from
combinations of 3J couplings. (A) ⟨ϕ⟩ and its standard deviation, σ,
are obtained from 3JHNHα and 3JC′C′ values. Black dots with labels
correspond to pairs of experimental 3J couplings. Radial spokes and
colored contours correspond to iso-ϕ and iso-σ lines, respectively, with
the ϕ value labeled at the end of each spoke and the color code of σ
values displayed in the inset. The average measurement uncertainties
based on signal to noise are ±0.08 and ±0.09 Hz for 3JHNHα and 3JC′C′
couplings, respectively. (B) Fractional population of positive ϕ angles
(P+) obtained from 3JC′Hα and 3JHNHα coupling values. Black triangles
indicate the measured values, and notable residues are labeled. The red
to yellow bottom line shows the expected correlation between 3JC′Hα
and 3JHNHα Karplus equations assuming σ ≈ 30° for IDPs, if no
positive values of ϕ were sampled. The top markers represent
predicted 3JC′Hα values when using only the ϕ > 0 fraction of each
residue-speciﬁc coil library. Interpolation of the data points between
the top markers and the bottom orange line yields the residue-speciﬁc
P+. Residues with poor reproducibility in two independent measurements (H6, H13, and S26, because of lower signal to noise) are
excluded.

quite large ϕ angle ﬂuctuations, ranging from σ ≈ 23° for βbranched residues V18, I31, and V39 to ∼40° for S8 and A21.
At ﬁrst glance, this ﬁnding appears to contradict the presence of
highly populated regions of secondary structure such as helices
and turns, reported in previous studies.23,38,44,47,58,59 However,
transient population of such secondary structure elements is
not necessarily inconsistent with our new data, provided that
the population of each such element falls well below 50%. The
most negative ⟨ϕ⟩ values, ca. −110° (Figure 3A), are observed
for V18, F19, and F20, indicating that even though this short
stretch of residues, located in the central hydrophobic cluster
(CHC, residues L17−A21), is quite dynamic, it also is more
extended than the remainder of the peptide. The two ﬂanking
hydrophobic residues, L17 and A21, exhibit less negative ⟨ϕ⟩
and large σ values, indicating that if the CHC has a propensity
for β-strand formation, its length is restricted to only the center
three residues.
In strict terms, the 3JHNHα versus 3JC′C′ analysis described
above is valid only under the assumption that the population of
conformers with positive ϕ angles is vanishingly small,57 i.e.,
precluding the presence of type I′, type II, or type II′ β-turns.
However, as we recently demonstrated, the fraction of time any
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Figure 4. Nuclear Overhauser data recorded for the Aβ peptides. (A) Expanded region of the 2D NOESY spectrum recorded at 900 MHz for the
Aβ1−40 (red) and Aβ1−42 (black) peptides at 277 K. The cross-peaks correspond to sequential and intraresidue interactions between the 1HN and 1Hα
protons. Signiﬁcant chemical shift diﬀerences between Aβ1−40 and Aβ1−42 are seen in this region for the intraresidue HN−Hα(i,i) M35 and sequential
Hα−HN(i,i+1) M35-V36 cross-peaks. (B) Expanded region of the 2D projection from the 3D NOESY-HSQC spectrum recorded at 900 MHz for
Aβ1−40, showing the HN−HN region. (C) Ratio between the intraresidue daN(i,i) NOE intensity and the sequential Hα−HN(i−1,i) NOE measured
for Aβ1−40 and reported as a function of residue number. (D) Correlation between the intraresidue daN(i,i) NOE intensity and the 15N transverse
relaxation rate measured at a 1H frequency of 600 MHz.

that should be unambiguously identiﬁable in our 900 MHz
spectrum did not reveal support for the presence of these
interactions, despite quite good spectral quality (see, e.g.,
Figures S3 and S4). In other studies, the 21−30 peptide
fragment of Teplow and co-workers had shown a weak NOE
between A30 HN and E22 Hα, partly overlapping with an
approximately equally weak NOE between A30 HN and K28
Hα, but a higher-ﬁeld study by Fawzi et al. of the same peptide
revealed only the A30 HN to K28 Hα interaction.67 Indeed,
both our 2D NOESY spectra and the 3D 15N-separated
NOESY spectra show a weak but clear A30 HN to K28 Hα
NOE, ∼6-fold weaker than the intraresidue A30 daN(i,i) NOE,
and the proposed A30 HN and E22 Hα interaction, which
would be well resolved in our 900 MHz spectrum, falls below
the noise threshold; i.e., it must be >3-fold weaker than the
already weak A30 HN to K28 Hα NOE.
Comparison of these prior NMR results with our newly
acquired data made it abundantly clear that such an analysis is
very diﬃcult without access to explicitly annotated spectra.
Although inclusion of such data is no longer common practice
in the biological NMR literature, a relatively recent 900 MHz
2D NOESY study of Aβ1−40 did identify a number of longrange NOE interactions and included detailed annotated
spectral regions to support these observations.59 On the basis
of their data, these authors concluded that Aβ1−40 at least
transiently adopts a compact, partially folded structure with a
long helical segment spanning H13−D23, and long-range
interactions between the F4 aromatic ring protons and

IDPs considers both the time and distance dependence of the
1
H−1H dipolar interaction autocorrelation function, which is
accessible when analyzing a molecular dynamics trajectory.38,47,66,67 Although elegant, we note that this latter solution
transfers the burden of the variable time dependence of the
autocorrelation function to the accuracy of the molecular
dynamics calculations and the rates at which conformational
transitions take place. The latter tends to remain one of the
most challenging problems when generating optimal force
ﬁelds, and further development appears to be needed before
quantitative analysis of IDP molecular dynamics trajectories
becomes suitable for routine quantitative interpretation of NOE
intensities.
Although the presence of long-range NOEs, between
residues more than ﬁve apart in the sequence of the peptide,
have been inferred from analysis of the 2D NOESY spectra of
Aβ1−40 and Aβ1−42, often these NOEs could not be uniquely
assigned because of the lack of suﬃcient resonance dispersion
in the spectra of these disordered peptides.38 Only very few
nonsequential NOEs in that study were found to be consistent
with the analysis of their molecular dynamics trajectory, and for
Aβ1−40, all of these corresponded to i to i + 2 NOEs. A much
larger number of “false-negative long-range NOEs” were
reported by the same group in an earlier study,58 referring to
NOEs identiﬁed in the spectrum but absent in the dynamics
simulation. Many of these long-range NOE cross-peaks fall in
very crowded regions of the spectrum, but searching for those
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Figure 5. Examples of ϕ/ψ distributions derived for Aβ1−40 residues D7, V18, F19, E22, K28, A30, L34, and M35. The surface area of each circle is
proportional to the population of its 15° × 15° voxel, and the color of each circle reﬂects the ratio relative to that of the population seen in the coil
database for that residue type, from 0.2 (blue) to 5 (red). Green boxes mark secondary structure regions: β, PPII, αL, type I β-turn (β-I), and αR. An
entropy weight factor of 0.8 was used as well as a diﬀusion anisotropy parameter61 k = 0.3 for the analysis of NOEs. The full set of residues and the
corresponding χ2 vs S plots are presented in Figures S7 and S6, respectively.

hydrophobic side chains in the V18−V24 segment driving the
compaction of the N-terminal segment on this region,
presumed to be helical on the basis of local NOEs. An NOE
between F19 and G38 Hα protons resulted in compaction of
the C-terminal segment against this center helical segment.
These spectra were recorded on the synthetic peptide at an
ionic strength (50 mM NaCl) higher than that of our data,
which can impact the structural distribution of the dynamic
Aβ1−40 peptide.35 However, inspection of the annotated
spectrum of Vivekanandan et al. showed chemical shifts very
similar to those seen in our spectrum and also revealed
alternate short-range assignments that better matched the NOE
cross-peak positions in our spectrum (Figure S4). For example,
the partial overlap of F4 Hδ and F19 Hδ resonances converted
the prior long-range NOEs between F4 and CHC residues
L16−A21 to intra-CHC NOEs, involving F19. Similarly, G38
Hα overlaps with V18 Hα, and the putative NOE between F19
Hβ/δ and G38 Hα better matches the position and multiplet
structure of V18 Hα. Therefore, even though we can positively
identify a substantial number of short- and medium-range
NOEs, we were unable to uniquely identify even a single longrange NOE between residues more than ﬁve positions apart in
the sequence. In addition to this dearth of long-range NOE
restraints, the problem of deﬁning the peptide’s structure is
compounded by its dynamic character, which would require an
ensemble reﬁnement and therefore more restraints than a static
structure,68,69 an analysis that is further complicated by the
strong variation in dynamics along the sequence impacting the
NOE quantiﬁcation (cf. Figure 4D). As mentioned above, in
principle, the latter problem could be solved by directly
calculating the relevant autocorrelation functions from the MD
trajectory, but in practice, this proves challenging because of
limitations in the force ﬁeld, which can give rise to stable
structural features for which no clear evidence exists in the
experimental data.23,38,46,47

To investigate whether diﬀerences between these results and
earlier literature data could be the result of diﬀerences in ionic
strength, which may potentially aﬀect the conformation
adopted by the amyloid peptides in solution, we compared
the Aβ1−40 CD spectra at 0 and 100 mM NaCl70 (Figure S5A).
We found that the two CD spectra were essentially
indistinguishable and fully consistent with random coil
behavior. Similarly, comparing the backbone NMR chemical
shifts and the intraresidue daN(i,i) NOE intensities from 3D
NOESY-HSQC experiments, recorded at either 0 or 30 mM
NaCl,59 again shows no signiﬁcant diﬀerences (Figure S5B).
MERA Analysis of Backbone Torsion Angles. Despite
the clear absence of a signiﬁcantly populated folded state for
Aβ1−40 and Aβ1−42, weak medium-range NOEs provide strong
evidence of the transient presence of locally compact structures
such as those mentioned above for residues in the CHC region.
To gain further insight into the distribution of backbone angles
sampled by Aβ1−40, we also measured three additional types of J
couplings (1JHαCα, 2JNCα, and 1JNCα) that are sensitive to the
backbone torsion angles, in addition to 3JHNHα, 3JC′C′, 3JC′Hα,
and the backbone chemical shifts. The measurement of these
additional couplings was limited to the Aβ1−40 peptide because
the greater stability in solution of this shorter peptide is a
prerequisite for measurement of the smaller couplings at the
requisite very high experimental precision. Moreover, as
discussed above, indistinguishable NOE patterns and virtually
identical chemical shifts and 3JHNHα values for the ﬁrst 34
residues of Aβ1−40 and Aβ1−42 indicate that no signiﬁcant
diﬀerences relative to Aβ1−40 will be detectable for the longer
sequence within the limits of experimental precision.
With up to 12 measured parameters for most residues,
including three types of NOEs [dNN(i,i+1), daN(i,i), and daN(i,i
+1)], three types of chemical shifts (15N, 13Cα, and 13C′), and
the six types of J couplings mentioned above, the available
experimental data (Table S2) provide a reasonable set of
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the β-region over the already higher random coil β-propensity
of these Cβ-branched residues, whereas a slightly elevated
propensity for turn formation is seen for M35. We note,
however, that with the possible slight exception of I32, all
residues in this C-terminal region show near-zero values of
entropy, meaning that all of these match the coil library
distribution of these residues rather closely (Figure S7).
Comparison with Previous Studies. Although the
solution behavior of the Aβ1−40 and Aβ1−42 peptides has been
the subject of numerous studies, both by NMR spectroscopy9,19,45 and by other biophysical methods,72 our present study
adds a substantial number of additional parameters to the
discussion. In particular, our measurements of the structurally
important 3JHNHα couplings are essentially complete, whereas
25−50% of these were missing in earlier studies. The high
accuracy of our 3JHNHα measurements is implied by the very
close agreement between values seen for the ﬁrst 34 residues of
the two Aβ peptides, where the nearly indistinguishable
chemical shifts already point to very similar structural
distributions. Small diﬀerences seen for residues 35−40
between the two peptides appear to reﬂect slightly diﬀerent
structural propensities, but with no signiﬁcant changes in
chemical shift or 3JHNHα for residues preceding M35 these
cannot be attributed to a stable long-range interaction for
Aβ1−42, proposed in earlier studies23,38,46 or diﬀerences in longrange interactions involving the N-terminal residues.72
Our results indicate that both peptides are void of distinct
highly populated structural features. Signiﬁcant occupancy of a
β-sheet for V18−F20 appears to be excluded as we do not ﬁnd
a matching set of residues with which to pair these residues, and
intermolecular β-sheet formation is excluded by the complete
absence of a concentration dependence of chemical shifts. We
note that the more extended, β-like character seen for V18−
F20 and the C-terminal region (I31−V36) is largely a direct
eﬀect of the types of amino acids of which these regions are
composed, as β-branched and aromatic residues are known to
have a more extended backbone propensity.24 A number of
previous studies are in general agreement that the central
hydrophilic region (E22−G29) has a tendency to adopt turn or
bendlike structures, presumed to be a requirement for allowing
an interaction between the two main hydrophobic regions
(L17−A21 and A30−V40), therefore mimicking the loop
conformations found in prior NMR structures of Aβ amyloid
ﬁbrils.9−11,13,73 Small variations in sample conditions may
impact the average structure. In particular, variations in pH,
temperature, ionic strength, and in particular the nature of the
anions can impact the partitioning of the Aβ peptide between
its monomeric state in solution and an aggregated oligomeric
form.70,74,75 However, we note that chemical shift changes with
varying ionic conditions are very small, strongly suggesting that
the conformational distribution of the free, monomeric
peptides is little aﬀected. Indeed, we also ﬁnd that variations
in ionic strength had no measurable impact on the conformational propensity of monomeric Aβ1−40 in solution as measured
by NOEs and circular dichroism (Figure S5). This result
suggests that the salt bridge interaction between D23 and
K28,76 which is believed to drive the formation of a turn in the
hydrophilic region (E22−G29), is not signiﬁcantly populated in
the monomeric states of the Aβ peptides. Previous NMR
measurements typically were conducted at near-neutral pH
values. Note that aggregation is strongly enhanced at pH values
close to the isoelectric point (pI = 5.3) and the requisite
signature amide HN signals disappear at elevated pH values (ca.

restraints for probing the ϕ/ψ Ramachandran map populations
of each individual residue. For this purpose, we previously
developed the MERA program (Maximum Entropy Ramachandran map Analysis from NMR data), which generates residueby-residue Ramachandran map distributions for disordered
proteins or disordered regions in folded proteins on the basis of
experimental NMR parameters.55,61 The Ramachandran map
distributions are reported in terms of populations of their 15° ×
15° voxels, and a maximum entropy regularizer is used to
ensure that the obtained distributions deviate minimally from
the residue-speciﬁc random coil library Ramachandran
distributions, i.e., not more than required for obtaining
agreement with the experimental data. Without such a
regularizer, the 12 parameters provide insuﬃcient information
to uniquely determine the relative populations of the ∼120
voxels that exhibit nonvanishing probabilities in the coil library.
The entropy term is deﬁned as S = −∑k wk ln(wk/wklib), where
the summation extends over all voxels, k, and wk is the MERAderived fractional population of voxel k, with wklib being the
corresponding population in the coil library for a given residue
type.
The minimum rmsd, χ, between the experimental input data
and the calculated values obtained for the MERA Ramachandran map distribution initially increases only very slowly when
the weight, θ, of the entropy term is increased in a stepwise
manner but typically starts rising more rapidly for θ ≥ ∼1
(Figure S6). For all distributions shown here, we have chosen a
θ = 0.8 value, which yields normalized χ2 values of ≤1.5 for all
residues analyzed (Figure S7). Without stereospeciﬁc assignments of the Gly Hα resonances, which frequently have nearly
identical chemical shifts, the NMR parameters cannot
distinguish between right-handed and left-handed structures,
and Gly residues therefore are not included in the MERA
analysis. Figure 5 displays the MERA-derived ϕ/ψ distributions
for selected residues of Aβ1−40: D7 as a representative residue of
the N-terminus, V18 and F19, located in the CHC and
proposed to adopt a β-conformation in most studies,9 E22 and
K28, both in the central hydrophilic region (E22−G29), and
A30, L34, and M35 as representative residues of the C-terminal
hydrophobic region (A30−I40), which have also been
described as adopting a β-conformation.9 MERA maps of the
remaining residues are included in Figure S7. The population of
each voxel in these maps is depicted by the size of the colored
circles, whereas the color represents the fractional deviation
from the random coil distribution after nearest neighbor
correction.
As can be seen from the mostly yellow voxel colors obtained
for D7, results for this residue fall close to those seen in the coil
library distribution for Asp residues. Indeed, with an entropy S
of −0.15, this residue is among the closest to the coil library
distribution. Note that −S is often also termed the Kullback−
Leibner information divergence.71 For comparison, residues in
well-ordered regions of folded proteins typically exhibit S values
lower than ca. −0.8.61 The MERA maps of residues V18 and
F19 both show an elevated propensity for extended β
conformations, as exempliﬁed by F19, but with S values of ca.
−0.4, the backbone angles of these residues remain closer to
random coil (S = 0) than to values seen in folded proteins,
consistent with their large σ values mentioned above. No clear
propensity for secondary structure is found in the central
hydrophilic region (E22−G29), although N27 and L28 show
elevated populations of both αR and αL conformations (Figure
S7). Both residues I31 and I32 show an elevated population of
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Figure 6. (A) Kinetics of aggregation measured at 4 °C from the loss of the normalized cross-peak intensity of methyl groups in a time series of
NMR spectra recorded for 150 μM samples of Aβ1−42 solubilized in either H2O (black) or D2O (red), or 300 μM samples of Aβ1−40 solubilized in
either H2O (blue) or D2O (green), all in 20 mM sodium phosphate at pH (or pD, uncorrected meter reading using a glass electrode) 7.0. Fitted
curves correspond to I = A + (1 − A) exp(−t/T), where A = 0.24 ± 0.01 and T = 65 ± 4 h for the H2O Aβ1−42 sample, A = 0.43 ± 0.02 and T = 31.5
± 0.7 h for the D2O Aβ1−42 sample, A = 0.85 ± 0.01 and T = 72.1 ± 5.7 h for the H2O Aβ1−40 sample, and A = 0.65 ± 0.01 and T = 24.9 ± 1.6 h for
the D2O Aβ1−40 sample. (B) Aggregation kinetics monitored by ThT ﬂuorescence of 5 μM samples of Aβ1−40 and Aβ1−42 in 20 mM sodium
phosphate at pH (or pD, uncorrected meter reading) 7.4. The ThT ﬂuorescence experiments were conducted at 37 °C. For each sample, the
ﬂuorescence signal was averaged over four replicas.

≥8) due to rapid exchange with solvent. However, comparison
of the secondary 13Cα chemical shifts recorded in this study at
pH 7.0 with those reported by Yamaguchi et al.16 at pH 6.5 and
Waelti et al.35 at pH 7.4 (Figure S1) shows that small variations
around neutral pH do not signiﬁcantly impact the secondary
structure propensity of the Aβ peptides.
Of particular interest is the atomic model of Aβ1−40 reported
by Vivekanadan et al.,59 which represents the only study to date
reporting a semifolded full-length monomeric Aβ structure in
solution, with a central 310-helix extending from H13 to D23. In
this collapsed structure, the central helical fragment makes
long-range contacts to the N- and C-termini, driving the
collapse in the structural modeling. Aided by the higher
resolution available in our 2D NOESY spectra (Figures S3 and
S4), the vast majority of these long-range contacts can be
attributed unambiguously to short-range interactions. However,
we note that even though the chemical shifts observed in our
study match very closely those of the Vivekanadan study, the
relative intensities of a number of the non-intraresidue,
nonsequential NOEs diﬀer signiﬁcantly between our NOESY
spectrum and the earlier study. In particular, the NOESY crosspeaks observed for the V24(Hγ)−F20(Hε), V24(Hγ)−F19(Hε),
V24(Hγ)−F20(Hδ), and V24(Hγ)−F19(Hδ) contacts are much
weaker in our NOESY spectrum, presumably resulting from
small diﬀerences in experimental conditions (pH 7.2 vs pH 7.0,
50 mM NaCl vs 20 mM sodium phosphate, or 288 K vs 277 K)
or diﬀerences in sample preparation (synthetic vs recombinant
peptide). In addition, and as noted by Vivekanadan et al., the
possibility that some of these NOEs actually represent
transferred NOEs resulting from exchange between a highmolecular weight, NMR-invisible, aggregated state of Aβ1−40,
also observed in the NMR study by Narayanan and Reif,70
cannot be excluded and is perhaps even likely.
Relation between Monomer Structure and Protoﬁbril
Formation. Monomeric amyloid peptides are capable of
oligomerization through diﬀerent pathways, involving both
primary and secondary nucleation, which then can propagate
into the growth of long, regular ﬁbrillar structures.77−82 The

initial nucleation process is believed to be thermodynamically
unfavorable, explaining the existence of a lag phase in the
kinetics of amyloid ﬁbril formation.83 Characterization of the
nucleation structures has been the focus of numerous studies.
Although it may be considered plausible that the secondary
structures found in ﬁbril-associated β-sheets are already
transiently adopted by the monomeric Aβ in solution, the
data presented here show very low propensities for stable
secondary structure elements in the monomeric peptide. In
particular, we cannot identify any signiﬁcantly elevated βconformation propensity for the hydrophobic region of residues
30−40 or a clear turn propensity in the G22−K28 region, with
the possible exception of low (∼13%) turn propensities at N27
and K28. The absence of previously reported long-range NOE
contacts highlights how diﬃcult the task of identifying
transiently populated structures in a dynamic ensemble really
is. We note that our chemical shift values agree very closely
with those of prior studies of Aβ1−40 and Aβ1−42 peptides.16,35
Perhaps even more importantly, we ﬁnd that the backbone
secondary chemical shift values of these two peptides are very
similar over the ﬁrst 34 residues, with pairwise rmsd values of
0.018, 0.048, and 0.007 ppm for the 13C′, 13Cα, and 1Hα nuclei,
respectively (Figure 1B−D), suggesting that any structural
diﬀerences between the two peptides cannot be very large.
Considering the large diﬀerences in amyloid propensity of the
two peptides, this conclusion appears to be at odds with the
assumption that the aggregation is initiated by transient
interaction of peptides in a ﬁbril-prone structural state.
If under the quiescent, low-temperature (4 °C) NMR
conditions the peptide is in exchange between a monomeric
structure and an oligomeric species, such an exchange process
must be slow considering that there is no concentration
dependence of the chemical shifts. Indeed, above a threshold
concentration of ∼150 μM, Fawzi et al. found positive evidence
of slow chemical exchange between the monomer and a stable,
NMR-invisible large (2−80 MDa) protoﬁbrillar state,84−86 with
a pseudoequilibrium between the two forms. From the
observed relaxation behavior, these authors conclude that the
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growth of larger aggregates or ﬁbrils is likely to diﬀer for Aβ1−40
and Aβ1−42. Meisl et al. showed that the presence of the two
additional hydrophobic residues in Aβ1−42 mainly aﬀects the
primary nucleation rate (by decreasing the lag time) and has
little impact on the elongation rate.87 Their result appears to be
consistent with our ﬁndings, as hydrophobically driven primary
nucleation will be accelerated both by the increased hydrophobicity of the peptide sequence and by a poorer solvent of
hydrophobic residues.89 The poorer solvent properties toward
hydrophobic substances can be considered as squeezing the
solute out of the stronger hydrogen bonded network of the
D2O solvent.91,92 The strong eﬀect of D2O seen on the
steepness of the growth phase for Aβ1−42 (Figure 6B) suggests
that elongation and/or secondary nucleation of this peptide is
also signiﬁcantly impacted by hydrophobic interactions,
whereas for Aβ1−40 this is not the case, implying a diﬀerence
in the underlying mechanisms. The existence of diﬀerent
mechanisms involved in the elongation of nascent Aβ1−40 and
Aβ1−42 ﬁbrils appears to be consistent with the observation by
Cukalevski et al. that even though the two peptides ﬁbrillize
synergistically from a mixed solution of the two peptides, the
resulting ﬁbrils are homomolecular.93 Their result indicates that
highly sequence-speciﬁc interactions underlie ﬁbril elongation, a
process that on the basis of our results appears to be
signiﬁcantly impacted by the D2O/H2O solvent composition
for Aβ1−42 but not for Aβ1−40.

ﬁrst eight residues of the exchanging peptides exist predominantly in a mobile tethered state when bound, whereas the
largely hydrophobic central regions are in direct contact with
the protoﬁbril surface for a signiﬁcant fraction of time.
Our data are perhaps the most extensive and detailed at
probing the monomeric solution behavior of the Aβ peptides to
date and show no pronounced secondary structure propensities
for either peptide, or any signiﬁcant diﬀerences between Aβ1−40
and Aβ1−42 at 4 °C. Note that any secondary structure
propensity of the monomeric peptide is expected to further
decrease when the temperature is increased to 37 °C. We
therefore interpret our results as evidence that primary
nucleation of the monomeric peptides likely is driven primarily
by nonspeciﬁc interactions between hydrophobic segments
(residues L17−A21 and I31−V40 or I31−A42 for Aβ1−42)
rather than by transient interactions between preformed βstrands. Interestingly, the large diﬀerence in ﬁbril formation
propensities of Aβ1−40 and Aβ1−42 has been linked to their
diﬀerence in primary nucleation rate.87 In combination, these
results therefore suggest that the higher aggregation propensity
of Aβ1−42 compared to that of Aβ1−40 is simply the result of the
longer stretch of hydrophobic residues at the peptide’s Cterminus rather than the result of a shift in propensity to
aggregation-prone β-conformations in the free peptide.
The degree of peptide order in the aggregated state
generated under NMR conditions, generally believed to be
protoﬁbrillar,86 remains a matter of debate.35,70,88 The
observation that under our quiescent, low-temperature
conditions the disappearance of free monomer peptide NMR
signals is seen only above a threshold concentration (∼150 μM
for Aβ1−40 in H2O)85 could be interpreted as evidence of the
presence of a peptidic micelle with a critical micelle
concentration of 150 μM. However, such a model is unlikely
to be correct. First, circular dichroism data show a very high
fraction of β-sheet in the aggregated state obtained for such
samples (Figure S8A). Second, if a sample that has evolved to
contain a signiﬁcant fraction of aggregated state is subsequently
diluted 2-fold, the monomer signal does not grow back in
intensity (Figure S8B), contrary to what would be expected for
a monomer−micelle equilibrium. This result indicates that the
aggregation process is unidirectional also under our NMR
conditions, even though individual peptides are in dynamic
exchange between a free state and a state in which they are not
yet irreversibly anchored to the protoﬁbril, with the latter
process being responsible for the NMR relaxation eﬀects
observed by Fawzi et al.84−86 Remarkably, we ﬁnd that NMR
signal loss over time for the free peptides in a solution of D2O
is larger than for H2O, an eﬀect seen for both peptides but most
pronounced for Aβ1−42 (Figure 6A). This observation is
consistent with the conclusion that primary nucleation is
being driven by the hydrophobic eﬀect described above, as D2O
is known to be a poorer solvent for hydrophobic molecules
than H2O.89−91
To further investigate the eﬀect of solvent on ﬁbril formation,
we complemented our NMR observations by recording the
aggregation kinetics of both Aβ1−40 and Aβ1−42 peptides in
solvents H2O and D2O through conventional measurements of
ThT ﬂuorescence (Figure 6B). The ﬁgure shows that the use of
D2O strongly decreases the lag time for both peptides but
increases the growth rate for only Aβ1−42. These observations
suggest that primary nucleation of both peptides is signiﬁcantly
impacted by hydrophobic eﬀects, but that the nature of the
interactions that govern secondary nucleation and/or the

■

CONCLUDING REMARKS
It is well recognized that the presence of transient structure, in
particular transient helix formation, in an otherwise disordered
protein can be an important determinant for target binding.94−96 However, comparison of a large set of NMR
parameters, collected by us for Aβ1−40 and Aβ1−42, shows no
evidence of signiﬁcant transient populations of long-range order
in these peptides under conditions where they are strictly
monomeric. Although very weak medium-range NOEs suggest
the transient formation of locally ordered structures beyond
what is expected on the basis of nearest neighbor eﬀects, no
signiﬁcant population of stable β-strand, α-helix, or β-turn is
observed in the NOE or J coupling data, with the possible
exception of a weak turn propensity at residues N27 and K28,
reﬂected in elevated 3JC′Hα values and daN(i,i)/daN(i−1,i) NOE
ratios. Many of the previously identiﬁed long-range NOE
interactions are absent in our highly resolved 900 MHz NOESY
spectra or can be conﬁdently assigned to short-range pairs of
protons. Nevertheless, small diﬀerences relative to prior
NOESY spectra are also seen, which are likely attributable to
transferred NOE eﬀects, associated with transient binding to
aggregated species in samples that were not strictly controlled
to be free of aggregated species.
An analysis of the Ramachandran map distribution of each
residue shows very low Kullback−Leibler divergences from the
corresponding coil library distributions. It should be noted,
however, that the MERA program used to derive these
Ramachandran map distributions searches for distributions
that deviate minimally from coil library distributions, without
signiﬁcantly violating the NMR restraints. Somewhat diﬀerent
distributions with higher Kullback−Leibler divergences that
agree equally well with the experimental data can also be
created. However, considering the very high degree of similarity
in the chemical shift and J coupling parameters for the ﬁrst 34
residues of the Aβ1−40 and Aβ1−42 peptides, the presence of a
substantial diﬀerence in the conformations sampled by these
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two peptides appears to be excluded. Root-mean-square 3JHNHα
deviations of only 0.41 Hz (Aβ1−40) and 0.42 Hz (Aβ1−42)
relative to random coil values are considerably lower than for
ensembles generated previously on the basis of advanced,
NMR-guided multiconformer models, suggesting that even
though the presence of transiently structured species is not
excluded by our data, their populations must be low and their
structures quite heterogeneous. Our result contrasts somewhat
with those of prior studies in which binding of IDP to a
functional target frequently involves elements of conformational selection. Although our results cannot exclude the
involvement of such processes, our NMR data indicate that the
upper limit population of transiently ordered species for the Aβ
peptides is considerably lower than those seen in other
cases.94−96
Indeed, the very high degree of similarity in NMR
characteristics of the 34 N-terminal residues of Aβ1−40 and
Aβ1−42 in terms of chemical shifts, 3JHNHα, and NOEs strongly
argues against the notion that a substantial structural diﬀerence
in the unfolded states of these two peptides is responsible for
their nearly 10-fold diﬀerence in aggregation kinetics. Instead, it
appears that the increase in hydrophobicity caused by the
additional C-terminal Ile41 and Ala42 residues is responsible
for the faster primary nucleation observed by Meisl et al.,87 a
ﬁnding supported by our observation of shorter nucleation
delays in D2O over H2O solutions. Our observation that the
kinetics of secondary nucleation and/or ﬁbril growth of only
Aβ1−42 is impacted by solvent composition suggests that
hydrophobic packing is diﬀerent in the two types of ﬁbrils.
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