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Abstract

The interplay of modern molecular simulation and high-quality nuclear magnetic resonance
(NMR) experiments has reached a fruitful stage for quantitative characterization of structural
ensembles of disordered peptides. Amyloid-β 1–42 (Aβ42), the primary peptide associated with
Alzheimer’s disease, and fragments such as Aβ21–30 are both classified as intrinsically disordered
peptides (IDPs). We use a variety of NMR observables to validate de novo molecular dynamics
simulations in explicit water to characterize the tertiary structure ensemble of Aβ42 and Aβ21–30
from the perspective of their classification as IDPs. Unlike the Aβ21–30 fragment that conforms
to expectations of an IDP that is primarily extended, we find that Aβ42 samples conformations
reflecting all possible secondary structure categories and spans the range of IDP classifications
from collapsed structured states to highly extended conformations, making it an IDP with a far
more heterogeneous tertiary ensemble.

Intrinsically disordered proteins (IDPs), polypeptides that do not adopt a single or dominant
tertiary conformation, are abundant in eukaryotic proteomes, comprising 25–30% of protein-
encoding sequences found in the human genome.1-4 Characterizing IDP structural diversity
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is important for understanding their role in functional signaling, regulation, and
transcription, as well as their detrimental involvement in pathologies such as cancer and
neurodegenerative diseases. Their characterization has presented new challenges in
structural biology because traditional experimental techniques such as X-ray crystallography
and electron microscopy cannot yield the same detailed structural information that has been
paramount in our understanding of folded enzymes and well-formed protein complexes.2

Our current understanding of IDPs comes in part through contrasting their sequence and
structural characteristics with those of folded proteins.2 For example, IDP sequences are
often significantly lower in hydrophobic residue content, have an over-representation of
polar and/or charged amino acids, and have a low level of sequence complexity compared to
globular, folded proteins.3,5 IDPs often have little secondary structure compared to the
(nondenatured) unfolded ensembles of structured protein at native or near native conditions
that retain α-helical and β-strand segments. The structural diversity of IDPs suggests that
conformational subpopulations interconvert at a rate much faster than the folded to unfolded
transition time scale of a structurally ordered protein. While folded proteins can be usefully
categorized into classes based on well-ordered secondary or tertiary structure, IDPs are
classified by their degree of disorder, i.e., whether they predominately are collapsed
semiordered ensembles (“structured” molten globules or pre-molten globule states),
collapsed disordered ensembles, or extended disordered ensembles.1,6 These classification
schemes have been useful for IDPs with known function.

Amyloid-β 1–42 (Aβ42) is the primary peptide associated with Alzheimer’s disease (AD),
generated in the amyloidogenic pathway by proteolytic cleavage of the transmembrane
amyloid precursor protein (APP) by membrane-anchored β- and γ-secretases. While Aβ
appears to interconvert between α-helical and random coil populations when it is part of the
APP integral membrane protein,7 the cleaved Aβ42 peptide and fragments such as Aβ21–30
have been categorized as IDPs.8,9 Although both are classified as IDPs, it would be useful to
know whether their structural ensembles are similar or dissimilar so that we might usefully
interpret the physiological behavior of the full-length peptide or the physiological
significance of the smaller Aβ21–30 fragment.

The interplay of modern molecular simulation and high-quality nuclear magnetic resonance
(NMR) experiments has reached a fruitful stage for quantitative characterization of
structural ensembles of disordered peptides, which we review here. We use a variety of
NMR observables to validate de novo molecular dynamics simulations in explicit water to
contrast the tertiary structure ensembles of Aβ21–30 and Aβ42. We show that Aβ42
samples conformations reflecting all possible secondary structure categories and spans the
range of IDP classifications from collapsed structured states to highly extended
conformations, while Aβ21–30 has a relatively homogeneous ensemble of extended
structures, showing that the two amyloid-β peptides belong to very different IDP classes.

METHODS
NMR Experiments

The peptide preparation and NMR experiments with Aβ21–30 have been reported in a
previous publication.10 Here we report on the experimental details of Aβ42. Recombinant
Aβ42 peptide was purchased from a commercial source (rPeptide, Athens, GA) and was
reported to be >97% pure. The peptide was lyophilized from trifluoroacetic acid (TFA). The
alkaline pretreatment of Aβ and the preparation of LMW Aβ by filtration protocols outlined
by Teplow11 were used to prepare a monomeric solution of Aβ42. The lyophilized peptide
was dissolved in 2 mM NaOH to produce a peptide concentration of 0.21 mg/mL with a pH
of >10.5. The peptide was then sonicated for 1 min in a bath sonicator and lyophilized. It

Ball et al. Page 2

Biochemistry. Author manuscript; available in PMC 2012 October 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



was then resuspended in 20 mM sodium phosphate buffer (pH 7.2) and 0.01% (w/v) sodium
azide. This protocol ensures that when the lyophilized peptide is dissolved in buffer it will
not pass through its pI of ~5.31. Before NMR data were collected, the sample was filtered
with a 0.22 μm filter to remove any fibril seeds and brought to a concentration of ~600 μM
at pH 7.2.

NMR data were collected at 287 K at the NMR Facility at the University of California on
Bruker Avance II 800 and 900 MHz spectrometers, the latter equipped with a Bruker
cryogenic probe. The data were processed using NMRPipe, and peaks were assigned and
analyzed using CARA.12 Chemical shifts were assigned using two-dimensional (2D) 1H–1H
total correlation spectroscopy (TOCSY)13,14 and nuclear Over-hauser effect spectroscopy
(NOESY).15-17 The TOCSY spectra were recorded in a 90% H2O (10% 2H2O) buffer
solution with a mixing time of 60 ms and in a 99% 2H2O buffer solution with a mixing time
of 80 ms. The NOESY spectra were recorded in a 90% H2O (10% 2H2O) buffer solution
with mixing times of 100 and 200 ms and in a 99% 2H2O buffer solution with a mixing time
of 200 ms. In the direct dimension, 1024–2048 points were collected, while 256 complex
points were collected in the indirect dimension for all spectra. The sweep width was 12 ppm
in each dimension with 16–48 scans. One-dimensional (1D) spectra were recorded at time
points before and after the experiments to measure the degree to which the monomeric
peptide signal decreased because of aggregation. We also ensured that our NOESY data
resulted only from a monomeric form of the peptide by collecting a NOESY spectrum
immediately after dissolving the peptide and another NOESY spectrum ~48 h after
dissolving the sample. We saw no difference between the two spectra except for a decrease
in peak intensity due to aggregation, which eliminates the possibility that some NOEs could
be a result of oligomers forming during peptide incubation. Peaks were identified at
particular chemical shifts in the 200 ms mixing time NOESY spectra in both H2O and 2H2O,
and those peaks that could be unambiguously assigned to two specific hydrogen atoms were
used to calibrate the NOE peak intensities derived from simulation. The majority of peaks
could not be clearly assigned to a unique pair of hydrogen atoms because of spectral
overlap. These peaks were instead assigned a list of potential hydrogen pairs consistent with
the observed peak frequencies. This list consists of atoms within a 0.04–0.08 ppm range
around each observed peak.

De Novo Molecular Dynamics Simulations
The de novo molecular dynamics simulations of Aβ21–30 have been reported in a previous
publication.10 Here we report on the simulation details of Aβ42. The peptide was modeled
using the Amber ff99SB force field18 and aqueous solvent represented by the TIP4P-Ew
water model.19 We chose the ff99SB force field and TIP4P-Ew water model combination
because it was used in the previous Aβ21–30 study,10 and subsequent studies support its
clear superiority relative to other biomolecular simulation force fields.10,20-23

To calculate equilibrium ensemble averages in the NVT ensemble, we used an Andersen
thermostat, a leapfrog integrator with a 1.0 fs time step, and periodic boundary conditions.
Particle mesh Ewald was used for calculating long-range electrostatic forces, and a cutoff of
9.0 Å was used for the real space electrostatics and Lennard-Jones forces throughout the
study. The initial structure for Aβ42 was built in an extended form using the LEaP module
that is part of the AMBER package. Each structure was solvated in a water box such that
there were 10 Å of water surrounding the peptide on all sides (15142 water molecules, box
volume of 580 nm3) and three Na+ ions to neutralize the charge of the peptide. The structure
was minimized and equilibrated with a constant volume while the temperature was increased
to 300 K and then equilibrated for 2 ns under a constant pressure of 1 bar, maintained with a
Berendsen barostat, to achieve the correct density. Then, a 2 ns, 498 K simulation was run
on the extended Aβ42 peptide to obtain a more collapsed starting structure for equilibrium
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ensemble simulations. Two different collapsed structures were chosen to start two
independent replica exchange simulations. These systems were prepared by first removing
the solvent, and then the previous solvation and equilibration steps were used to create a
final box that contained 6251 water molecules (193 nm3 volume). The sander module of
AMBER and the Multiple-Reservoir Replica Exchange (MRRE) method presented by
Ruscio et al.24 were used to achieve a Boltzmann weighted ensemble of 100000 Aβ42
structures at the experimental temperature of 287 K, from a 100 ns equilibrated simulation.
Details of the MRRE calculations for Aβ42 are reported in the Supporting Information.

To calculate time correlation data on the 287 K reservoir, we used selected structures from
this ensemble to run micro-canonical (NVE) ensemble simulations using the pmemd module
of AMBER10. Fifty structures were chosen from each 287 K Aβ42 ensemble (after
equilibration for 10 ns), spaced 1 ns apart (ensuring complete decorrelation through swaps
between replicas), and equilibrated at a constant temperature of 287 K for 100 ps before a 20
ns simulation was run for each initial structure. In total, the Aβ42 constant energy
simulation time with starting conformations equilibrated at 287 K was 2 μs.

Calculation of NMR Observables
For both Aβ21–30 and Aβ42, we evaluated NMR chemical shifts and scalar coupling
constants,25-27 NOE peak intensities for not only backbone amide proton contacts8 but also
the full set of hydrogen contacts that were measured by us, using the methods described by
Fawzi et al.10 For Aβ42, we also evaluated the residual dipolar couplings.25,27,28

Chemical Shifts—We used SHIFTS29 to calculate chemical shifts for Hα and amide
hydrogen atoms and carbon chemical shifts. These values were compared directly to the
chemical shift (in parts per million) assigned to each hydrogen and carbon atom from the
NMR spectra reported here, without any normalization. The Cα and Cβ chemical shifts were
also calculated and compared to experimental values from ref 8.

Scalar Couplings—The ptraj module of AMBER was used to calculate the ϕ angles for
each residue of Aβ21–30 or Aβ42 at every snapshot in the 287 K ensemble, and the J
coupling constant, J(ϕ), was evaluated for each snapshot using the Karplus equation30

(1)

with coefficients A (6.51), B (−1.76), and C (1.60) corresponding to the original parameter
set of Vuister and Bax.31 We note that the ϕ values used to calculate the J coupling constants
correspond to the dihedral angle defined by Ci−1, Ni, Cαi, and Ci, although the J splitting
seen experimentally is a result of coupling between two hydrogen atoms, related by the
dihedral angle defined by HNi, Ni, Cαi, and Hαi. These two dihedral angles are
geometrically related by a phase factor of ~60° as per eq 1. This discrepancy was not
properly identified in a previous publication,10 and we show the corrected calculation in
Results. To obtain an overall metric of how well the calculated coupling constants
correspond to the experimental data and compare this to other simulated systems, we
calculate the figure of merit

(2)

where N is the number of J coupling constants measured, 〈Ji〉sim is the ith calculated J
coupling constant averaged over all structures in the simulated ensemble, Ji,expt is the ith
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experimental J coupling constant, and σ2 is the uncertainty in 〈Ji〉sim, which we expect to be
dominated by the uncertainty in the Karplus parameters.

ROESY and NOESY Intensities—We used the method of Peter et al.32 to calculate the
spectral density function (which is related to the NOE or ROE peak intensity) from the short
NVE simulations. Specifically, we used ptraj to analyze the NVE simulations. The ptraj
output is the normalized correlation function for each pair of hydrogen atoms of the Aβ
peptides (the normalization option is convenient as the values of the correlation function,
output as decimal numbers with limited field width by ptraj, are then all available to high
precision, which is especially critical for distant 1H–1H pairs). These are calculated
according to

(3a)

where r(t) is the vector between each hydrogen atom pair at time t, χt,t+τ is the angle
between the r(t) and r(t + τ) vectors, and P2 is the second-order Legendre polynomial. We
multiply these normalized correlation functions by 〈r−6(t)〉, averaged over the individual
trajectory, to obtain the expression

(3b)

for each of the 100 independent 20 ns NVE simulations and average these values together
and then renormalize the average correlation function by dividing by 〈r−6(t)〉, averaged over
all NVE simulations (equivalent to dividing the entire correlation function by the value at
time zero). Each correlation function is then fit over a 5 ns range for τ to a multiexponential
form

(4)

where N = 1, 2, 3, or 4 and

using the MATLAB function lsqcurvefit, which fits curves in a least-squares sense (The
MathWorks, Natick, MA). The value for N is determined using Mallow’s Cp statistic33

(5)

where S is the set of N covariates, Rtr, the training error, is the square difference between the
correlation values and the fit exponential function, k is the number of regressors (2N – 1),
and σ2 is the variance under the full model, which we estimate as 0.001 on the basis of a
selected number of spin vectors. The value of N that yields the lowest value for Mallow’s Cp
statistic is used as the fit, which is a better criterion for model selection than simply the
training error, which is biased toward higher values of N.

The resulting time correlation function can be Fourier-transformed
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(6)

to yield

(7)

following the convention for Fourier transforms of exponentials. The correlation time
constants, τi, have a practical upper bound imposed by the rotation of the entire peptide in
solution. No vectors may remain correlated at time scales longer than the rotational
correlation time of the entire molecule in the slowest dimension. In cases where the average
correlation function for the vector between two hydrogen atoms is fit with a time constant of
>15 ns (~5% of cases), we replace the long time constant with a time constant of 15 ns,
which is a reasonable value for the longest possible rotational time scale, based on the
Debye–Stokes theory for calculating the rotational correlation time of a spherical molecule

(8)

where a is the molecule’s radius, η is the viscosity of the solvent (in this case water), k is the
Boltzmann constant, and T is the temperature (287 K). The Aβ42 radius of gyration in our
simulated ensemble is 13.0 ± 4.5 Å, which in the approximation of a spherical molecule
corresponds to τ values of 0.8–7.4 ns, less than half of our 15 ns limit for the rotational
correlation time. This limit on the correlation time has a physical basis, because global
tumbling, independent of any local angle or distance fluctuations, causes a complete loss of
correlation in C(τ) as defined in eq 3a. We note that the traditional method for disordered
peptides of using the same fast motional correction for all spin pairs was not sufficient to
accurately predict the Aβ21–30 ROESY peaks, so we were obliged to calculate correlation
times and spectral densities from NVE simulations for both peptides.

For Aβ21–30, we predicted the ROESY spectra from our structural ensemble and dynamical
trajectories by calculating the intensity

(9)

where X and Λ are the eigenvectors and eigenvalues, respectively, of the full relaxation
matrix, R, composed of the diagonal elements

(10a)

and off-diagonal elements

(10b)

where ρ is the direct dipolar relaxation rate and σ is the cross-relaxation rate for all proton
pairs, and the constant factor K is defined as

(11a)
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where μ0 is the permeability of free space, ℏ is Planck’s constant, and γa and γb are the
gyromagnetic ratios for the nuclei of interest. The effective r vector

(11b)

is the average of the r−6 values, which has then been converted back into units of distance.
For Aβ42, we predicted the NOESY spectra from our structural ensemble and dynamical
trajectories by calculating the intensity from a different relaxation matrix R, composed of
diagonal elements

(12a)

and off-diagonal elements

(12b)

We simulated all hydrogen atoms explicitly for each methyl group and hence calculated all
pair correlation functions, including neighboring methylene and methyl group protons, and
we ignored water proton coordinates, which is the standard assumption in the NMR
experiment.

We solved for the magnetization matrix at the mixing times that were used in both H2O
and 2H2O ROESY and NOESY experiments, removing all exchangeable hydrogen atoms to
simulate 2H2O buffer conditions. For the H2O experiment, we multiplied all amine
intensities by 0.9 to account for the presence of 10% 2H2O and removed all basic amine and
hydroxyl groups, which would not appear because of broadening caused by exchange with
solvent. We then added all of the degenerate intensities from methyl groups and intraresidue
spins that are indistinguishable in the NMR spectra.

Finally, the constant relating the t = 0 matrix, M(0), of unity to the experimental cross-peak
intensity scale was approximated by fitting a line of best fit (restrained to cross through the
origin) to a plot of known experimental intensities (those that were unambiguously assigned)
versus their corresponding calculated intensities. For this plot, the experimental intensity
values are an average of the peak intensities measured on either side of the diagonal, which
compensates for baseline differences on either side of the diagonal. The slope of this line
can then be used as a conversion factor for all calculated intensities. All reported intensities
(experimental and simulated) are also normalized by an estimate for the smallest
experimentally identifiable peak intensity, so that an intensity of 1 indicates the smallest
intensity that should be visible experimentally. After NOE peaks were calculated from the
simulated ensemble, the intensities were compared with the experimental intensity and
expressed as multiples of the smallest experimentally identifiable peak. This generated a
distribution of simulated NOE peak intensities corresponding to every possible atomic
contact. For these relative intensities, only peaks with intensities above 1 are expected to be
experimentally visible above noise.

Because of the complexity of the noise distribution in the Aβ42 spectra relative to the
Aβ21–30 spectra, uncertainties in Aβ42 peak intensity due to noise were estimated from
simulation (again expressed relative to the smallest identifiable peak). We used a factor of
0.44 for the H2O spectrum and 0.50 for the 2H2O spectrum, and this noise was assumed to

Ball et al. Page 7

Biochemistry. Author manuscript; available in PMC 2012 October 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



have a normal distribution (although there are other nonrandom noise features in the NMR
data). On the basis of simulated NOE intensities for the H2O spectrum, we were able to
estimate the number of NOE peaks below 1 that should statistically be made visible because
of noise increasing their intensities above 1, and the number of NOE peaks above 1 that
noise should make less than 1, rendering them unobservable. These statistical estimates were
made by binning the simulated peaks by intensity. For each bin below 1, a normal
distribution with a standard deviation σ of 0.44 was used to determine the probability that
random experimental noise would increase the lowest intensity in the bin to a value above 1.
This probability is given by

(13)

where Φ is the cumulative distribution function of the normal distribution with a standard
deviation of 1, centered at zero, and Wi is the intensity of the weakest NOE peak in bin i.
The number of peaks that are increased above 1 due to noise is then given by the sum over
all bins below 1

(14)

where ni is the number of peaks in bin i. This number Nfn is a reasonable estimate for the
number of false negatives that should statistically be observed if all true NOE peaks are
simulated with the correct intensities. An analogous procedure was performed for the bins
above 1 to determine the number of intensities that should statistically drop below 1 because
of noise, i.e., the number of false positives expected if all simulated peaks are exactly
correct. We used a bin size of σ/2 = 0.22. The distribution of peak intensities was obtained
from the simulated H2O NOE spectra because experimental NOE intensities below 1 are not
visible by definition; however, the intensity distribution should be quite similar to that of the
experiment because simulated NOE intensities were scaled to fit experiment and normalized
by the lower bound for experimentally visible peak intensity. No peaks in high-noise regions
of the experimental spectra (noise from experimental artifacts such as t1 noise) were used in
this procedure because these regions do not have the same normally distributed noise with a
σ of 0.44.

Residual Dipolar Couplings—We used PALES34 to calculate residual dipolar coupling
(RDC) values by residue for each structure in our simulated Aβ42 ensemble. The program
computes the RDC by using steric properties of the molecule to generate an alignment
orientation. Then, the angle between the internuclear vector and the external magnetic field
was used to calculate the RDC for each snapshot. We calculate the RDC for the backbone
amide bond vector for each Aβ42 residue. The average value over the ensemble for each
residue is then compared to the Aβ42 experimental data from Yan et al.27 The simulation
values are multiplied by a constant to put them on the same scale as the experimental data,
which is determined by experimental peptide concentration.

Ensemble Structural Analysis
Structural analysis of the de novo molecular dynamics simulations of Aβ21–30 and the
Aβ42 287 K ensembles was performed using ptraj, perl scripts, and MATLAB (The
MathWorks) scripts. ptraj was used to identify regions of secondary structure in the peptide
backbone using the DSSP criteria.35 We also used ptraj to calculate radii of gyration and to
identify the most commonly formed hydrogen bonds and salt bridges. We used a cutoff of
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3.5 Å between heavy atoms for identifying hydrogen bonds and a 4.0 Å cutoff for salt
bridges with a 60° angle cutoff for both.

RESULTS
Chemical Shifts

We compare the Aβ21–30 and Aβ42 experimental and simulated chemical shifts for Hα and
HN (Figure 1), as well as Cα and Cβ (Figure 2), for each residue. The experimental carbon
chemical shift data for Aβ42 were taken from ref 8; otherwise, the experimental data were
generated in the Wemmer lab. Residue specific random coil chemical shifts are subtracted
from both experimental and simulated chemical shifts.36 The agreement is very good
between measured and calculated Cα, Cβ, Hα, and most HSC chemical shifts, while the
calculated amide hydrogen chemical shift values are less good, especially for the Aβ21–30
peptide. This is consistent with previous results showing that SHIFTS and other chemical
shift calculators have difficulty predicting amide hydrogen values because of the high
sensitivity of chemical shifts to hydrogen bonding geometry.29,37 In summary, the chemical
shift comparisons serve as one indication that our simulations have sampled the correct
conformational landscape measured in the experimental ensemble.

In general, the chemical shifts by residue assume values near the average shift for that
residue type from the BMRB database:38 98% of the hydrogen chemical shift root-
meansquare (rms) differences are within one standard deviation, and these trends do not
vary greatly across peptide sequence, indicating that the ensemble does not show a strong
preference for α-helical or β-sheet conformations. In fact, the rms difference between
experimental chemical shifts and average chemical shifts is on the same order of magnitude
as the difference between the experimental and simulated chemical shifts. Furthermore, we
note that average chemical shifts by residue do not differ greatly from random coil chemical
shifts36 (Figure 1a, inset). This distinction is important when comparing the structural
ensembles of Aβ21–30 and Aβ42. We show later that while the tertiary ensemble of the
Aβ21–30 fragment peptide is largely a random coil, Aβ42 samples both extended and
collapsed states containing significant amounts of β-turn, α-helical, or β-sheet secondary
structure, and therefore, its average chemical shift value should not be interpreted as a
random coil ensemble. Therefore, the chemical shift data do not discriminate between the
two IDP peptide ensembles.

J Couplings
We next consider the comparison of experimental and our simulated 3JHNHα scalar coupling
constants for Aβ21–30 (Figure 3a) and Aβ42 (Figure 3b), using the established Karplus
parameters from ref 31. We initially compare our simulations to the experimental data
reported in our previous study on Aβ21–3010 and those of Yan and co-workers for Aβ42.27

Overall, the average J coupling constants do not reflect any well-defined secondary structure
for either IDP.

We note that our original calculated 3JHNHα constants for Aβ21–30 used an incorrect
definition of the ϕ angle,10 and Figure 3a displays the simulation data using the correct
definition of the ϕ angle in eq 1. We see that the calculated J coupling constants (blue
symbols) do not agree as well with the experimental data (red symbols) for either Aβ42 or
Aβ21–30, thereby implying that our ensemble of structures does not sample the same
dihedral angle distribution as that of the peptide in the NMR sample and thereby yields
average J coupling values that differ significantly from experimental values.

However, we have determined that for Aβ21–30 most of the disagreement is likely due to
experimental error in the original studies.10 We went back to the experimental data and
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reprocessed it to remove inappropriate truncation of, and apply a cosine window function to,
the time domain data in the original processing, yielding values of 3JHNHα significantly
larger than the original splittings we reported. To conclusively rule out dangers of
interpreting apparent splittings in spectra with either large peak widths or truncation
artifacts, we also performed line shape analysis. The (new) directly measured splittings were
within ±0.2 Hz of the 3JHNHα obtained by least-squares nonlinear fitting of eq 6.5 in ref 39
to a 1D slice through the peak maxima. These 3JHNHα values are also significantly higher on
average than the values we previously reported. These new experimental values are shown
in Figures 3a (green symbols) and are shifted upward by ~0.5–1.0 Hz relative to the original
data. We also see much improved agreement between simulation and experiment, providing
further support of the accuracy of our simulated ensemble for Aβ21–30. We point out that
the high coupling constants for the glycine residues (Figure 3a, boxed) are sums of the
coupling constants for both glycine Hα atoms, which are measured as a single splitting
experimentally.

For Aβ42, there are experimental differences in the 3JHNHα scalar coupling constants
reported in two independent NMR studies.8,27 The earlier 2004 NMR study reported scalar
coupling values of 7.0–8.0 Hz for most residues, with some residues exhibiting values as
high as 9.0 Hz.8 The later NMR study27 determined an average scalar coupling value of ~6.9
Hz across all residues, with a maximum of 8.14 Hz. However, the later NMR study that
derived J coupling values from a three-dimensional HNHα experiment did not take into
account relaxation effects;40 if these were included, then the scalar couplings would be
shifted upward by ~10%31 relative to that reported in Figure 3b. In rough terms, accounting
for the relaxation effect would provide excellent qualitative agreement between the data of
Yan et al.27 and the earlier NMR study and our simulation of 3JHNHα scalar couplings for
Aβ42 that determines an average scalar coupling value of ~7.6 Hz across all residues. We
attribute any remainder of J coupling discrepancies to insufficient parametrization of the
intrinsic backbone dihedral angle preferences that oversample the extended β-region of the
Ramachandran map ϕ = −120°; ψ= 145°) relative to the slightly more collapsed polyproline
II (PP II) conformation ϕ = −75°; ψ = 145°). In recent work by Nerenberg and Head-
Gordon, using the same force field combination of ff99SB and TIP4P-Ew, we found that
agreement of the 3JHNHα coupling constant with experiment is complete for a glycine
tripeptide [χ2 = 0.00(37)].22 However, in the same study, we found that agreement between
experiment and simulation diminishes steeply for alanine and valine tripeptides (χ2 = 1.44
and 1.01, respectively), and the discrepancy is amplified as peptide length increases, a
known shortcoming of current force fields when they are used to simulate unfolded
proteins.22,23

Residual Dipolar Couplings
Table 1 compares the experimental RDC values27 of Aβ42 to those calculated from our
simulated ensemble using PALES.34 We compare all available RDCs for 33 residues
reported in ref 27 unlike previous work28 that compared only their simulated RDC data
against 19–22 of the 33 experimental RDC values. The rms difference between simulation
and experiment is 2.12 Hz; however, this error is dominated by Lys16, which has a very
large experimental RDC value compared to those of the other residues. If Lys16 is excluded,
our rms difference is lowered to 1.73 Hz, which is on the order of the experimental and
simulation error bars (Figure 4). In our opinion, it is difficult to interpret the structural
content of the experimental RDCs for an IDP,25,27,28 and therefore, we primarily present the
RDCs to provide further experimental validation of the simulated ensemble.
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ROESY and NOESY Peaks
In our original high-field NMR study of Aβ21–30,10 the 2D ROESY experiments yielded a
set of 155 assigned ROESY cross-peaks, of which 28 were weak medium-range ROE
interactions. The medium-range ROEs comprised several i−i + 2 and i−i + 3 interactions and
two extremely weak i−i + 4 interactions; no longer-range ROE cross-peaks were observed,
and no strong patterns of α-helical or β-sheet contacts were evident. In the case of Aβ21–30,
all experimental peaks could be assigned. The role of simulation for Aβ21–30 was to
ascertain whether the medium-range interactions were occurring simultaneously, as would
be typical in structure calculations on folded proteins that assume that weak NOE or ROE
cross-peaks correspond to large (~4.5-6.0 Å) upper distance restraints on a single well-
defined structural population. In fact, we found that the peptide ensemble involves
significant disorder, and hence, it is inappropriate to use the standard structure determination
methods.

We determined very good agreement between the simulated and experimentally observed
ROE cross-peaks, indicating that our ff99SB–TIP4P-Ew simulations provide a well-
validated estimate of the ensemble of structures interrogated by the experiments, allowing
them to be used to describe the full structural ensemble diversity. We found that the
conformational ensemble of Aβ21–30 was dominated by an unstructured population that
lacked any consensus secondary structure or hydrogen bond interactions. The remaining
minority population involved an ~14% population of β-turn structure centered at Val 24 and
Gly 25, which in turn populated contacts between Asp 23 and Ser 26. The simulations also
indicate that the Asp 23–Lys 28 salt bridge, important to the fibril structure,41 was formed in
~7% of the ensemble. Nonetheless, while Aβ21–30 exhibits some residual structure, it is
largely an extended random coil peptide. Experimental and simulation data suggest that the
size of the structured populations may increase when the Aβ peptide is extended to larger
fragments,42-45 and that is what we consider next for Aβ42.

Figure 5 shows a region of the experimental 1H2O NOESY spectrum of Aβ42 that
emphasizes the difficulties in obtaining unambiguous tertiary structure assignments for
longer IDPs with spectra that are congested [giving multiple possible peaks assignments
(Figure 5a)] and have appreciable variation in noise (Figure 5b). We define an experimental
NOE peak as “assignable” on the basis of the definition that there is one dominant short-
range contact that must contribute the majority toward the peak intensity, and that its
intensity is above experimental noise uncertainties. Therefore, because of the degeneracy of
chemical shifts, only 196 of the 705 NOESY peaks seen in the H2O and 2H2O NMR spectra
could be assigned from the experimental data alone. Of these assignable peaks, 11 were
found to be nonsequential and non-intraresidue, and these peaks had experimental intensities
significantly lower than those of many other assigned peaks. Therefore, 509 experimental
peaks, 165 of which are i−i + 2 or greater, have multiple possible assignments for Aβ42, far
different than that seen for Aβ21–30.

To assign more of the NOEs, we performed de novo calculations of the NOE intensities
using our MD simulation as described in Methods, in which we use the experimentally
assigned peaks to place the simulation intensities on the absolute scale of the NMR
experiment (see Figure S2 of the Supporting Information). We also determine a scaling
factor based on the smallest peak that can be identified clearly above the noise in the
experimental spectra and express experimental and simulated intensities as a multiple of this
threshold. Only peaks simulated with an intensity above 1 are considered visible above
noise. With this scaling factor determined from the 1H2O and 2H2O experimental data, 176
of the 196 assigned experimental peaks were identified as being visible from the simulation
data. None of the 11 long-range assigned peaks were predicted by simulation to be above 1,
but 10 of them were predicted to be above 0.1. A factor of 10 in intensity corresponds to a
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factor of 101/6 (1.5) difference in distance; thus, the predicted distances are just outside the
range of giving a detectable peak. We note that 10 of these peaks involved i−i + 2 and i−i +
3 contacts, with only one peak that involved an i−i + 4 contact.

The remaining 509 unassigned experimental NOEs were compared to the simulation data by
summing the calculated NOE intensities for all proton pairs that had the same chemical shift
of the experimentally observed peak. Of these 509 unassigned peaks, the simulation
predicted 355 peaks, of which 54 had no sequential or intraresidue contact. Only 223 of
these 355 contacts were dominated by a single atomic contact included, while 132 of these
simulated peaks had two or more contacts contributing with similar intensities. Therefore,
there were 174 false negatives (not predicted to be visible), 122 of which could not result
from an intraresidue or sequential contact. In addition to the 531 simulated peaks that were
consistent with experimentally observed peaks, there were 383 false positive peaks
(calculated from simulations that were not seen in experiment). These data are summarized
in Table 2.

In total, the simulations yielded 174 false negatives and 383 false positives when compared
to the NMR experiment. However, unlike our previous experiment on more concentrated
samples of Aβ21–30, the noise across the NOESY spectra for Aβ42 was quite variable. We
estimate that the average experimental uncertainty in the intensities due to noise is ±0.44 of
the threshold for the H2O spectrum and ±0.50 for the 2H2O spectrum. However, there are
regions where noise moves far outside these experimental ranges because of t1 noise,
modulations from the water signal, and/or dense regions of overlapping large peaks that
make peak intensities difficult to determine (see Figure 5). This required a more painstaking
analysis of different regions of the spectra to determine our confidence in what are genuine
false positives and false negatives in the NOESY assignments. For example, 82 false
positive peaks were in regions of the spectra well above the baseline intensity uncertainties,
which would prevent these 82 peaks from being observed experimentally. Of the false
negatives, 62 of these peaks were observed in the high-noise regions of the experimental
spectra, which could cause a weak peak to appear stronger.

If peaks that could not be seen due to high noise were disregarded, there were 301 remaining
false positives, 115 of which contain only residue i−i + 2 or longer contacts, and 112
remaining false negatives, of which 75 are long-ranged. However, for many hydrogen–
hydrogen pairs with NOEs observed but not predicted (false negatives), NOEs between
other proton pairs within the same residue pair were not observed but were predicted (false
positives). Thus, although the simulations sometimes miss the correct interproton contacts, it
does largely succeed in predicting correct residue contacts. Considering predictions between
the proper residue pairs as correct removes 223 false positives and 66 false negatives (Table
2). Finally, the 78 remaining false positives were analyzed to see whether their intensities
were dominated by a specific set of contacts: 16 of these peaks, although predicted to be
above noise level, did not contain any dominant atomic contact of significant intensity but
instead were composed of many atomic contacts whose individual intensities were below
half of the noise level. Considering that multiple cross-peaks would probably be spread over
a range of shifts wider than that used in constructing the simulated spectrum, these are not
serious experimental disagreements.

The remaining 46 false negatives (of 705 observed peaks) and 62 false positives (of 914
simulated peaks) are weak as estimated by the experimental intensity uncertainty inherent in
the H2O (±0.44) and 2H2O spectra (±0.50), although we report them in the Supporting
Information. If the noise is assumed to be normally distributed, on the basis of our
distribution of experimental intensities, we would expect to see ~69 false negatives,
compared to the 46 that we determined. Given the experimental variation in noise, our level
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of false negatives is not statistically significant. Similarly, if the noise is assumed to be
normally distributed, on the basis of our distribution of simulated peak intensities, we would
expect to see ~29 false positive peaks, whereas we see 60. Even so, a vast majority of the
false positives are short-range and do not grossly influence the backbone structural
ensemble. These data are also summarized in Table 2.

Peptide Structural Ensemble
Given the overall good agreement of the calculated NMR observables from de novo
molecular dynamics with various NMR measurements, we proceed to a structural analysis of
the simulated ensemble. Figure 6 shows the radius of gyration (Rg) distribution of Aβ42,
which emphasizes that the peptide adopts conformations that vary extensively in the degree
of compactness. It is interesting to compare this to a random coil polymer, in which the
original Flory model46 states that Rg scales with the number of residues, n

(15)

where R0 is an estimated persistence length and ν depends on the quality of the solvent. In a
good (denaturing) solvent ν ~ 0.598, and assuming a persistence length (R0) of 1.33,47 a 42-
amino acid peptide’s average radius of gyration, 〈Rg〉, would be estimated to be 12.4 ± 1.0
Å, consistent with what we find for the Aβ42 peptide in which 〈Rg〉 = 13.0 ± 4.5 Å.
However, the large standard deviation for 〈Rg〉 and the nature of its distribution (Figure 6)
emphasize that the Aβ42 peptide samples many conformations that are even more compact
or more extended than expected from a good solvent model or estimates of the persistence
lengths of denatured proteins. For example, if we assume a larger persistence length of
2.1,48 we obtain an 〈Rg〉 value of 19.6 Å in a good solvent or an 〈Rg〉 of 7.2 Å in a poor
(waterlike) solvent (ν ~ 0.33), which better correlates with Aβ42’s skewed Rg distribution
with a peak around 9–10 Å but with a long tail that samples conformations with an Rg as
large as ~30 Å.

We also find that the more compact portion of the Aβ42 ensemble (~90% of the ensemble)
is dominated by conformations with some type of secondary structure, hydrogen bonding, or
ion pairing structural features. Figure 7 shows the probability of observing a given DSSP
secondary structure category for each amino acid; DSSP defines secondary structure classes
by distinct hydrogen bonding patterns and geometry (primarily dihedral angles), with helices
and β-sheets requiring the cooperative organization of repeats based on localized turns and
bridges.35 We find that only 0.2% of the Aβ42 ensemble is completely lacking any
identifiable secondary structure! This is far different than our previous study of Aβ21–30 in
which ~65% of the structural ensemble had no identifiable stabilizing secondary structure or
consensus hydrogen bonds.26

To better characterize the Aβ42 peptide conformations that contain these turns, we focused
on six pairs of residues that define the following turns. The first turn is defined as residues 7
and 8 (Turn7–8), the second turn as residues 14 and 15 (Turn14–15), the third turn as
residues 18 and 19 (Turn18–19), the fourth turn as residues 24 and 25 (Turn24–25), the fifth
turn as residues 26 and 27 (Turn26–27), and the final turn as residues 34 and 35 (Turn34–
35). We also combine the α-helix structure and 310-helix classifications into one “helix”
classification in our secondary structure analysis because the same sequence region has the
same tendency to form either helical structure. Residues 14–19 often adopt helical structure,
as do residues 22–28, while residues 30–35 do so to a lesser extent. However, for residues
14–19 and 22–28, in 26% and 10% of the ensemble, respectively, only part of the helix is
formed while the other portion of the helical region forms one of the turns mentioned above.
For this reason, we break these regions into five pairs of residues that often form helical
structure: residues 14 and 15 (Helix14–15), residues 17 and 18 (Helix17–18), residues 23
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and 24 (Helix23–24), residues 26 and 27 (Helix26–27), and residues 32 and 33 (Helix32–
33). These residues simply label the central regions of the helix, because DSSP requires that
helices (as well as turns and sheets) be supported by hydrogen bonds involving additional
residues. Finally, antiparallel β-sheet secondary structure is also observed in the ensemble.
Antiparallel β-sheet structure is observed for residues 3–6 (Beta3–6), residues 10–13
(Beta10–13), residues 16–21 (Beta16–21), and finally residues 29–36 (Beta29–36). We do
not display parallel β-sheet structure because this structure was seen at only very low levels,
and when the particular conformations were examined more closely, they were found not to
be true parallel β-sheets but rather 180° turns.

Table 3 summarizes the percentage of time each of the above secondary structure categories
appears in the Aβ42 conformational ensemble, the percentage of time each occurs in
isolation with no other secondary structure, and the frequency with which pairs of secondary
structure elements form simultaneously. It is seen that Turn7–8 and Turn34–35 are the turns
most commonly formed, and each is present in almost half of the simulation ensemble; they
often form simultaneously with each other (34% of the ensemble). For the minority of
consensus secondary structure found in the conformational ensemble of Aβ21–30, the
dominant feature was ~14% of the ensemble forming a classic β-turn structure centered at
Val 24 and Gly 25 bringing together Asp 23 and Ser 26.10

The Aβ42 ensemble is dominated by secondary structure pairings with Turn7–8 and
Turn34–35 (Figure 8a,b), impossible for Aβ21–30: Turn14–15, Helix17–18, and Turn24–25
are often present in conjunction with either of these turns in ~25% of the ensemble,
Helix14–15 and Turn18–19 are most often paired with these turns in ~17% of the ensemble,
and likewise Helix23–24 and Helix26–27 are most frequently present in conjunction with
either Turn7–8 or Turn34–35 in ~9% of the ensemble. Table 2 also shows that Helix17–18
occurs with a high frequency (32% of the ensemble) compared to the other helical segments
but never occurs in isolation, while Helix32–33 is the least frequent of the secondary
structure categories. Even though the helical conformational populations are diverse, it is
clear that helical conformations are more populated in the N-terminal region of the Aβ42
peptide (Figure 9a,b). We emphasize that while we have quantified the percentages of the
ensemble that involve secondary structure pairings, most often these pairs are occurring with
a third, fourth, or sometimes a greater number of additional secondary structure elements,
resulting in a combinatorial explosion in the structural diversity of metastable
conformations.

The most unusual secondary structure feature for Aβ42 involves Turn26–27. While it
simultaneously pairs with either Turn7–8 or Turn34–35 in ~14% of the ensemble, 12% of
the time the formation of Turn26–27 occurs simultaneously with β-sheet structure involving
Beta16–21 and Beta29–36, and this β-sheet structure precludes the formation of many of the
other secondary structures such as Turn14–15, Turn18–19, Turn24–25, Turn34–35,
Helix14–15, Helix17–18, Helix23–24, Helix32–33, and, of course, Helix26–27, which are
so common in the rest of the ensemble. In fact, 8% of the time Turn26–27 occurs in isolation
[compared to 0–3% for all other turns or helices (Table 3)], i.e., with all other secondary
structure categories completely absent, and when this happens, the β-sheet is almost always
present (Figure 10a). This is unlike the case in which the N-terminal antiparallel β-sheet
(Beta3–6 and Beta10–13) nucleates around Turn7–8 (9% of the ensemble), because this
localized structure always forms simultaneously with other secondary structure categories in
the latter two-thirds of the sequence (Figure 10b). Thus, while Turn26–27 is not the most
dominant feature of secondary structure, present in only 28% of the ensemble, it is one of
the most important features because it can have a much longer-range effect on the peptide’s
structure than all other secondary structure categories that are more structurally localized.
There is still a significant percentage (9%) of the population in which the Beta16–21 and
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Beta29–36 pair forms without Turn26–27 present (Figure 10c), so that in total this β-sheet
occurs in 21% of the ensemble. In 5% of the ensemble, Beta16–21 forms a β-sheet with
some other part of the peptide, and in 4% of the ensemble, Beta29–36 forms a β-sheet with
another region besides Beta16–21, although in both cases the pairing partner region is highly
promiscuous.

Another interesting structural feature of the ensemble is the presence of particular hydrogen
bonding partners, and Table 4 emphasizes that most of these are stabilizing the secondary
structure categories required by the DSSP definitions. Stabilizing salt bridges are also found
in the Aβ42 ensemble, in which Arg 5 often participates in various salt bridges: the largest
occupancy (16% of the ensemble) is between the Arg 5 and Glu 3 side chains, and Arg 5
also forms frequent salt bridges with Asp 1, Glu 11, and Glu 22. The Asp 23–Lys 28 salt
bridge, found in the Aβ42 fibril conformation as well as 7% of the Aβ21–30 ensemble, and
its competitor, the Glu 22–Lys 28 salt bridge, are found in 3 and 4% of the ensemble,
respectively, and not surprisingly, they coform with helix and turns that they encapsulate:
Turn24–25, Turn26–27, Helix23–24, and Helix26–27. In only 1% of the population does a
salt bridge stabilize the Beta16–19 and Beta29–36 β-sheet (Figure 10d), which is thought to
be necessary for stabilizing the Aβ42 monomer in the greater amyloid fibril assembly,
although we observe it only for the competitor Glu 22–Lys 28 pairing.41,49

Finally, Figure 11 provides a contact map of strong experimental NOE intensities for Aβ42
that are dominated by a single contact. We note that these dominant NOEs correlate well
both with the various secondary structures (including β-sheets) and the presence of NOEs
that “compact” structure (i.e., those that involve multiple secondary structure categories
occurring simultaneously) that are described in Figures 6-10. Moreover, they are highly
consistent with the hydrogen bonds that occur with high frequency in Table 4 and lend
strong support to the observed structural subpopulations.

DISCUSSION AND CONCLUSION
Our NMR–de novo MD study of the Aβ21–30 and Aβ42 conformational ensembles reveals
a broad range of intrinsically disordered peptide structure. This range of structural
complexity can be usefully described with techniques that combine the collection and
analysis of both experimental NMR and simulation data using more modern force fields.
Using a combination of NOESY cross-peaks, which reveal tertiary interactions via definitive
intramolecular contacts, and MD simulations that provide the structural context for such
contacts in an equilibrium ensemble under conditions that match those of the experiment, we
achieve a picture of two very different intrinsically disordered peptides. While the Aβ21–30
peptide conforms to a rather homogeneous ensemble consistent with an extended random
coil, Aβ42 exhibits traits of an extremely heterogeneous ensemble of peptide conformations
that contain a diversity of localized as well as long-range tertiary structure.

Of interest here is the fact that functional but intrinsically disordered peptides and proteins
are typically classified as having a dominant population corresponding to a particular
“degree of disorder”: collapsed semiordered ensembles (radius of gyration similar to that of
a globular protein of the same sequence length, typically containing well-formed secondary
structure but little organized tertiary structure), collapsed disordered ensembles (radius of
gyration typical of a globular protein, containing little well-formed secondary or tertiary
structure), or an extended disordered ensemble (much larger radius of gyration than a
globular protein and dominated by random coil). The Aβ42 peptide does not fall into any of
these classifications exclusively; rather, NMR and MD show that its structural populations
span the full range of classifications. For example, unlike molten globules (or ordered
proteins), the Aβ42 hydrogen chemical shifts are not highly dispersed; ~98% of the
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chemical shifts assume values within a standard deviation of the average shift for each
residue type along the Aβ42 sequence. The J coupling values also provide no evidence of
secondary structure “blocks” at different points in the peptide sequence of Aβ42. Because
Aβ42 samples so many distinct conformations, experimental observables that are based on
simple ensemble averages like chemical shifts and spin–spin couplings yield values for these
observables that are close to random coil values. While this might be interpreted as a
signature of an extended IDP, in fact the homogeneity of the chemical shifts and J coupling
are a result of averaging over many heterogeneous conformations involving compact,
structured conformations, in addition to a significant population (~10%) of more extended
conformers that span the Rg range from 9 to 30 Å. The NOESY experiment also confirms
that these compact conformations must persist on sufficiently long time scales for the cross
relaxation between protons to be detected, and thus, these interactions must be stabilized by
(likely shallow) free energy minima. While the MD simulations show that many medium- to
long-range NOEs in the Aβ42 NOESY spectra are reporting on semiorder in the collapsed
conformations, we also observe numerous instances in which a single peak consists of many
different contacts arising from different conformations with completely distinct tertiary
structures and degrees of compactness. By contrast, Aβ21–30 can be more easily classified
as an extended random coil.

The many strong NOESY cross-peaks observed experimentally for Aβ42, which we are able
explain with specific attributes of the peptide populations from our simulated ensemble,
allow us to corroborate or question specific structural features proposed in previous work.
The first NMR studies of the monomeric structural ensemble of Aβ42 (and Aβ40) by Hou et
al. were aimed at changes that occurred upon oxidation of the Met 35 side chain, a chemical
change associated with impeded fibrillization of the peptide.8 On the basis of 1H, 15N,
and 13C NMR chemical shifts and backbone NOEs, that study found an absence of any well-
defined secondary or tertiary structures, interpreting from the NMR data that the ensemble
was well-classified as random, extended chains. Although our results show that Aβ42 is not
really an extended random coil, that was a reasonable conclusion based on the more limited
analysis of NMR data alone, because simple averaging over an ensemble of a highly diverse
set of secondary and tertiary structures, a majority of which are collapsed, can generate
average NMR observables consistent with extended random coil signatures. However, on
the basis of NOE and chemical shift data, Hou et al. identified backbone Cα and Cβ
chemical shifts consistent with β-strand structure in two hydrophobic regions (Leu 17–Ala
21 and Ile 31–Val 36), as well as turn structures at two largely hydrophilic regions (Asp 7–
Glu 11 and Phe 20–Ser 26). Those results are consistent with our study in which we found
significant β-sheets (Beta16–21 and Beta29–36), as well as turns (Turn7–8, Turn24–25, and
Turn26–27) largely in the same region of the sequence. What our study offers is a far richer
picture of how these secondary structure elements organize together to create a diverse set of
collapsed to extended conformations that contribute to the broad ensemble average.

A study by Sgouarkis and co-workers consisted of an MD simulation using the OPLS force
field and the TIP3P water model, which they validated against measured scalar 3JHNHα
data.26 Although the agreement with the experimental J coupling data was not particularly
good, they nonetheless characterized the conformational ensemble of Aβ42 (and Aβ40) that
pointed to a unique feature of the longer peptide forming a β-hairpin at Met 35 and Val 36,
bringing together short antiparallel β-strands at residues Ile 31–Leu 34 and Gly 38–Ile 41.
This prediction of a large population of β-sheet structure in this region clearly contradicts
our study and the earlier NMR results of Hou et al. because NOEs arising from these
structures are not observed. More recently, Sgourakis and co-workers performed a second
MD study on Aβ42,28 this time using a combination of the ff99SB force field and the
TIP4P-Ew water model that we successfully used on Aβ21–3010 and used in this study.
They analyzed 11570 Aβ conformations using a clustering algorithm that yielded thousands
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of small clusters, with the six largest clusters having populations in the range of 2–6% of the
ensemble.28 This analysis does not provide much structural insight, and we found
classifications based on energetically stabilizing features such as hydrogen bonds and
secondary structure to be more informative. Again they find central importance in the short
β-strand at residues 38–40, which they argue may act as a conformational switch by forming
alternative interactions with other β-strands along the sequence, in disagreement with this
study and that of Hou and co-workers.

In summary, the full Aβ42 peptide and the shorter Aβ21–30 fragment we studied
previously10 represent two fundamentally different types of IDPs. Experimentally, while the
average chemical shift and scalar coupling values suggest that they both are random coil
polymers, it is only true for Aβ21–30, an outcome supported by a de novo molecular
simulation ensemble that predicts its small number of 28 nonsequential NOESY cross-
peaks.10 By contrast, the NMR observables for Aβ42 represent an average over a rich and
diverse set of tertiary structures, supported by a larger number of 179 nonsequential NOESY
cross-peaks that are reasonably described by our MD ensemble. While the Aβ21–30
structural ensemble at 283 K is primarily extended, with ~65% of the structures containing
no secondary structure or hydrogen bond pairing for any residue, the Aβ42 structural
ensemble at 287 K has <1% of the population in which there is no secondary structure. In
fact, key structures such as the β-sheet involving Beta16–21 and Beta29–36 could even be
crucial to oligomerization of fibril nucleation, although this is currently speculation. Aβ21–
30 has the same primary sequence as a key middle segment of the Aβ42 peptide; however,
the additional interactions possible in the longer peptide shift the equilibrium to other
stabilizing conformations dominated by a different set of residues, with the exception of
~5% of the population that contains the Asp 23–Lys 28 salt bridge that is observed in both
peptides. The full Aβ42 sequence may be necessary to interpret any physiological behavior
of the peptide, because it is only the complete peptide that adopts a diverse but structured
conformational ensemble.
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ABBREVIATIONS

NMR nuclear magnetic resonance

Aβ42 amyloid-β 1–42

IDPs intrinsically disordered peptides
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Figure 1.
Experimental and calculated proton secondary chemical shifts by residue: (a) Aβ21–30 Hα
chemical shifts, (b) Aβ42 Hα chemical shifts, (c) Aβ21–30 HN chemical shifts, and (d)
Aβ42 HN chemical shifts. Red squares represent experimental data, while blue circles
represent the data calculated from simulation. Random coil residue specific values are
subtracted from both experimental and simulation values. The experimental data for Aβ21–
30 were taken from ref 10. The inset in panel a shows the difference between the average
chemical shift for each residue and the random coil Hα chemical shift from ref 36.
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Figure 2.
Experimental and calculated carbon secondary chemical shifts by residue: (a) Aβ21–30 Cα
chemical shifts, (b) Aβ42 Cα chemical shifts, (c) Aβ21–30 Cβ chemical shifts, and (d) Aβ42
Cβ chemical shifts. Red squares represent experimental data, while blue circles represent the
data calculated from simulation. Random coil residue specific values are subtracted from
both experimental and simulation values. The experimental data for Aβ42 were taken from
ref 8, while the Aβ21–30 data were taken from ref 10.
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Figure 3.
J coupling constants for backbone amides of (a) Aβ21–30 and (b) Aβ42. The red symbols
depict the Aβ42 experimental data from ref 27 and the Aβ21–30 data from ref 10. The green
stars depict the reprocessed experimental data for Aβ21–30. The blue circles depict the data
calculated from the simulation ensemble using the Karplus parameters of Vuister and Bax.31

Glycine residues are boxed to emphasize that they can only be measured as the sum of two
coupling constants and therefore have higher values than the other residues. Simulation
uncertainty bars represent rms differences between two independent simulations and the
average. The data of Yan et al.27 have not accounted for a relaxation correction that makes J
couplings determined from a HNHα three-dimensional experiment consistently lower than
those from COSY splittings8 by a small amount (maybe as much as ~10%31); if this
relaxation effect is included, then the qualitative agreement between experiment and
simulation is excellent.
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Figure 4.
Experimental vs calculated residual dipolar couplings for Aβ42. The red symbols depict
experimental data for Aβ42 from ref 27. The blue circles depict the data calculated from the
simulation ensemble.
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Figure 5.
Experimental NOESY spectra. (a) Region of the spectrum with large chemical shift
degeneracy (47 H chemical shifts along the x axis and 52 H chemical shifts along the y
axis). (b) Region of the spectra with high t1 noise and a large background signal arising
from the water peak.
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Figure 6.
Distribution of the radii of gyration of Aβ42. The peptide’s radius of gyration ranges from
~9 Å, which is similar to that of globular proteins with the same number of residues, to ~30
Å, which is fully extended, with an average radius of gyration of 13 ± 4.5 Å.
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Figure 7.
Percentage of the Aβ42 ensemble in different types of secondary structure by residue. The
red line represents helix, the blue line antiparallel sheet, and the black line β-turns.
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Figure 8.
Percentages of the Aβ42 ensemble in secondary structure by residue involving the most
ubiquitous turns. Fractions of ensemble in which (a) Turn7–8 is always present and (b)
Turn34–35 is always present.
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Figure 9.
Representative ribbon conformations of the Aβ42 populations: turns (blue) and helices (red).
(a) Turn7–8 and Turn24–25 and Helix14–15 and Helix26–27. Each of these pairs occurs
with a high frequency with each other (Table 2). (b) The hydrogen bond between backbone
residues 13 and 34, which occurs in ~40% of the ensemble, occurs with a high frequency
when many secondary structure elements occur simultaneously, such as Turn7–8, Turn14–
15, Turn24–25, Turn26–27, and Helix17–18 shown here.
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Figure 10.
Representative ribbon conformations of the Aβ42 populations: turns (blue), helices (red),
and β-sheets (green). (a) Turn26–27 forms with β-sheet (Beta16–21 and Beta29–36), and no
other major secondary structure is present. (b) Turn7–8 nucleating β-sheet Beta3-6 and
Beta10–13, along with Helix14-15 and Helix17–18, and Turn34–35. (c) β-Sheet involving
Beta16–21 and Beta29–36 in the absence of Turn26–27, or any other of the major secondary
structure features. (d) Turn26–27 with β-sheet Beta16–21 and Beta29–36, stabilized by a
salt bridge between Glu 22 and Lys 28, in the absence of other secondary structure.
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Figure 11.
Contact map of strong experimental NOE intensities for Aβ42 that are dominated by a
single contact. Strong experimental intensities that define Turn7–8 (pink), Turn14–15/
Helix14–15 (orange), Turn18–19/Helix17–18 (yellow), Turn24–25/Helix23–24 (green),
Turn26–27/Helix26–27 (light blue), Turn34–35/Helix32–33 (purple), and β-sheets (brown).
Hydrogen bonds that “compact” structure and involve multiple secondary structure
categories occurring simultaneously are outlined in black. Intensity values are reported in
each reported single contact pair.
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Table 1

Aβ42 RDC Values from Experiment27 and the Simulated Ensemble

residue experimental RDC experimental error RDC from simulation simulation error

Glu 3 3.01 0.91 2.25 0.52

Phe 4 0.23 0.57 3.23 0.20

Arg 5 0.96 1.54 3.47 0.36

Asp 7 1.72 0.57 0.59 0.23

Gly 9 0.63 0.41 1.36 1.36

Glu 11 3.45 0.17 1.18 0.34

Val 12 2.77 0.13 0.16 0.72

Gln 15 0.52 0.00 −0.69 1.02

Lys 16 7.59 2.60 0.73 1.00

Leu 17 3.33 0.57 1.89 0.44

Phe 19 3.93 0.62 2.09 2.40

Phe 20 2.34 0.12 3.52 0.69

Ala 21 3.23 2.23 1.98 1.12

Glu 22 3.34 0.16 3.05 0.73

Asp 23 3.63 0.45 0.72 1.27

Gly 25 0.42 0.14 1.05 0.54

Ser 26 0.04 0.16 2.91 0.04

Asn 27 1.94 0.38 0.47 1.10

Gly 29 1.90 0.03 0.44 0.10

Ala 30 0.68 0.30 1.04 0.13

Ile 32 2.83 0.30 0.85 0.98

Gly 33 3.70 0.08 2.02 0.63

Leu 34 1.92 0.16 2.23 1.27

Met 35 3.63 0.45 2.62 0.54

Val 36 3.56 0.28 2.78 0.12

Gly 37 1.68 0.80 1.11 0.78

Gly 38 1.47 0.44 1.50 1.09

Val 40 3.57 0.47 2.50 1.14

Ile 41 3.50 0.23 0.66 0.09

Ala 42 3.03 0.25 0.21 0.51
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Table 2

Experimental and Calculated NOEs and Analysis of the Number of False Positives and False Negatives

total no. of NOE peaks
no. of long-range peaks (i−i + 2 or

greater)

experimentally observed peaks 705 176

experimentally assigned peaks 196 11

experimentally unassigned peaks 509 165

simulated peaks 914 188

simulated peaks agree with experimentally assigned peaks 176 0

simulated peaks agree with experimentally unassigned peaks 355 54

false negatives 174 122

false negatives found in high-noise regions −62 −47

false negatives explained by atomic contacts on the same residue pairs −66 −29

false negatives inconsistent with experiment 46 46

false positives 383 134

false positives found in high-noise regions −82 −19

false positives explained by atomic contacts on the same residue pairs −223 −81

false positives consisting of numerous weak contacts −16 −6

false positives inconsistent with experiment 62 28
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