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Comparative Hydrophobic Core Dynamics Between Wild-
Type Amyloid-β Fibrils, Glutamate-3 Truncation, and
Serine-8 Phosphorylation
Liliya Vugmeyster,*[a] Dan Fai Au,[a] Matthew C. Smith,[a] and Dmitry Ostrovsky[b]

Post-translational modifications (PTMs) of amyloid-β (Aβ) spe-
cies are implicated in the modulation of overall toxicities and
aggregation propensities. We investigated the internal dynam-
ics in the hydrophobic core of the truncated ΔE3 mutant fibrils
of Aβ1–40 and compared them with prior and new data for wild-
type fibrils as well as with phosphorylated S8 fibrils. Deuteron
static solid-state NMR techniques, spanning line-shape analysis,
longitudinal relaxation, and chemical exchange saturation trans-
fer methods, were employed to assess the rotameric jumps of

several methyl-bearing and aromatic groups in the core of the
fibrils. Taken together, the results indicate the rather significant
influence of the PTMs on the hydrophobic core dynamics,
which propagates far beyond the local site of the chemical
modification. The phosphorylated S8 fibrils display an overall
rigidifying of the core based on the higher activation barriers of
motions than the wild-type fibrils, whereas the ΔE3 fibrils
induce a broader variety of changes, some of which are
thermodynamic in nature rather than the kinetic ones.

1. Introduction

Fibrils and oligomers of amyloid-β (Aβ) protein are implicated
as hallmarks of Alzheimer’s disease.[1] The accumulation of toxic
Aβ species can be a trigger of the cascade of pathological steps
involving, among other proteins, tau and α-syneclein.[2–3] The
range of pathological species is very broad and challenging to
define. Rasmussen et al. found that polymorphic Aβ deposits
within the brain cluster as clouds of conformational variants in
different Alzheimer’s disease cases.[4–6] Post-translational mod-
ifications (PTMs) of Aβ have been increasingly brought to
attention as toxicity modulators.[2,7,8] Yet, structural and dynam-
ics studies of PTMs are relatively sparse. Many PTMs occur in
the disordered N-terminal region (residues 1–16).[8] Of relevance
to this work are the phosphorylation of serine-8 (pS8) and
truncation of the peptide at the glutamate-3 position (ΔE3).

pS8-type fibrils are implicated in late-onset Alzheimer’s.[9–11]

From a structural perspective, they are similar to the wild-type
striated-ribbon 2-fold morphology structure (wt-2f)[12–13] with
the in-register parallel β-sheet.[14] pS8 fibrils have been found to
have increased nucleation-dependent fibrillation and enhanced
Aβ-mediated toxicity.[14–16] We have recently shown that the
internal dynamics of both the N-terminal and the C-terminal
domains are more rigid than those of the wild-type protein, as
probed by deuterium solid-state NMR studies.[6,14] The structure

of the N-terminal domain is more pronounced in intra-strand
contacts than the wild-type structure and the hydrophobic core
appears to be tighter.[14]

ΔE3 truncation is one example of when shortening the
sequence may lead to higher aggregation propensities.[8,17–18]

This truncation also initiates the generation of the pyrogluta-
mate-3 modification, which has been shown to be aggressive in
promoting aggregation.[8] Fibrillation kinetics and morpholo-
gies, as assessed by transmission electron microscopy, have
been found to be similar between the ΔE3 truncation and
pyroglutamate-3 modifications, showing more rapid nucleation-
dependent fibrillation and fragmented fibrils morphology in
both cases.[15,19] Solid-state NMR analysis of chemical shifts
points toward high similarity between the secondary structure
and key tertiary contacts of the wild-type and pyroglutamate-3
fibrils structures.[20] Additionally, a recent work by Hu et al.[21]

detected several structural differences between the wild-type
fibrils and the ΔE3 or pyroglutamate-3 fibrils: in the modified
fibrils, the core with parallel β-sheet structure extended further
toward the N-terminal domain into the G9 to V12 region, based
on circular dichroism measurements as well a 13C solid-state
NMR distance measurements for selected sites. Our studies of
the dynamics have suggested that the N-terminal domain
dynamics are somewhat more enhanced at the residue G9
compared to the wild-type protein,[6] in line with the morpho-
logical fragmentation but perhaps not immediately intuitive if
the structure comprises a regular parallel β-sheet all the way up
to G9 site.

The dynamics of the hydrophobic core of the C-terminal
domain have not previously been assessed for the ΔE3
modification. In this work, we compare the intrinsic flexibility of
the C-terminal domain hydrophobic core in the wt-2f, pS8, and
ΔE3 fibrils. All the fibrils are grown with similar seeded growth
protocols. Dynamics studies complement the structural inves-
tigations to define the complete conformational ensembles that
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encompass the different unique sub-states that could drive
aggregation propensities.

The deuterium solid-state NMR techniques used in this work
are well suited for the investigation of the dynamics of non-
crystalline aggregates and fibrils.[22–23] Under static conditions,
they require the introduction of site-specific labels and thus we
work with synthetic peptides that incorporate deuterium labels
at selected hydrophobic core positions. We use static line-shape
analysis and recently developed deuteron chemical exchange
saturation transfer (CEST) measurements[24] to assess the
rotameric motions in the methyl-bearing side-chains of L17,
L34, M35, and V36 residues as well as longitudinal relaxation to
assess the ring-flipping motion of the F19 side-chain (Fig-
ure 1A). Line-shape and relaxation measurement data for the
pS8 and wild-type fibrils are taken from previous work.[14,25] As
we show, both PTMs lead to changes in hydrophobic core
flexibility, with pS8 clearly rigidifying the core, while ΔE3
displays a more diverse set of changes, some of which are
thermodynamic rather than kinetic in origin.

2. Results and Discussion

2.1. Details of the Systems Investigated

Figure 1A shows the key hydrophobic core side-chains probed
in this work. With the exception of the aromatic F19 side-chain,
all the other side-chains are methyl-bearing. The top view of a
single unit of the fibrils is shown as a ribbon diagram for the wt
2-fold symmetric Aβ1–40 structure.[12–13] pS8 fibrils form a similar

quaternary structure,[14] while no structure is available for the
ΔE3 fibrils. All the side-chains in these two known structures
point directly into the hydrophobic core, with the exception of
the M35 side-chain, which is oriented along the interface
between the two symmetric sub-units. The exact positions of
the hydrophobic core side-chains are not known for the ΔE3
variant. Fibril samples were prepared using established seeded-
growth protocols and their morphologies confirmed with trans-
mission electron microscopy(TEM), with representative images
shown in Figure 1B. Only the ΔE3 samples were newly
generated for this work, while the wt and pS8 fibrils were taken
from prior studies.[14,25] The fibrils were hydrated with deuterium
depleted water to about 200% content. The overall structures
are believed to be very similar in the dry and wet states of the
wild-type fibrils based on the chemical shifts measured with
magic-angle spinning solid-state NMR.[12] However for several
sites in the core (F19 and M35), as well as for all N-terminal
domain sites, the dynamics was found to be significantly more
pronounced in the presence of solvation.[25–28] We have also
confirmed that lyophilization and hydration leaves the morphol-
ogy intact, and the representative TEM images for the ΔE3
fibrils are shown in Figure S1 in the Supporting Information.

For the single-site labeling employed in the static 2H solid-
state NMR measurements, synthetic Aβ1–40 peptides were
generated containing selected deuterated amino acids. The
labeling patterns are � δCD3 for L17 and L34, � S� CD3 for M35,
� βCD2� (γCD3)2 for V36, and � βCH2� ring� D5 for F19. While
leucine and methionine have labels at a single methyl group, all
the aliphatic protons are replaced by deuterons in commercially
available fluorenylmethoxycarbonyl-valine (with the protection
group necessary for the incorporation into the peptide via
solid-state peptide synthesis). Under the conditions of our
studies, neither Cα/Cβ nor deuterons contribute to the NMR
signals.[29] While the phenylalanine ring of F19 has deuterons in
all five positions, only the meta and otho deuterons contribute
to the ring-flipping motions.

2.2. 2H NMR Line-shape Analysis over a Broad Temperature
Range of the Methyl-bearing Side-Chain for Assessing
Rotameric Motions

Deuterium line shapes in the solid state can probe motions in
the μs to ms range, whose time scales are comparable in
magnitude to the quadrupolar coupling constant (Cq). For
methyl groups, typical Cq values are in the 155 to 175 kHz
range. Fast 3-site methyl jumps introduce an effective averaging
by a factor of 1/3. The rotameric jumps of the side-chains
(detailed in Figure 2) that occur on the slow time scale lead to
distortions and narrow the line shapes in comparison to the
rigid pattern. Observations of these changes as a function of
temperature provide a means of determining the energy
differences between the rotameric states and activation ener-
gies of the rotameric jumps. These parameters, in turn, reflect
the packing and flexibility features of the hydrophobic core of
the fibrils.

Figure 1. A) A ribbon diagram of the 2-fold symmetric wild-type Aβ1–40

quaternary structure (view from the top) with the side-chains of L17, F19,
L34, M35, and V36 investigated in this work shown in red. The structure
corresponds to the pdb ID 2LMN. B) Negatively stained transmission electron
microscopy images of Aβ1–40 fibrils comprising the wild-type peptide and in
the 2-fold symmetric polymorph (left), with the pS8 modification (center)
and with the ΔE3 modification (right).
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The line shapes, using the quadrupolar echo detection
scheme,[30] were collected for the hydrated ΔE3 fibrils over
temperature ranges similar to those used for the wt-2f and pS8
fibrils, with representative results shown in Figure 3. Prior line
shape data are shown in Figure S2 for completeness. The
selected temperature ranges are governed by the steepness of
the temperature dependence, with the exception of the M35
side-chains, as discussed below.

The simulated line shapes fitted to the data were para-
metrized according to previously developed rotameric models,
as depicted in detail in Figure 2. For the valine side-chain, there
is one degree of rotameric angle freedom (χ1) with three
rotamers in the standard g+, t, and g� conformations. For the
leucine side-chain, there are two rotameric degrees of freedom
(χ1, χ2), leading in principle to nine possible conformations.
Studies have shown that they can be approximated by four

Figure 2. Motional models of A) L17, L34: Rotameric jumps around the χ1 and χ2 angles are represented by four magnetically non-equivalent conformers (out
of the nine possible configurations) pointing toward the corners of a tetrahedron. The positions of the 2H labels at the methyl groups of the side-chains are
shown in red. B) V36: Rotameric jumps around the χ1 angle are represented by three conformers, g+, t, and g� . C) M35: Rotameric jumps (involving in reality
all three χ1, χ2, and χ3 angles) are approximated by four artificial symmetrical conformers. D) F19: Aromatic ring-flips and small-angle fluctuations around the
χ2 dihedral angle in the phenylalanine side-chains. Left panel: The phenylalanine side-chain with the deuteron-labeling pattern marked in orange. The diagram
to the right displays the sites’ connectivities according to the 4-site strong collision model, illustrated for one of the Cδ� D bonds. The large-angle aromatic
flips occur between sites 1–3 and 1–4 with an equal probability; this also holds for the 2–3 and 2–4 pairs. The small-angle jumps with the amplitude α=5°
occur between sites 1–2 and 3–4.
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symmetrical conformers pointing to the corners of the tetrahe-
dron within experimental precision.[31] For methionine, which
has the longest side-chain and three side-chain dihedral angles
(χ1, χ2, χ3), the situation is the most complex. Based on previous
studies,[25] at temperatures below about 250 K at which the
hydration layer is largely frozen, it is sufficient to model the
dynamics with three conformers. This scenario may indicate
that only the χ3 interconversions are active. However, at higher
temperatures, the onset of solvent-dependent changes requires
the introduction of additional rotameric states. Similar to the
approach for leucine side-chains, we model the rotameric states

of the M35 side-chains at high temperatures using four
symmetrical artificial conformers with tetrahedral geometry.

For all the cases of line-shape data modeling, it was
sufficient to introduce one major rotamer (i. e., w : 1 : 1 popula-
tion ratios for the valine side-chain and w : 1 : 1 : 1 for the leucine
and methionine side-chains for which four symmetrical
rotamers are employed; w>1 stands for the relative weight of a
single major conformer) and one single rotameric exchange
constant krot between all the rotameric states. The temperature
dependence of krot is assumed to be Arrhenius and it yields the
activation energy Ea of the rotameric motions (Figures 4 and 5).

Figure 3. Typical 2H static solid-state NMR line-shape analysis spectra for the hydrated ΔE3 Aβ fibrils, collected at 9.4 T using the quadrupolar echo scheme.
Normalized experimental (red) and fitted (blue) spectra at several temperatures with the fits performed according to the models in Figure 2. The narrow peak
at zero frequency is due to residual HOD signals.

Figure 4. Modeled parameters fits for the ΔE3 Aβ fibrils. A,B) rotameric populations, ln(w) vs 1000/T (A,B), obtained from the line-shape data of Figure 3 and
using the model of a single major rotameter (w : 1 :1 model for V36, w : 1 : 1 : 1 model for L17, L34, and M35, see Figure 1) as well as the rotameric exchange
rates, ln(krot) vs 1000/T (C,D). Circles represent the fitted values to the line-shape data at individual temperatures; solid lines demonstrate global fits at all
temperatures as outlined in the text.
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The temperature dependence of w follows a Boltzmann-type
equation with a non-zero intercept, yielding as one of the
parameters ΔE, which is the energy difference between the
major and minor rotameric states (Figures 4 and 5). The
modeling was performed according to previously developed
procedures.[25,31–32] All of the parameters are defined in Table 1.

For the M35 side-chain, the ΔE3 line shapes at low
temperatures below about 250 K are similar for all types of
fibrils probed and lead to the same values of Ea (1.7–1.8 kJ/mol)
and ΔE (8.5 kJ/mol) within the experimental precision. The data

and details of the analysis are shown in Figure S3. This suggests
that unfreezing the hydration layer is important for creating the
unique packing differences between the symmetrical subunits
of the fibrils. Thus, for the M35 site, we focus on quantification
of the parameters at temperatures above 250 K, at which the
effects of hydration activate additional rotameric states, as
modeled in Figure 2C. M35 points toward the interface between
the two symmetrical units of the 2-fold structure (Figure 1) and
the 3-fold symmetric wild-type structure defines the contacts in
the water accessible cavity.[28,33–34]

The Ea values are similar for the ΔE3 fibrils at the L17, L34,
and M35 sites in comparison to the wt-2f fibrils (1.6–2.95 kJ/mol
range), but significantly higher at the V36 site: 6.3�0.3 kJ/mol
for the ΔE3 variant in comparison to 2.3�0.4 kJ/mol for the wt-
2f fibrils. For the pS8 fibrils, the activation energy barriers were
significantly larger for all but the L17 side-chain. By contrast,
while for the pS8 fibrils’ the ΔE values were similar to those in
the wt-2f fibrils, for the ΔE3 fibrils, the L17 and L34 side-chains
have significantly different ΔE values (L34 in ΔE3 :3.4�0.3 kJ/
mol, in wt-2f: 7.4�0.4 kJ/mol; L17 in ΔE3: 9.9�0.3 kJ/mol, in
wt-2f: 5.7�0.2 kJ/mol). The ΔE values for the M35 and V36
side-chains in the ΔE3 fibrils remain similar to those in the wt-2f
fibrils. Thus, the ΔE3 PTM induces several changes in the
internal dynamics via thermodynamics effects rather than
kinetic ones based on the line-shape measurements. Addition-
ally, the higher activation energy barrier for V36 indicates that
the core is tightened at its C-terminal end.

Figure 5. Comparison of the fitted modeled parameters for all the hydrophobic core side-chains probed in the wt-2f, pS8, and ΔE3 hydrated Aβ1–40 fibrils. A)
ΔE energy difference between the major and minor rotamers in the L17, L34, M35, and V36 side-chains, assuming a single major rotameric state. B) Activation
energies Ea of the rotameric jumps in the L17, L34, M35, and V36 side-chains. C) Rotameric exchange rate constant krot at 37 °C for the M35 side-chains
obtained on the basis of the 2H CEST measurements, modeled by two major and two minor rotamers in the 6 :6 : 1 : 1 ratio for all the variants. D) Activation
energies Eflipa for the F19-ring-D5 aromatic ring-flipping motion. The black bars show the ranges from hEflipa i � sflip to hEflipa i þ sflip .

Table 1. Definitions of the modeled parameters.

Parameter Definition

w Occupation number of the dominant rotameric state relative
to the minor states

krot Exchange rate between any two rotameric states defined as a
sum of the forward and backward rates

Ea Activation energy of rotameric exchange, krot ¼ k0e
� Ea=RT

ΔE Energy difference between the major and minor rotameric
states used in the Boltzmann relation, w ¼ eb=R� DE=RT

T1
eff and β Fitting parameters of magnetization decay curves according

to the stretched exponential function:
M tð Þ � M 1ð Þ ¼ ðM 0ð Þ � M 1ð ÞÞe� ðt=T

eff
1 Þ

b

kflip Flip (exchange) rate between the two orientations of phenyl-
alanine ring (i. e., π-flip)

hEflipa i Average activation energy for π-flips of a phenylalanine ring
sflip Standard deviation of the Gaussian distribution of activation

energy for π-flips of a phenylalanine ring
hEsmall

a i Average activation energy for small-angle fluctuations
around the χ2 dihedral angle in a phenylalanine ring, with
the amplitude of α/2=5°

σsmall Standard deviation of the Gaussian distribution of activation
energy for the small-angle fluctuations of a phenylalanine
ring
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2.3. Quadrupolar CEST Measurements at the M35 Side-Chain
for Detailed Rotameric Interconversion Evaluation

Because of the importance of the M35 side-chain in the
characterization of the inter-unit contacts, we also probed its
dynamics using a more sophisticated 2H NMR technique that is
especially sensitive to slower time scale motions. 2H NMR CEST
measurements[24] use low power saturation applied as a
function of the off-resonance offset for the precise determina-
tion of conformational exchange processes. We have recently
applied this technique for the M35 side-chain in the 3-fold
symmetric polymorph,[24,35] which revealed that the rotameric
exchange is more complex than that seen by the line shapes
alone. In particular, this measurement indicated the presence of
at least two major conformational states within the 4-state
rotameric model in Figure 2C. In this work, we probed the M35
side-chains in the wt-2f, pS8, and ΔE3 fibrils using 2H CEST
measurements under static conditions at 37 °C.

The resulting saturation profiles (i. e. the signal intensity
integrated over the � 10 to 10 kHz spectral region versus the
off-resonance offset) are shown in Figure 6. A saturation field
strength of 1.3 kHz and saturation time of 20 ms were chosen
based on previous optimizations.[24] The longitudinal relaxation
times are of the order of 300 ms and do not compete
significantly with the conformational exchange processes in
modulating the signal intensity. As in the case of the 3-fold
symmetric polymorph, it was found that parametrization with a
single major rotamer with a population ratio of w : 1 : 1 : 1 cannot
reconcile both the line-shape and the CEST results. It is thus
necessary to use the model of two major conformers in the
w :w : 1 : 1 ratio with a single krot rate constant. As a first
approximation, it was sufficient to constrain the value of w=6
for all the variants in order not to overfit the data at the single
temperature, as the fitted values of krot and w may be
correlated. The resulting fitted values of krot are shown in
Figure 5C. In comparison with the wt-2f fibrils (krot=7.5 · 106 s� 1),

the values in the pS8 and ΔE3 fibrils fall to krot=2.2 · 106 s� 1 and
krot=2.8 · 106 s� 1, respectively (Figure 5C). An example of the
quality of the fit is shown in Figure S4 for the wt-2f fibrils. There
is weak dependence of the fitted value of krot on the chosen
value of w. Overall, the results imply a restriction/slowing of the
rotameric exchange at the physiological temperatures in the
PTMs, which is somewhat more pronounced for the pS8 fibrils.

2.4. 2H Longitudinal Relaxation for Assessing the
Ring-flipping Motion of F19

The aromatic ring-flips of the F19 side-chain, which points
inside the hydrophobic core at least in the wild-type and the
pS8 fibrils, stand out from the methyl probes: they have the
potential to sense a different subset of motions in the core,
including concerted rearrangements.[27,36–38] While line-shape
measurements can probe aromatic ring-flips at higher temper-
atures, at around 270 K the powder pattern become rigid-like
and longitudinal relaxation measurements are more suitable for
the determination of the activation energies of the ring-flipping
motions in the fibrils.[38–39] Based on previous results, the
dynamics of the F19 side-chain are complex, with ring-flipping
motions driving the relaxation at temperatures above 260 K
and small-angle fluctuations dominant at lower temperatures
(Figure 2D).[27] As for the pS8 fibrils,[14] we assumed that the
small-angle fluctuations are the same in all the types of fibrils
due to their dependence mostly on local structural factors. We,
thus, only probed directly the large-angle motions, fixing the
parameters of the small-angle fluctuations around the χ2 angle
at the values found for the wt-2f fibrils, listed explicitly in the
Experimental section.

To enhance the signal, the multiple echo acquisition
scheme was employed,[40] which breaks the powder pattern into
a series of spikes, in our case separated by 16 kHz (Figure 7A).
The magnetization decay or build-up curves M(t) can then be
recorded at the chosen spikelet locations, as the anisotropy is
retained in this technique.[41] We focus on the �16 and
�64 kHz positions (Figure 7B).

In general, relaxation is non-exponential, reflecting the
heterogeneity of core packing. The decay curves are fitted by
the stretch-exponential function of the form

M tð Þ � M 1ð Þ ¼ ðM 0ð Þ � M 1ð ÞÞe� ðt=T
eff
1 Þ

b

, in which M(t) is the
signal intensity, T1

eff is the effective relaxation time, and β is the
parameter that reflects the degree of non-exponentiality,
defined in the range of 0 < b � 1. β less than 1 corresponds to
non-exponential behavior. For the saturation recovery measure-
ments, M tð Þ ¼ 0. The values of T1

eff and β for all the temper-
atures (Figures 7C and 7D) are fitted to the global model in
Figure 2D, which assumes an energy landscape with a Gaussian
distribution of activation energies for the ring-flips. The main
fitting parameters are hEflipa i as the central value and sflip as the
width of the distribution, assuming that the individual rate
constants with the ensemble follow Arrhenius temperature
dependence. Prior results on the wt-2f and pS8 fibrils are
included in Figure S5 for completeness. Additionally, in Fig-

Figure 6. Normalized 2H CEST intensities (integrated over the � 10 to 10 kHz
spectral region) versus the off-resonance offsets for the M35 side-chains in
the wt Aβ1–40 fibrils in the 2-fold symmetric polymorph and in the pS8 and
ΔE3 variants. The measurements have been performed at 9.4 T under static
conditions and at 37 °C. The saturation field strength was 1.3 kHz and the
saturation time was 20 ms. The lines represent the fits to the rotameric
exchange model of the four symmetrical conformers (Figure 2C) with two
major and two minor states in the population ratio of 6 :6 : 1 : 1.
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ure S6 we show the details of the global fit for the ΔE3 fibrils
over the entire temperature range.

Figure 5D compares the resulting values of hEflipa iand sflip for
all the variants. Both the pS8 and the ΔE3 fibrils display
increased hEflipa i values: 45�3, 57�3, and 51�3 kJ/mol for the
wt-2f, pS8, and ΔE3 variants, respectively. The widths of the
distributions are comparable in the wt-2f and pS8 fibrils (around
7 kJ/mol), while the sflip of 4 kJ/mol is significantly smaller in
the ΔE3 fibrils. Thus, both PTMs lead to an overall tightening of
the aromatic ring environment in the core, with a significantly
narrow range of activation energies for the ΔE3 fibrils.

Based on all of the results, the global picture of the effect of
PTMs indicate that the intrinsic flexibility of the fibrils is clearly
affected by the PTMs. These modifications reduce the flexibility
at the F19 aromatic side-chain and the M35 side-chain, the
latter pointing toward the interface between the symmetrical
subunits in the wild-type structure. For the methyl-bearing side-
chains pointing directly into the core in the wild-type structure,
the situation is more complex. The L17 and L34 sites experience
changes in the rotameric populations for the ΔE3 variant rather
than changes in activation energy, which were seen for the pS8
variant, pointing at the thermodynamic factors in play rather
than the kinetic ones in driving the differences. The activation
energy at the V36 site is significantly higher in the ΔE3 fibrils.
As emphasized above, the exact positions of the side-chains for
the ΔE3 variants are not yet known.

In general, the results suggest the rather significant
influence of PTMs on hydrophobic core dynamics in addition to
the previously identified effect on the dynamics of the

disordered N-terminal domain.[6] Thus, while the chemical
modifications probed here are located in the N-terminal region,
their effects on the dynamics propagate well into the core and
are not confined to the local regions of the change. PTMs can
be responsible for aggressive aggregation-prone states that
have the potential to propagate into the more abundant wild-
type fibrils upon cross-seeding,[8,15–16] i. e., very low concentra-
tion of the PTMs inducing its structural and aggregation
propensities for the abundant wild-type Aβ fibrils.[42] Hu at el.
demonstrated that cross-seeded wild-type fibrils retain some
features of the PTMs structure for the ΔE3 modification.[21]

It is expected that at least some of the differences in
intrinsic flexibility can propagate into the cross-seeded fibrils as
well. It remains to be seen in future studies whether this is
indeed the case. Additionally, the structures of the ΔE3 fibrils as
well as that of the downstream pyro-glutamate variant will
further enhance our understanding of the alternations in the
conformational ensembles in the presence of the PTMs.

3. Conclusions

The dynamics in the hydrophobic core of the fibrils, spanning
the ordered C-terminal domain, are clearly sensitive to the
chemical nature of the PTMs. These changes in the dynamics
propagate well beyond the local sites of the structural
modifications, which in our case are located in the disordered
N-terminal domain. While the pS8 modification induces overall
rigidity, as deduced from the higher activation energies of the

Figure 7. 2H static NMR longitudinal relaxation measurement data for the F19-ring-D5 site in the ΔE3 Aβ fibrils, collected at 9.4 T. A) Examples of the spectra
collected with the multiple-echo acquisition scheme, shown for 280 K, demonstrating the spikelet pattern spaced at 16 kHz intervals. B) Normalized
magnetization build-up curves for the spikelets at �16 kHz (blue) and �64 kHz (black) at 280 K, resulting from the saturation recovery measurements. The
lines represent the fits to the stretched exponential function. C,D) Resulting values of T1

eff and β versus 1000/T. The joint fit of the experimental data at the
�16 kHz and �64 kHz spikelets was performed at each individual temperature with the model of the log-normal distributions of the aromatic ring-flip rate
constant kflip, detailed in the text (filled squares connected by lines to guide the eye). Error bars smaller than the sizes of the symbols are not shown.
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motions in the core in comparison to the wild-type fibrils, the
ΔE3 truncation leads to more variable effects. At several sites,
the activation energy barriers in the ΔE3 fibrils are higher than
the wt-2f fibrils. This includes the F19 ring-flips, which are likely
sensing the concerted fluctuations of the entire core. Interest-
ingly, the width of the distribution of the activation energies for
the ring-flipping motion is significantly reduced in the ΔE3
variant in comparison with both the wt-2f and the pS8 fibrils.
The V36 site, located at the end of the core, displays a
significantly higher activation energy barrier for the rotameric
jumps, indicating that the core is tighter in the ΔE3 variant,
similar to the pS8 fibrils. By contrast, for the L17 and L34 side-
chains, the rotameric jumps retain similar activation energies to
the wt-2f fibrils, but the populations of the rotameric states are
rearranged, suggesting the underlying thermodynamic effects
rather than kinetics. At the M35 site, which points toward the
interface between the two symmetric sub-units, the rotameric
exchange rate constant at the physiological temperature is
increased in both PTMs in comparison to the wild-type fibrils
based on the 2H CEST results, while the line-shape analysis did
not detect any differences between the wild-type fibrils and
ΔE3 modification. In general, a suite of 2H solid-state NMR
techniques with sensitivity ranges to different time scales and
amplitudes of motions was instrumental to delineate these
differences, and this underscores the need to employ several
techniques to compare the intrinsic flexibilities accurately.

In the context of the heterogeneity of Aβ fibrils’ chemical
structures and structural polymorphisms, several PTMs can
cause enhanced aggregation properties in cross-seeding events.
The aggregation-driving states, in general, can be relatively
minor species within the entire conformational ensemble. Thus,
while it is clearly important to obtain global structural
information, the characterization of relatively minor populated
states and their interconversions within the ensembles is
essential to capture the global picture of the comparisons
between the variants.

Experimental Section

Preparation of the ΔE3 Fibril Samples

Peptide synthesis: The peptides were prepared using solid-state
peptide synthesis (Life Technologies Corporation, Carlsbad CA). The
amino acids were purchased from Cambridge Isotopes laboratories
(Andover, MA) and CDN isotopes (Pointe-Claire, Canada). The ΔE3
variant sequence was EFRHDSGYEVHHQKLVFFAEDVGSNK-
GAIIGLMVGGVV. The peptides were purified by reversed-phase
HPLC to the minimal purity level of 95% and their identity and
purity were confirmed by mass spectrometry and reversed-phase
HPLC (Figure S7).

Preparation of the ΔE3 fibril samples: Fibrils were grown following
previous generation seeding protocols,[5–6] with the labeled fibrils
corresponding to the generation number 5. Briefly, seeded
generation growth used a 1 :10 molar ratio of seeds, and this was
achieved by incubation with gentle 40 rpm orbital agitation for 3–
5 days at room temperature at a 0.5 mg/mL peptide concentration
in 10 mM of monosodium phosphate buffer (pH 7.4, 0.05% NaN3).
The bulk fibrils for the NMR analysis were collected by centrifugal

dialysis using Amicon filters with 3 kDa molecular weight cut-off.
Collected fibrils were re-suspended in deionized water, rapidly
frozen with liquid nitrogen, and lyophilized. The samples were
packed in 5 mm NMR tubes (cut to 21 mm length) using Teflon
tape to center the sample volume in the coil of the NMR probe. A
hydrated state with a water content of 200% by weight was
achieved by pipetting deuterium-depleted H2O directly in the NMR
tubes, followed by flash freezing the hydrated fibrils in the tubes in
liquid nitrogen, defrosting, and equilibrating for at least 48 hours to
ensure homogeneous hydration. Preparation of pS8 fibrils in prior
work[14] followed the same procedure with the exception of the
fibrils’ collection step, which employed pelleting at 300,000 g for 7–
9 hours. Preparation protocols of the wild-type fibrils in the 2-fold
symmetric polymorph are listed in details in Petkova et al.[12] and
Vugmeyster et al.[25]

Negatively Stained Transmission Electron Microscopy

Samples were stored at room temperature and diluted to about
0.1 mg/mL with hydro, millipore-filtered water. Samples were
negatively stained using the drop method[43] in the following
manner. Four microliter aliquots of the sample, millipore-filtered
water, and 2% uranyl acetate aqueous stain were applied
sequentially to a freshly glow-discharged,[44] Formvar carbon-coated
300 mesh copper grid for the following incubation times: 2 min,
10 sec, and 2 min, respectively. Each 4 μl droplet was removed by
wicking with filter paper for 5 sec. The filter paper was blotted
before the addition of the next droplet. After staining, the grid was
air-dried under a vacuum for 20 min. Images were collected under
low dose conditions of 120,000 magnification using an FEI Tecnai
G2 Spirit Biotwin microscope operating at 80 kV.

NMR Procedures

Line-shape experiments for the ΔE3 fibrils labeled at one of the
L17, L34, M35, and V36 side-chains were performed using a 9.4 T
NMR spectrometer equipped with a static Phoenix probe with a
5 mm diameter coil. The quadrupole echo pulse sequence based
on an eight-step phase cycle[45] was used, with a delay of 31 μs
between 90° pulses. The duration of the 90° pulses was 2.0 μs. The
number of scans varied from 2×1024 to 40×1024 depending on
the signal-to-noise ratios. Higher temperatures required more scans.
Relaxation delays were set to three times the longitudinal relaxation
rates of the methyl deuterons, which were determined by either
inversion recovery (for the leucine and valine residues) or saturation
recovery (for the methionine residues) experiments. We have
previously shown that the relaxation times of the Cβ and Cα

deuterons in valine side-chains are much longer than those of
methyl deuterons over a wide temperature range and are, thus,
saturated in the resulting line shapes within the range of inter-scan
delays employed; hence, they do not contribute to the observed
signal.[32] Time domain data were left-shifted to the echo maximum
and a 500 to 1000 Hz exponential line broadening function was
employed. Temperature calibration was carried out by recording
the static lead nitrate line shapes.[46]

The 2H quadrupolar CEST measurements for the wt-2f, pS8, and
ΔE3 M35-labeled fibrils were performed as described previously[24]

using a saturation RF field of 1.3 kHz, off-resonance offsets between
� 60 and 60 kHz, and a 20 ms saturation time. The detection block
consisted of the quadrupolar echo acquisition scheme. For normal-
ization purposes, the profile with a saturation time of 2 μs (as the
t=0 approximation) was also recorded. The measurements were
performed using a 14.1 T NMR spectrometer equipped with a
Bruker NEO console and a static wide line low-E probe with a 5 mm
diameter coil.[47] The temperature was set to 37 °C. The number of
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scans ranged from 256 to 1024, with a larger number used for
offsets close to a zero frequency. The inter-scan delay was set to
0.8 s. Spectra were processed with a 0.5 kHz exponential line-
broadening function.

The 2H T1 (longitudinal relaxation) measurements for the ΔE3 F19-
ring-D5-labeled fibrils were taken using the 9.4 T spectrometer with
the inversion recovery sequence for relaxation times below about
200 ms and the saturation recovery sequence for longer times. The
multiple-echo (QCPMG) detection scheme was used for signal
enhancement[40] without the suppression of relaxation anisotropy.[41]

Ten QCPMG echoes were collected with 63 μs pulse spacing. Eight
to nine relaxation delays were collected. 2H QCPMG spectra were
processed with 0.2 kHz exponential line broadening.

Modeling

Modeling the line shapes based on the rotameric interconversions
(as shown in the models in Figure 2) followed the procedures
outlined in detail in prior work.[25,29,31] The EXPRESS program was
used.[48] After averaging over the fast methyl jumps, the quad-
rupolar coupling constant was set to Cq=53.3 kHz for L17, L34, and
V36 and 58 kHz for M35, with the asymmetry parameter η=0.
These values were determined from low temperatures.[31] The fitting
parameters of the models, population of the major conformer w,
and rotameric exchange rate constant krot were obtained using the
iterative procedure outlined in prior work.[25]

Modeling the longitudinal relaxation rates for the F19 side-chain,
detailed in,[27,38] involves the creation of relaxation time libraries to
obtain the fits of the central value of the log-normal distribution of
the kflip rate constant and the widths of the distribution of the
constants σk, as shown in Figure S6. The parameters of the small-
angle fluctuations around the χ2 angle (Figure 2D) were fixed, as
found for the wt-2f fibrils at hEsmall

a i ¼10.5 kJ/mol and σsmall=1.7 kJ/
mol, with the single Arrhenius prefactor of 2.17 ·1010 s� 1. The
quadrupolar tensor parameter was Cq=180 kHz, η=0. The angles
between either the Cδ� D or the Cɛ� D bonds and the Cβ� Cγ axis was
taken as 59.2°. The amplitude of the small-angle fluctuations in the
4-site jump model of Figure 2D was taken as α/2=5°. The errors in
the fitted model parameters were determined using the inverse
covariance matrix method.

The quadrupolar CEST profiles for the M35 side-chain were
modeled using the full Liouvillian approach that includes the
interconversions of all eight base coherences of spin 1 during the
saturation period.[22,24] Longitudinal relaxation was taken into
account phenomenologically (T1=300 ms) by including an addi-
tional term in the Liouvillian evolution matrix. The errors in krot
were determined using the inverse covariance matrix method.
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