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Abstract

Post-translationally modified (PTM) amyloid-B (AB) species can play an important role in
modulating Alzheimer’s disease pathology. These relatively lower populated modifications can
cross-seed the wild-type AP peptides to produce fibrils that retain many structural and functional
features of the original PTM variants. We focus on studies of internal flexibility in the cross-
seeded AP1.-4¢ fibrils originating from seeding with two PTM variants with modifications in

the disordered N-terminal domain: the AE3 truncation and S8-phosphorylation. We employ an
array of 2H solid-state NMR techniques, including line shape analysis over a broad temperature
range, longitudinal relaxation, and quadrupolar CPMG to assess the dynamics of the cross-seeded
fibrils. The focus is placed on selected side-chain sites in the disordered N-terminal domain (G9
and V12), and hydrophobic core methyl and aromatic groups (L17, L34, M35, V36, and F19).
We find that many of the essential features of the dynamics present in the original PTM seeds
persists in the cross-seeded fibrils, and several of the characteristic features are even enhanced.
This is particularly true for the activation energies of the rotameric motions and large-scale
rearrangements of the N-terminal domain. Thus, our results on the dynamics complement prior
structural and cell toxicities studies suggesting that many PTM AP species can aggressively
cross-seed the wild-type peptide in a manner that propagates the PTM’s signature.
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Introduction

Connections between the aggregation states of amyloid-p (AB) protein and their relevance
to toxicity and eventually Alzheimer’s disease (AD) related pathologies remain elusive.
Concurrent involvement of other proteins whose aggregation is triggered by toxic Ap
species, such as tau and a-synuclein, was proposed to be important in the amyloid-
cascade hypothesis.12 Recently, the role of post-translationally modified Ap species was
highlighted, as many of these modified proteins, especially with the modifications in the
disordered N-terminal domain, promote aggressive aggregation pathways and enhanced
cellular toxicities, 1 3-5 thus potentially serving as triggers in the sporadic onset of

AD.* Among these species are the phosphorylation of serine-8 (pS8) and conversion of
glutamate-3 to pyroglutamate via the truncation precursor of the first two N-terminal
residues (pyro-E3 and AE3, respectively). They were recently characterized by structural,
aggregation, and toxicity studies, listed below in more detail. The modifications are located
in two different N-terminal domain regions, one closer to the most disordered region
(pyro-E3/AE3) and the second placed in the middle of the domain (pS8). Because the
quantities of PTM’s found in the brain tissues of AD patients can be relatively low, it

is important to examine how the PTM species influence the aggregates spanned by the
wild-type proteins, and in particular whether the cross-seeding of the wild-type Ap with
PTM’s retains structural and functional features of the original PTM variants. If this is
the case, relatively small quantities of the variants can alter functionality of the wild-type
peptide. Prior studies have examined structural and toxicity aspects of these cross-seeding
events,% 7 while here we focus on the internal dynamics features upon cross-seeding (Figure
1). l.e., we ask the question whether the internal flexibility features propagate from the
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seeds of post-translationally modified fibrils into the pool of the wild-type AB1.49 (Figure 1),
which is the most abundant form of the AB peptide.®

Background information on the PTM variants used as seeds

The pS8 AP1.40 fibrils demonstrated increased nucleation-dependent fibrillation and
enhanced AB-mediated toxicity in comparison to the wild-type fibrils.% 9-10 Structurally,
they are similar to the wild-type fibrils in the 2-fold symmetric polymorph.® However,

the disordered N-terminal domain in these fibrils possess a higher extent of the intra-

strand contacts based on solid-state NMR spectroscopy studies.® Our previous investigation
indicated 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.% 11 Fibrils cross-seeded in vitro with the pS8 modification, have been shown to
retain elevated cytotoxicity and contain a more dense intra-strand packing of the N-terminal
domain in comparison with the self-seeded fibrils.®

The AE3 truncation is the first step in the modification pathways along the formation of

the pyro-glutamate Ap variant. It has been shown that both pyro-E3 and AE3 Ap peptides,
compared with the wild-type (wt) sequences, lead to a more rapid fibrillation process

and results in fibrils with higher neuronal cytotoxicity levels in comparison with the wt
fibrils. Cross-seeding with these species also leads to more rapid nucleation-dependent
fibrillation kinetics in the wild-type A fibrils and distinctly elevated cytotoxicity compared
to the self-seeded fibrils.5-7- 12 In particular, cellular viabilities were assessed using 3-(4,5-
dimethylthiazol- 2-yl)-2,5-diphenyl-tetrazoliumbromide assays in Neuro-2a cells. After 48
hours of incubation different seeds showed comparable toxicity, while the mixture of

seeds and monomers showed elevated toxicities, which seemed to stem solely from the
cross-seeding events. Compared to the self-seeding, the pyro-E3 and AE3 AB1.49 Seeds
caused the wild-type A to drop viabilities by a factor of 2.7 Importantly, the elevation of
cellular toxicity levels induced by cross-seeded fibrillization processes was dependent on
the type of species. In particular, the presence of pyro-E3- and AE3 A4 seeds caused
more pronounced toxicity increase than the presence of nitrated-Y10 and pS8 seeds, while
for the isoD7-seeded fibrillization, the toxicity elevation was comparable to the self-seeding
process, as highlighted in Figure 6 of Hu et al.®

Further, cross-seeding with the pyroE3/AE3-APR1.4¢ fibrils lead to significant structural
modulations in the resulting fibrils based on 13C solid-state NMR chemical shift and
distance restraints, particularly in the N-terminal region.” Interestingly, the pyroE3 PTM
has been recently identified as an important pharmacological target.3

Key features of the dynamics of pS8 and AE3 AB;.4¢ fibrils

We will now summarize key distinguishing features of dynamics in the pS8 and AE3 AB1.49
variants in comparison with the wild-type fibrils, which we previously determined using 2H
solid-state NMR techniques, such as line shape analysis and NMR relaxation studies.14-16
The fibrils in our investigations are synthetically labeled with site-specific deuterium labels
at either methyl groups or phenylalanine rings, with the exception of G9, which is labeled
at the backbone (Table 1). Thus, the main motions that we address in the hydrophobic
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core regions originate from fast methyl rotations, slower rotameric inter-conversions of the
methyl-bearing side-chains, as well as ring flipping motions (Figure 2). In the flexible
N-terminal domain, in addition to the above local modes we discern large-scale concerted
rearrangements of the domain, including conformational exchange between the free state of
the domain and the one transiently interacting with the C-terminal hydrophobic core.

For the structured C-terminal domain, spanning residues approximately 17 to 36, we

have found that the pS8 fibrils display an overall rigidifying of the core based on the
higher activation barriers of rotameric and ring-flipping motions in the modified fibrils in
comparison to the wild-type fibrils.? Interestingly, AE3 fibrils induce a broader variety of
changes, some of which are thermodynamic in nature rather than the kinetic ones, such

as modification in the energy differences/populations between the rotameric states.1” In
the N-terminal domain (residues 1-16), the most characteristic mations are those reflecting
concerted fluctuations of the domain rather than local modes.1® Due to transient interactions
with the structured C-terminal domain, the N-terminal dynamics is governed by at least
two distinct states: the free state in which the domain undergoes collective large-scale
fluctuations in diffusion-like manner, and the bound state in which the interactions are
quenched due to intra or inter-strand interactions (Figure 2E). Detailed measurements
indicated the presence of several free states, or possibly a continuum of multiple free
state,19-20

The extent of the diffusive motions decreases along the N-terminal sequence, such as from
G9 to V12 positions the large scale rearrangements effectively die out in the wild-type
fibrils.18 Additionally, the large scale rearrangements freeze out in sigmoidal fashion with
the decrease in temperature, and characterization of the sigmoidal curves and, in particular,
the mid-point of the freezing transition serves as parametrization of changes in the dynamics
with temperature.18 The pS8 fibrils displayed increased rigidity at the G9 site, while the
AE3 variant was observed to have a tendency toward a higher mobility.11 The temperature
dependence of the V12 site was not probed in detail previously in the modified fibrils,

and we include its analysis in this work for the PTM’s themselves and the cross-seeded
fibrils. The V12 site was probed at the physiological temperature for the pS8 modification.?!
As emphasized above, the G9 to V12 region of the N-terminal domain appears to be an
important pivotal point for structural differences.®7

Specific goals of the work

The goal of this work is to systematically assess which of these key dynamical features
propagate into the cross-seeded wild-type AB1.4¢ fibrils. We emphasize that the dynamics in
our work pertains to internal flexibility on the structural level in the final state of the fibrils
and we do not assess structural/dynamical changes along the pathway from monomers to
oligomers to the fibrillar state.

Conservation of the internal dynamics changes in the cross-seeded species implies the
possibility that the conformational heterogeneity and interconversions between the states can
play a functional role in the cross-seeding events, effectively priming certain conformational
substates to drive aggregation and toxicity propensities in the bulk pool of the wild-type

AB. However, in this work we do not perform any additional toxicities studies for the cross-

J Phys Chem B. Author manuscript; available in PMC 2024 April 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rodgers et al.

Page 5

seeded fibrils and do not look for any specific correlations between internal flexibility and
toxicities. Our results point to different scenarios in regard to internal dynamics achieved by
the cross-seeding: some sites display features that are not only conserved but even enhanced
in the cross- seeded fibrils, others retain either the wild-type dynamics or intermediate
between the wild-type and the PTM fibrils, while for some sites there are differences that go
beyond a direct comparison between the wild-type and PTM themselves.

Materials and Methods

Preparation of the fibril samples

The peptides were prepared using solid-state peptide synthesis (Life Technologies
Corporation, Carlshad CA). The amino acids were purchased from Cambridge Isotopes
laboratories (Andover, MA) and CDN isotopes (Pointe-Claire, Canada). 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. Fibrils were grown
following previously developed generation seeding protocols,11: 22-24 with the deuterium
labeled fibrils corresponding to the generation number 4. 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 identity of the seeds
(AE3 or pS8 peptide) varied depending on the nature of the fibrils desired. The bulk fibrils
for the NMR analysis were collected by centrifugal dialysis using Amicon filters with the

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 H,O 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.

NMR procedures

Line-shape experiments for the fibrils labeled at one of the G9, V12, 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!* was used, with a delay of 36 ps between 90° pulses. The
value of 36 ps was chosen as the minimum time to avoid the probe ringing and maximize
the signal. Relaxation delays were set to three times the longitudinal relaxation rates of

the methyl deuterons, which were determined by either inversion recovery or saturation
recovery experiments. We have previously shown that the relaxation times of the CP and
C® 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.2> 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.28
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The 2H T, (longitudinal relaxation) measurements for the F19-ring-Ds-labeled fibrils were
taken using the 9.4 T spectrometer with the saturation recovery sequence. The multiple-echo
(QCPMG) detection scheme was used for signal enhancement?’-28 without the suppression
of relaxation anisotropy.2® Ten QCPMG echoes were collected with 63 ps pulse spacing.
The value of the spacing was chosen to provide an adequate signal enhancement without
significant heating effects. Eight to nine relaxation delays were collected. 2H QCPMG
spectra were processed with 0.2 kHz exponential line broadening.

2H QCPMG-based time-domain transverse relaxation rates measurements at the G9 site
were performed as described previously using the multiple-echo acquisition approach.20
Note that in this case the multiple-echo acquisition was not used for the signal enhancement
but rather to obtain the relaxation times themselves. The measurements spanned echo times
(Tqcpmg) between 123 and 303 ps with the rf irradiation frequency set exactly on resonance,
15 to 20 echoes were collected, and the restriction in the number of echoes originates from
the sample heating effects. The number of scans varied between 4096 and 6144 depending
on the signal-to-noise ratio in each sample. The inter-scan delay was set to 0.6 sec and 32
dummy scans were utilized. Integrated echo intensities were fitted to a single-exponential
function with no offset.

Modeling the line shapes based on the rotameric interconversions (as shown in the models
in Figure 2A-C) followed the procedures outlined in detail in prior work.24 30-31 The
EXPRESS program was used to generate modeled spectra.32 After accounting for averaging
over the fast methyl jumps, the quadrupolar coupling constant was set to C;=53.3 kHz for
V12, L17, L34, and V36 methyl groups and 58 kHz for the M35 methyl groups, with the
asymmetry parameter 7=0.31 The fitting parameters of the models, population of the major
conformer w; and rotameric exchange rate constant k., were obtained using the iterative
procedure outlined in prior work.24

In the line-shape decomposition, the tensorial parameters of the bound state used were
C4=53.3 kHz, 7=0 for the V12 methyl sites, which assumes averaging over fast methyl
rotations, and Cy=175 kHz kHz, 7=0 for the GO sites.

Modeling the longitudinal relaxation rates for the F19 side-chain, detailed in reference33-34,
involves the creation of relaxation time libraries to obtain the fits of the central value of
the log-normal distribution of the k,, rate constant and the widths of the distribution of

the constants s, as shown in Figure S6. The parameters of the small-angle fluctuations
around the y» angle (Figure 2D) were fixed at the values determined the 2-fold wt fibrils:
YE!( = 10.5kJ / mol, o5™all = 1.7kJ / mol, and the single Arrhenius prefactor of 2.17 -1010
s~1. The quadrupolar tensor parameters were Cq=180 kHz, 7=0. The angles between either
the C5—D or the C=—D bonds and the CP — CY 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 a/2 =
5°. The errors in the fitted model parameters were determined using the inverse covariance
matrix method.
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The modeling for Q-CPMG experiment was performed by direct numerical integration

of the Liouville~von Neumann equation using the internal MATLAB function for
calculating the matrix exponent and only the evolution of the transverse component was
considered, while the QCPMG pulses were treated as instantaneous changes in the phase

of this component. The powder averaging procedure involving appropriate Euler’s angle
transformations and the setup of motional frames were taken from the EXPRESS program.32

We modeled the conformational exchange matrix K;; according to Figure 2E including
the components responsible for the isotropic diffusion and the conformational exchange
between the free diffusion state and bound state, with to the following scheme:16. 18

_ diffusion | exchange with bound state
~ | exchange with bound state

The diffusion state is represented by NVp= 192 discrete sites nearly uniformly distributed
over a unit sphere. The diffusion process itself is modelled by the diffusion block of the
exchange matrix which is a sparce matrix with non-zero elements given by jump rates
between the nearest-neighbor sites (5 to 7 nearest neighbors for any given site). All the non-
zero jump rates were taken as equal and the jump rate constant k, was adjusted to represent
the chosen value of diffusion coefficient in the continuous limit. To create the approximately
uniform spherical distribution we used the program DistMesh.3® The inclusion of Ajp= 192
sites is sufficient to adequately represent the isotropic diffusion process. The bound state
adds one more site and the exchange process corresponds to the jumps between every site
describing the spherical diffusion and bound state site with value of the rate constant ..
The tensor of the free state was taken with the parameters of C4=77.6 kHz and 7=1, which
assumes averaging over the fast 2-fold jumps of the - C*D, group.18

Results and Discussion

Preparation of the cross-seeded fibrils.

The monomeric amyloid-p peptides were prepared synthetically with incorporation of
specific deuterium isotopic labels (see Table | for the details of the labels). As the result, the
fibrils used in this work had a single side-chain labeled either at the disordered N-terminal
domain (G9 and V12) or at the structured C-terminal domain (L17, F19, L34, M35, V36).
Most of the labels are at the methyl positions, except for the phenylalanine ring of F19 and
the backbone of G9. All fibrils were prepared using standard generation seeding protocols,
and the details are listed in the Materials and Methods section.6-7- 10 The fibril seeds to
fresh peptide molar ratio was 1:10 and for the case of cross-seeding the seeds consisted

of either AE3 or pS8 fibrils, while the fresh peptide corresponded to the wild-type AP1-40.
The choice of the ratio of seeds to the monomeric peptide follows the one most thoroughly
investigated in the generation seeding approaches literature for the Ap peptide.8: 12: 23, 36
The morphologies of each generation were followed with transmission electron microscopy
(TEM). Examples of images are shown in Figure 1 and Figure S1. The notation for the
cross-seeded fibrils resulting from the AE3 variant will be “AE3-cross” and those resulting
from the pS8 variant will be “pS8-cross”. Most of the sites of the PTM variants themselves
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were investigated in the previous works,? 11 17 aside from additional data for the V12 site
that is included in the manuscript. The comparison with the wild-type fibrils is those in the
2-fold symmetric polymorph,23: 37 utilizing the same preparation protocols as the PTM and
cross-seeded fibrils. For the NMR measurements, the fibrils were hydrated at the lyophilized
state via introduction of deuterium depleted water with the 200% by weight water content.

Overview of?H solid-state NMR approaches and motional modes

2H solid-state NMR is a powerful method for investigation of side-chain dynamics, and we
employ a number of techniques to probe the variety of the motional mode characteristic of
the side-chains included in this study. 14-16 The hydrophobic core methyl-bearing side chains
(L17, L34, M35, and V36) as well as the N-terminal V12 side chain undergo rotameric
interconversions that can be investigated by simple line shape analysis techniques, most
sensitive to the motions on the order of the quadrupolar coupling interactions. They are
around 53-60 kHz after averaging over methyl rotation. The ring-flipping dynamics of the
F19 residues is best probed by longitudinal T, relaxation measurements, most sensitive to the
fluctuations on the order of the Larmor frequency.33-34

The N-terminal domain of the fibrils has been shown to undergo large scale motions in the
hydrated state, which can be modeled within the two-state exchange model (Figure 2E).18
The first of these two states corresponds to the so-called “free” state of the N-terminal
domain in which these large scale rearrangements are active, while in the second “bound”
state the motions are quenched due to interactions with the structured C-terminal domain.
The variability of these motions among different PTM and mutants has been especially
pronounced around the G9 site.11 In addition, the G9 and V12 sites were chosen because
they served as markers of chemical shift changes in the structural studies of PTM and

the cross-seeded fibrils.” Thus, we have focused on G9 and V12 sites to investigate the
effects of the cross-seeding on the dynamics in the N-terminal domain. The 2H line shape
analysis yields the relative fractions of the free and bound states, while the quadrupolar Carr-
Purcell-Meiboom-Gill (CPMG) experiment can quantify more precisely the values of the
conformational exchange rate constant and the time scale of the large-scale rearrangement of
the domain.

Below we will systematically describe NMR results of these measurements and discuss what
we learned from the effects of the cross-seeding on the dynamics.

Investigations of rotameric motions by line shape analysis

In the presence of dynamics, the deuterium static solid-state NMR line shapes are modified
from the rigid powder patterns and have very distinct shapes (Figure 3). Qualitatively, the
internal dynamics narrows the shapes in comparison to the rigid patterns. The most dramatic
narrowing at physiological temperature is observed for the N-terminal sites, undergoing
large-scale diffusive rearrangements. Rotameric motions usually do not narrow the shapes to
the same extent, however they yield very distinct frequency dependent features that reflect
the details of the motional modes present and their kinetic and thermodynamic parameters.
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The line shape analysis provides information on rotameric populations and rate
constants.1% 38 The number of possible rotamers depend on the number of degrees of
freedom (side-chain dihedral angles) and for large number of rotamers an approximation
must be used in order to not overfill the data. For the leucine side-chain, in principle,

nine rotameric states are possible, however we approximate them within the model of

four symmetrical conformers with the tetrahedral geometry (Figure 2A). We justify this
simplification by noting that if ideal tetrahedral geometry is used for all dihedral angle
orientations, this leads to only four magnetically inequivalent orientations of the methyl
axis in the molecular frame, which has proven to be a good approximation in a number of
previous studies.® 24. 38 Fyrther, we assume one major rotameric state and three identical
minor rotameric states, with the relative weights of w.1:1:1. The parameters of the model
are thus wand the rotameric rate constant k.. For the valine side-chain three rotamers are
possible with the orientations of the azimuthal angles of 0° and + 120°. We include all
three states with relative weights of w.1:1, corresponding to one major and two equally
populated minor states. M35 has the longest side-chain with three dihedral angles with

27 rotameric states theoretically achievable. At temperatures of about 250 K, we have
previously shown that it is sufficient to model them with four symmetrical conformers,
analogous to the leucine case.2 Line shapes at each temperature were fitted according to
the described models, which yielded the values of k,, and w. The temperature dependence of
k., is taken as Arrhenius, k,.(T) = k,exp( — E, / RT), and it yields the activation energy E, of
the rotameric motions. The temperature dependence of w follows a Boltzmann-type equation
with a possibility of a non-zero intercept for some sites, yielding the energy difference
between the energy state designated as AE. All of the modeled parameters are defined in
Table 2.

A typical example of the temperature dependence of these line shapes are shown in Figure
4(A-D), while examples of fits are shown in Figure 4 (E-H). Additional examples of the
experimental data and fits are shown in Figure S2. The parameters E, and AE, obtained with
these models using previously described iterative fitting approaches,24-2° are summarized in
Figure 5(A,B), with example of fits in Figure 5(C,D). As there is a potential for correlation
between the chosen fitted value of wand k., at each temperature, for the cross-seeded

fibrils we have first attempted to fix the value of wto the value determined for the wt

or the corresponding PTM variant, and then vary k.. This approach has worked well for
valine residues with fewer rotameric degrees of freedom, however for leucine residues a
good quality fit across all temperatures failed with this approach and the full iterative
procedure?4-25 had to be employed.

For the V12 residue, the fraction of the free state had to be separated from the line shape

before performing the rotameric modeling. The bound state is the main conformation for this
site. We will describe the details of line shape decomposition for determination of the bound
and free state fractions in the next section. In the free state, the line shapes are dominated by
the overall motions of the domain, rather than the local mode of rotameric inter-conversions.

While the values of E, report on core packing that govern intern flexibility, it may be of
interest to examine whether there is correlation between E, and the rotameric exchange
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constant at the physiological temperature. We did not find any significant trends with the
exception of V12, for which the values of k., at 310 K and E, appear anti-correlated. For
V36 there is a tendency for a positive correlation. (Figure S5).

How do we interpret these parameters in terms of the cross-seeded effects? This is best
visualized in the diagrams below for which we color-coded changes in the dynamics on the
ribbon-diagram positions separate for the E, and AE parameters (Figure 6).

In Figure 6, shown in red are those sites that display features for which the differences
between the PTM and the wild-type fibrils are amplified. This is the case for the increased
E, values at V36, L34, and M35 sites in the pS8-cross fibrils and L17 and M35 side-chains
for the AE3-cross fibrils. In orange are the sites that are similar to the PTM fibrils, which
corresponds to values of AE and E, in V36 residue in the AE3-cross fibrils and the value of
E, in V12 for the pS8-cross fibrils. In green there are features that are different from both the
wild-type and PTM fibrils.

The most significant observations is that there is a significant number of the sites for

which the features of the dynamics characteristic of the PTM fibrils are either conserved or
enhanced in the cross-seeded fibrils, which is especially true for the E, parameters. At the
same time, morphologies of resulting cross-seeded species are relatively similar as judged by
TEM (Figure 1, S1), thus implying that morphological features do not necessarily correlate
with internal flexibility patterns on the microscopic level.

As one of the possible control experiments, we assessed a single site using a different

ratio of PTM seeds to the wild-type protein. In particular, we have used 1:50 ratio of AE3
seeds to the wt AR labeled at the M35 position. Within the precision of the measurements,
the resulting line shapes were identical to the ones obtained with the use of seeds in the

1:10 ratio. Morphologies were also very similar as judged by TEM. Additional possibilities
to assess the details of the effect of cross-seeding on the dynamics, not performed here,
could include cross-seeding a chosen PTM variant with the wild-type seeds, or cross-seeding
between different PTM variants.

Investigation of ring-flipping motions of F19 in the hydrophobic core by longitudinal
relaxation measurements

The side chain of the F19 undergoes ring-flipping motions that can be sensitive to breathing
of the hydrophobic core as a whole unit.33-34. 39-41 At temperatures below about 270 K

the line shapes were found to be no longer sensitive to these motions in the fibrils, and,
thus, longitudinal relaxation measurements are more appropriate for probing the activation
energy of ring-flipping motions across a wide temperature range.1% 34 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.33 Similar to approaches used for the pS8 and AE3 fibrils in prior works,? 17
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, therefore, restricted our
measurements to the temperature range above about 250-260 K for probing only the ring-
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flipping motions. The small-angle fluctuations were measured in details for the wild-type
2-fold symmetric fibrils.34

The multiple echo acquisition detection scheme was employed in the longitudinal T,
relaxation times measurements,2’ which breaks the powder pattern into a series of spikes,

in our case separated by 16 kHz. The spikelet pattern is shown in detail in Figure 7A. The
magnetization build-up curves M(r) can then be extracted at the chosen spikelet locations,

as the anisotropy is retained in this technique.29 This is especially important for the detailed
analysis of the systems with wide distributions of rate constants, because relaxation in
different parts of the spectrum are more sensitive to different parts of the distribution. Figure
7B shows examples of magnetization build-up curves for the +16 and +64 kHz spikelets

in the AE3-cross fibrils. Relaxation is non-exponential and depends strongly on the spikelet
frequency, reflecting the heterogeneity of core packing. The build-up curves are fitted by the
stretch-exponential function of the form

M) = M(co)(1 — e~/ T, @)

in which M) is the signal intensity, T7" is the effective relaxation time, and g is

the parameter that reflects the degree of non-exponentiality, defined in the range of

0 < f < 1.42-43 g less than 1 corresponds to non-exponential behavior. The presence of a
significant non-exponentiality, well in excess of what might be expected from a simple
orientational dependence, is an indicator of the distribution of the ring-flip constants. The
temperature dependence of the extracted parameters is shown in Figure 7C. Apart from
the obvious increase in values of T;" with the decrease in temperature stemming from the
overall slowing of the motions, the details of the temperature dependence of T;" and g are
complicated and require explicit dynamical modelling to make sense of.

If one assumes that the distribution of the flip rates is the result of the distribution of
activation energies E/"” and that the distribution of the activation energies can be reasonably
described as Gaussian with the central value (E/") and the width /!, then the distribution
of ring-flip rate constants at each temperature will be a lognormal distribution with the
central value of the rate constant kP and the width of the lognormal distributions o,.
Experimental relaxation curves, and in particular their stretched exponential parameters 77"
and g, can be fitted to the lognormal distribution of relaxation rates which yield the values

of the parameters kP and o, at each temperature. Subsequently, the temperature dependence
of kP and o, can be fitted to the Arrhenius temperature dependence yielding the values of
(E"y and ¢/1ip,

The values of T;" and g all the temperatures are shown in Figure 7C, while the details of the
fits can be found in Figure S3. The resulting values of (E/) and ¢/!? are shown in Figure
7D. The value of (E/"") in the pS8-cross fibrils is in between the values for the wild-type and
the pS8 fibrils, while it is more similar to the PTM itself for the AE3-cross fibrils. The value
of /i in the pS8-cross sample tends to be somewhat smaller than the o'liP in either the wt
or pS8 fibrils (although similar within the margins of errors). For the AE fibrils the value
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of ofliP is significantly smaller compared with the wt fibrils, and this tendency is at least
partially retained in the cross seeded fibrils. The results regarding ( E/") are also included in
the color-coded diagram of Figure 6.

Investigation of the disordered N-terminal domain motions at G9 and V12 sites.

In addition to local motional modes, residues in the disordered N-terminal domain of the
fibrils have been show to undergo large scale rearrangements according to the two state
model described in the Introduction section and illustrated in Figure 2E.18 The G9 site has
proven to be most sensitive to changes in the dynamics among various PTM’s variants and
mutans,! perhaps due to the fact that the large-scale rearrangement start to freeze out at

this site and further along the N-terminal sequence at the physiological temperature. The
structure of the wild-type fibrils has been reported starting from the residue G9 as well.
Additionally, G9 and V12 sites have shown significant structural modulations in the AE3 and
pyro-E3 fibrils and their corresponding cross-seeded versions based on 2D solid-state 13C
NMR chemical shifts.”

The two-state motional model of Figure 2E is parametrized by a) the fraction of the
bound state p,...., b) the effective diffusion coefficient D for the free state, which yields

a phenomenological description of the large-scale rearrangement under the approximation
of isotropic diffusion, and c) conformational exchange rate constant between the free and
bound state, k.. The value of p,.., is obtained by line shape decomposition, while Dand
k.. are obtained in the most precise fashion by the relaxation dispersion technique. For
G9, the most sensitive technique turned out to be the time domain quadrupolar-CPMG
experiment.#4-4> For the V12 residue, the fraction of the free state is very minor and we
restrict ourselves to determination of Dand k., only for the most sensitive G9 site.

I. determination of p, ., and freezing curves—The line shape decomposition
(Figure 4(E-H) and Figure S4) for the V12 sites consists of separating the narrow Lorentzian
fraction (free state) and non-Lorentzian fraction (bound state).18 For G9 the situation is
more complex as the non-Lorentzian fraction itself has to be further decomposed into the
rigid-like pattern (corresponding to the quadrupolar coupling constant of Co= 175 kHz and
the asymmetry parameter 7 =0) and the residual component to obtain the fraction of the
bound state corresponding to the rigid component. The residual component could stem from
deviations from the isotropic diffusion model.18 The results are summarized in the p,..,
panel of Figure 8.

At 310 K for the G9 site of AE3-cross, the value of p,., (0.28) is the same as for the AE3
fibrils (0.26) and different from the wt fibrils (0.36). For pS8-cross fibrils at the G9 site,

we observe another example of amplification of differences between the wt and PTM in

the corresponding cross-seeded fibrils: the value of p,,., in the pS8-cross fibrils (0.63) is
significantly higher than that of the pS8 PTM (0.42), which is itself higher than the wt value
(0.36). For the V12 site, the values of p,,.., appear the same within the margins of error for
all variants and are in the high range of 0.8 to 0.93. Thus, at this site in which the bound
state dominates we no longer observe variability among the variants.
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As the temperature is lowered, the fraction of the bound state increases as expected due

to freezing of the large-scale motions of the domain (Figure 4 A-D). p,... follows the
characteristic sigmoidal shape (Figure 9), which can be fitted to Eq. (2),18 yielding the
midpoint of the freezing curves T,, and the width of the transition &, summarized in Figure 8.
The higher and lower temperature baselines are a and 5. The higher value of T,, signifies that
the onset of the freezing of the diffusion motions starts at a higher temperature upon sample
cooling.

b—a

#T,,,) )

pbaund =a +
1+ exp( >

For the pS8-cross fibrils at 310 K the fraction of the bound state is already at 0.63, thus the
freezing curve cannot be parametrized accurately. For AE3-cross fibrils, the value of T,, (285
K) is similar to that of the wt fibrils, while the value of 6=2.4 K points to a significantly
sharper sigmoidal behavior compared to both the wt (¢=6.2 K) and AE3 (¢ =8.3 K) fibrils.
Thus, while the melting temperature itself is not conserved in the AE3-cross fibrils, the
sharpness of the curve is enhanced from wt to AE3 to AE3-cross fibrils.

Il. Determination of D and k., in G9 residue by 2H Q-CPMG measurements.—
We have previously determined that for the G9 site in the wild-type, AE3 and pS8 fibrils 2H
Q-CPMG time domain method provides the best assessment of the conformational exchange
process within the two site exchange model of Figure 2E.11: 20 This model assumes that

the there is a single free state which is in the slow exchange with one bound state. The
conformational exchange constant was previously determined to be in the range of 2-4.10%
s~1. The combination of 2H chemical exchange saturation transfer, rotating frame relaxation,
and 2H Q-CPMG measurements at several N-terminal domain sites in the wild-type fibrils
has shown that the model is a simplification, as there are additional free states which

are exchanging with the bound state on different time scales. The major additional state
exchanges with an order of magnitude faster rate constant and a different (much faster)
diffusion coefficient.19 44 However, for the G9 site, for which the fraction of the bound state
is significantly higher compared to the more flexible A2-H6 residues, the assumption of the
two state model renders a robust qualitative picture of the dynamics without the need of
extra parametrization.

The multiple-echo time-domain acquisition scheme yields the refocused echoes pattern,
whose intensity is diminished due to the transverse relaxation (7>) originating from motions
(Figure 10). By varying the time between the echoes (zqocpme) One obtains characteristic
dispersion profiles (Figure 10B), i.e. T as a function of zgcpme, Which can be fitted to the
model such as Figure 2E to obtain motional parameters. The experimental values of zgcpmc
were governed by the time scales of motions, with the sensitivity range optimized in prior
work 18

The fitting parameters are the diffusion coefficient of the free state D, the conformational
exchange rate constant k., and p,,.... In practice, we found that fixing the value of p,,,., from
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that obtained on the basis of the line-shape analysis simplifies the search grid for Dand k.,
without compromising the accuracy of the results.

A practical limitation of the Q-CPMG approach is that for wide powder patterns, such

as the bound state of G9 with the quadrupolar tensor coupling constant of 175 kHz, the
probe ringing effects can be significant. This can be observed in the flat profiles of the
individual echoes in Figure 10A, as opposed to the ideal sinc function, indicating that the
wider components of the powder pattern are cut-off. Thus, for the pS8-cross sample with the
large value of p,,.. we could not obtain accurate results.

We thus limited our measurements to the AE3-cross fibrils and compared them with the prior
data on the wt and AE3 fibrils. The resulting values of Dand k., are shown in Figure 10. As
can be seen from the dispersion profiles themselves (Figure 10B), the behavior displayed by
the AE3-cross fibrils is identical to the AE3 fibrils, with the value of D = 3 -10° rad?/s and
the value of k., of 4.5 -10% s~1,11 which is about a factor of two higher than the value of k., in
the wt fibrils. The value of Dis the same in all three types of fibrils. Thus, the parameters of
the two-state model are identical between the AE3 and AE3-cross fibrils and are somewhat
different than those for the wt fibrils.

Conclusions

Based on the detailed 2H solid-state NMR and modeling analysis of selected N-terminal
and hydrophobic core residues in the AE3 and pS8 cross-seeded fibrils, we conclude that
cross-seeding the wild-type AP1-40 peptide with these PTM seeds leads to fibrils that
appear to conserve or even enhance many dynamical features characteristic of the original
post-translationally modified fibrils. This is especially apparent for the activation energies
of rotameric motions of the hydrophobic core methyl groups and the N-terminal domain
large-scale rearrangements that include conformational exchange between the domains,

as probed at the critical G9 site. Other features show more variability in terms of their
propagation into the cross-seeded fibrils, such as the energy differences of the rotameric
states, with some sites displaying parameters not similar to either the self-seeded wt or the
PTM fibrils. Combined with prior structural and functional studies of the PTM and cross-
seeded fibrils described in the Introduction, it is clear that cross-seeding of the wild-type
AP can lead to structural, dynamics, and functional features that are very different from
the self-seeded fibrils and can cause the resulting modified structural landscape to become
more prone to aggregation. It is possible that the conformational selection mechanism*6-47
might be in place for these cross-seeding events in both /n vivo and /n vitro situations.

The role of specific interactions in amyloid growth and propagation has been recently
highlighted in computational and experimental works.#8-50 Thus, when PTM’s are present
even in relatively small amounts, they can impose their functionality on the wild-type Ap
peptides and it is important to include the whole subset of the wild-type, post-translationally
modified, and cross-seeded fibrils into the analysis of structure-function relation. Our results
can be useful in clarifying major factors acting in the cross-seeding mechanism of various
amyloids.
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Figure 1.
Demonstration of cross-seeding processes between the PTM fibrils (either the AE3

truncation or Ser-8 phosphorylation) and the wild-type Ap1.49, With the seeds utilized in
1:10 molar ratio. Also shown are typical images of the wild-type AB1.49 fibrils in the 2-fold
symmetric polymorph, PTM fibrils, and of the resulting cross-seeded fibrils. The quaternary
structures of the 2-fold wt AB1.49 (PDB ID 2LMN)23: 37 and pS8 fibrils (PDB 1D 60C9)°?
are shown next to the TEM images. The middle row demonstrates the ribbon diagram of

the monomeric Ap fibrils with the side-chain probed in this work explicitly labeled. The
middle row demonstrates the flexible disordered N-terminal domain (residues 1-16), shown
as a sphere and the structured hydrophobic core (shown as a blue rectangle), with the sites of
the two PTM indicated by the orange dots.

J Phys Chem B. Author manuscript; available in PMC 2024 April 06.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Rodgers et al.

Page 19
A L17,L34

N l&\ c“s Xa CH
/\Cﬂz wo =

¢ c’o.

H "H

(]

four symmetrical rotamers

B V12, V36 three rotamers

H £,

B & T IVu T“
N Sl B gl
I~ ,:'\ €D;_ " ™~_CDs Bilger™ s LSS

o5 5 >
o Gl 7 o7 e e e e
B HN “co HNT J( "co HN + “co

c

HP CD; CDs

four symmetrical rotamers

Wi I

lgfq\g:
e

N-terminal

free, D bound

Figure 2.
Motional models!8: 24: 33 for local motional modes of A) L17, L34: rotameric jumps around

the 1 and y» 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)
V12 and V36: rotameric jumps around the y1 angle are represented by three conformers,
g”, t and g~. C) M35: rotameric jumps (involving, in reality, all three y1, y», and y3
angles) are approximated by four artificial symmetrical conformers with the tetrahedral
geometry. D) F19: aromatic ring-flips and small-angle fluctuations around the y 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
C5—D bonds. The large-angle aromatic flips occur between sites 1-3 and 1-4 with an
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equal probability; this also holds for the 2—-3 and 2—4 pairs. The small-angle jumps with the
amplitude a=5° occur between sites 1-2 and 3-4. E) Schematic representation of the model
of concerted fluctuations of the N-terminal domain residues G9 and V12: the disordered
N-terminal domain (curved line) transiently interacts with the structured C-terminal domain
(blue rectangle). In the free state, the N-terminal domain is assumed to undergo isotropic
diffusion, as represented by the gray sphere, while in the bound state, the interactions
quench this mode. The parameters of the models are shown as the corresponding symbols.
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Figure 3.
Representative 2H solid-state NMR line shapes at the temperature close to the physiological

for different sites of the AE3-cross and pS8-cross fibrils. The line shapes were recorded at
9.4 T using the quadrupolar echo pulse sequence.
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Figure 4.

G9 AE3-cross
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A-D) Representative experimental 2H solid-state NMR line shapes at different temperatures
normalized to major singularities of the powder patterns. E-F) Examples of 2H NMR
spectra line shape analysis. Fit of the normalized experimental spectra (black) to the
rotameric exchange model (red) with four rotamers in w:1:1:1 populations ratio for the

L34 site (E) and three rotamers in w:1:1 populations ratio for the V36 site (F). Line shape
decomposition of normalized experimental spectra (black) at the G9 (G) and V12 (H) sites,
via decomposition into the non-Lorentz contribution (blue for V12, blue overlapping with
yellow for G9) and the rigid compound (yellow) for the case of G9. The types of sites and
fibrils are shown directly on the panels.
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Figureb5.

A) Activation energies of the rotameric inter-conversions E,, with the low range expansion
shown in the bottom panel. B) Energy differences between the major and minor rotameric
states DeltaE for different types of fibrils and different types of sites. The bottom panel
shows the low range expansion of E, values. Examples of modeled parameters’ fits
demonstrated for the AE3-cross fibrils for the side-chains of M35 (blue circles) and L34
(black circles): rotameric exchange rates, k., vs 1000/ 7 (C) and wvs 1000/ 7 (D), on semilog
scales. The lines represent linear fits to the data.
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Figure 6.
Schematic diagram indicating comparisons of E, and DeltaE values between the wild-type,

PTM, and the cross-seeded fibrils. The side-chains, shown on the ribbon diagram of the
monomer (PDB ID 2LMN), are color-coded according to their relative values of E, (upper
row) and DeltaE (bottom row). The values of (E/"") for F19 ring-flipping motion is also
included in the upper panel. The color coding is shown directly on the figure.
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Figure 7.
2H static NMR longitudinal relaxation measurement data for the F19-ring-D5 sites,

collected at 9.4 T. A) An example of spectrum collected with the multiple-echo acquisition
scheme,28-29 shown for AE3-cross fibrils at 293 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) for the AE3 fibrils at 293 K, resulting from the saturation
recovery measurements. The lines represent the fits to the stretched exponential function

of Eq.(1). C) 77" and g versus 1000/ 7 for the AE3-cross (black circles) and pS8-cross (red
circles) fibrils at the +16 kHz and +64 kHz spikelets. D) Fitted parameters of the (E/") (left)
and /1P (right) for different types of fibrils at the F19-ring-Ds sites.
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Figure 8.
Summary of the modeled parameters, as indicated on the y-axis of each plot for different

types of fibrils. For the V12 sites only p,,... at 310 K is shown. For the G9 sites the following
parameters are shown: p,,... at 310 K, T, D. k., o, excluding pS8-cross residue for which
only p,..« at 310 K was determined.
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Figure.

Freezing curves corresponding to plots of p,,... vs 7, for the wt (red circles), AE(blue
circles), and AE3-cross (green circles) fibrils. The lines correspond to the fits to Eq. (2).
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Figure 10.

A) Examples of the multiple-echo (2H Q-CPMG) time domain data for the AE3-cross fibrils
at the G9 site, with the values of zocpmc (the time between the echoes) shown directly on
the panels. Intensities in arbitrary units are plotted as a function of time. B) T, times versus
zocpmc for the GO site in the three types of fibrils wt (red circles), AE3 (blue circles),

and AE3-cross (green circles). The data for the latter fibrils were taken at 9.4 T at 310 K,
while the prior results!: 20 on the AE3 and wt fibrils were collected at 14.1 T at the same
temperature.
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Table 1.

2H labeling patterns and main motional modes present in residues used in this work.

Residues | Most important dynamics 2H labeling pattern
mode

G9 Overall diffusive motion of the N-terminal domain C*-D,

V12 Overall diffusive motion of the N-terminal domain, rotameric interconversions | CB-D,-CY-Dg

L17,L34 | Rotameric interconversions C%Ds

M35 Rotameric interconversions, smaller-angle methyl axis motions Ce-Dg

V36 Rotameric interconversions CP-D,-Cy-D3

F19 Ring-flipping motions Ring-Ds
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Table 2.

Definitions of the modeled parameters.

Page 30

Parameter | Definition

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

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

E, Activation energy of rotameric exchange, k,,, = koe™ E./ RT

AE Energy difference between the major and minor rotameric states used in the Boltzmann relation, w = eb / R=AE/RT

_—— 5 Fitting parameters of magnetization dﬂecay curves according to the stretched exponential function:
FEET M) = Moyt — =@/ T

K iy Flip (exchange) rate between the two orientations of phenylalanine ring (i.e., r -flip)

ok Width of the log-normal distribution of ring-flip rate constants

(E;,ﬂ’"’) Average activation energy for w-flips of a phenylalanine ring

c/flip Standard deviation of the Gaussian distribution of activation energy for w-flips of a phenylalanine ring

DPoound Fraction of the bound state of N-terminal domain residues

D Effective diffusion coefficient for the fluctuations of free state of the N-terminal domain

key Conformational exchange rate constant between free and bound stat of the N-terminal domain

Tm Mid-point of the freezing curve

[ Characteristic width of the transition region of the freezing curves
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