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Rigidifying of the internal dynamics
of amyloid-beta fibrils generated
in the presence of synaptic plasma vesiclesy

Liliya Vugmeyster, (2 *® Dan Fai Au,? Bailey Frazier,” Wei Qiang® and
Dmitry Ostrovsky®

We investigated the changes in internal flexibility of amyloid-B;_40 (AB) fibrils grown in the presence of
rat synaptic plasma vesicles. The fibrils are produced using a modified seeded growth protocol, in which
the AP concentration is progressively increased at the expense of the decreased lipid to protein ratio.
The morphologies of each generation are carefully assessed at several fibrils’ growth time points using
transmission electron microscopy. The side-chain dynamics in the fibrils is investigated using deuterium
solid-state NMR measurements, with techniques spanning line shapes analysis and several NMR
relaxation rates measurements. The dynamics is probed in the site-specific fashion in the hydrophobic
C-terminal domain and the disordered N-terminal domain. An overall strong rigidifying effect is
observed in comparison with the wild-type fibrils generated in the absence of the membranes. In
particular, the overall large-scale fluctuations of the N-terminal domain are significantly reduced, and
the activation energies of rotameric inter-conversion in methyl-bearing side-chains of the core (L17,
L34, M35, V36), as well as the ring-flipping motions of F19 are increased, indicating a restricted core
environment. Membrane-induced flexibility changes in AP aggregates can be important for the
re-alignment of protein aggregates within the membrane, which in turn would act as a disruption

rsc.li/pccp pathway of the bilayers’ integrity.

Introduction

Amyloid-B (AB) species are implicated in the membrane disrup-
tion of neuronal cells, thereby causing cytotoxicity and contri-
buting to the pathology of Alzheimer’s disease.'™® AP peptides
likely interfere with glutamatergic neurotransmission at pre-
and post-synaptic levels.'®"" Many works have investigated
possible pathways of membrane disruptions and structural
features of amyloid fibrils and oligomers interacting with the
membrane.">* 718 Legleiter et al. found that while lipid
composition clearly affected the resulting morphologies of
the fibril aggregates, all of the studied aggregates disrupted
total brain lipid extract bilayers altering the bilayer’s morpho-
logical and mechanical properties in a similar fashion." Site-
specific studies of structural and dynamics changes of AP at the
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membrane remain to be challenging due to the complexity of
kinetics of AB-membrane interactions.?® Niu et al'**° have
demonstrated that the structure of AB;_4, fibrils in the presence
of lipid vesicles differs significantly in comparison to the
structure in the absence of the lipids. The differences were
attributed at least in part to the templating effect of anionic
phospholipids in the nucleation process of the AP fibrils.
Additional studies®® demonstrated that several key hydro-
phobic core contacts and features of the B-sheet conformation
form early in the nucleation stage. In general, the effects appear
to be highly complex and dependent on lipid composition of
the membranes.*

AP aggregates must induce changes in the structure and
dynamics of the cell membrane to exert their cytotoxic effect by
correlated rearrangements of the membrane structure and AB
conformation.>” The internal flexibility of the AB species could
be crucial for effective interaction with the membrane, yet its
effects have been relatively understudied. In isolation from the
membrane environment, AP is known to have a structured,?
but still considerably mobile,** hydrophobic core and the
disordered N-terminal domain® >’ (Fig. 1). Our goal is to assess
what changes biological membranes may impose on the inter-
nal dynamics of the AB;_4o oligomers and fibrils. As the first
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Fig. 1 (A) A schematic representation of the monomeric unit of the fibrils based on the 2-fold symmetric structure (PDB ID 2LMN). The disordered
N-terminal subdomain spans residues 1-16 (blue ribbon), with the residues 1-8 shown schematically by a dotted line due to their absence in the
structural coordinates. The structured C-terminal domain (residues 17-40) is shown in black ribbon. The side-chains probed in this work are labeled in
red for the N-terminal domain residues and in black for the C-terminal domain residues. (B) The structures of the methyl-bearing side chains, showing
explicitly the deuteration patterns of the methyl groups in red, as well as the side-chain dihedral angles. The bottom panel displays the corresponding
motional models of rotameric interconversions: (C) rotameric inter-conversion model in valine side chains, indicating the three possible positions of the
x1 dihedral angle. (D) The motional model involving rotameric jumps between four magnetically inequivalent positions of the S—C* axis, under the
assumption of the ideal tetrahedral geometry in all 27 methionine rotamers. Note that the identical motional model is used for the rotameric inter-
conversions in leucine, in this case corresponding to the jumps between four magnetically inequivalent conformers of the CY—C? axis out of total nine
conformers 236 (E) The phenylalanine side-chain with the deuteron labeling pattern marked in orange and the motional model for the fluctuations
around the ¥ dihedral angle. The diagram displays sites’ connectivities according to the four-site exchange model, illustrated for one of the C3~D bonds.
The large-angle 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 o occur between sites 1-2 and 3-4. (F) A schematic representation of the model of concerted fluctuations of the N-terminal domain for
residues A2, F4, 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 large-scale reorientations, as represented by the gray sphere, while in the bound state,
the interactions with the hydrophobic core quench this mode.?® The parameters of the models are shown with the corresponding symbols.
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step in this direction, our approach consists of producing
fibrils using the seeded growth protocols, in which the parent
generation is grown in the presence of the synaptic membrane
vesicles, while the subsequent generations do not have any
additional vesicles added.

To this end we utilize liposomes extracted from synaptic
plasma vesicles of adult rats.”® Neuronal plasma membrane
is highly relevant for studies of pathological aggregation
pathways of AB. The characterization of these membranes,
including chemical composition, their effects on fibrils
growth kinetics, and several structural features of the result-
ing fibrils was carried out previously.">>"*® In addition, the
fibrils’ lower stability (against GdnHCI) and higher cytotoxi-
city in neuroblastoma N2a cells, as compared to fibrils grown
in aqueous buffers, was observed.’® Prior dynamics nuclear
polarization solid-state NMR studies by Deo et al.>' enabled
BC chemical shift characterization for the AB;_,, species
generated in the presence of the same synaptic vesicles used
in this study. These works demonstrated the retainment of the
B-sheet features and some of the hydrophobic contacts in the
early nucleation stages, such as the critical F19/L34 contact
found in many AB;_4, structures."® Kenyaga et al.'> observed
additional contacts between pairs of residues for fibrils grown
in the presence of these synaptic vesicles in comparison to the
fibrils grown in isolation from the membranes. They also
found restriction of lipid diffusive motions, demonstrating
complex structural effects imposed by the interaction with the
lipids.

While it is not clear a priori whether the fibrils produced
using the seeded growth protocol can retain any features of
the original membrane-fibril interactions, we show using
deuterium solid-state NMR techniques, that the resulting
fibrils have very different internal dynamics at the side-
chain sites in comparison with the dynamics observed in the
absence of the membranes. In particular, they impose a
rigidifying effect on both the structured hydrophobic core of
the fibrils and, especially, the flexible disordered N-terminal
domain (Fig. 1).

Deuterium solid-state NMR is known for its sensitivity to
motions: deuterium is a spin-1 nucleus with the quadrupolar
interaction dominating NMR relaxation.?*> The quadrupolar
coupling constant is on the order of 160-200 kHz, which is one
to two orders of magnitude larger than dipolar and chemical
shift anisotropy interaction constants defining the NMR pro-
perties of spin 1/2 nuclei in biomolecules.*'*> We consider a
variety of motional modes, such as rotameric inter-conversions
of methyl-bearing side chains of V12, L17, L34, M35, and V36
(Fig. 1(B)-(D)), ring-flipping motions of F19 located in the
hydrophobic core (Fig. 1(E)), and the overall large-scale motions
of the N-terminal domain as probed at A2, F4, G9, and V12 sties
(Fig. 1(F)). We employ selective deuteration of Ap peptides to
achieve site-specific resolution for these studies. We comple-
ment flexibility studies with detailed transmission electron
microscopy (TEM) imaging characterizations of the fibrils at
the various stages of the seeded growth protocol to assess the
resulting morphologies.

5468 | Phys. Chem. Chem. Phys., 2024, 26, 5466-5478

View Article Online

Paper

Results and discussion

Characterization of fibrils from the seeded growth protocol
with TEM and other biophysical approaches

Ideally, to approximate native protein-lipid interactions, it
would be desirable to sustain lipids to protein molar ratio on
the order of at least 20 to 100.*® However, from the practical
perspective of preparing NMR samples, these ratio would yield
very low protein content which would preclude the detailed
studies of dynamics. Thus, we need to devise a sample pre-
paration strategy which retains major features of original
protein-lipid interactions while scaling down the lipid content
and increasing the protein content.

To this end, several successful seeded growth protocols have
been developed that have been shown to retain fibrillar struc-
tures and morphologies.*>*® In our case we start the seeding
protocols with the lipid to protein ratio of 20 (referred to as the
“parent generation”) and produce two subsequent generations
in which the ratio is decreased progressively by a factor of 10,
resulting in the final generation with the 0.2 : 1 lipids to protein
ratio with AB;_4o concentration of 50 uM. Before proceeding to
NMR analysis, we need to identify optimal fibril growth condi-
tions with these incorporations of the membranes and demon-
strate the resulting morphology of the fibrils. This was achieved
with the use of negatively stained TEM imaging (Fig. 2), in
which for each generation we captured images at different time
points of growth by flash-freezing aliquots in liquid nitrogen.

First, the suspension of synaptic vesicles liposomes in the
absence of the AP peptide was imaged. The suspension was
prepared by previously developed methods, described in Cheng
et al.®® and elaborated in SI1. The vesicles originated from
hippocampus brain tissue of male adult rats. The majority of
the imaged vehicles range in diameter between 50 to 300 nm.
The dynamics light scattering measurements (Fig. S1, ESIY)
indicate an average size of about 300 nm, with the bulk of
intensity between about 180 to 490 nm diameters.

After two days of incubation of the parent generation, one
can observe significant changes in the vesicles’ appearance,
suggestive of interactions of the vesicles with the A peptide
and possible formation of oligomers. Longer incubation times
up to 7 days did not lead to any consistent detection of fibrillar
species, possibly due to the low concentration of AB of 10 uM,
for which the bulk of the vesicles dominates the images. The
first generation was produced with the total concentration of
AP of 25 uM and the seeds of the parent generation applied in
the 1:10 (seeds to fresh peptide) molar ratio. It displays a
distinct progression from heterogeneous interactions with
vesicles at 2 days, to formation of protofibrils at 8 days, to
formation of the fibrils at two weeks. The 2nd generation had
the AP concentration of 50 uM and the 1:10 molar ratio of
seeds to fresh peptide, in which the seeds corresponded the
fibrils grown in 1st generation. The TEM images of this gen-
eration indicate protofibrils and longer fibrils at two days, and
a structured network of fibrils at 8 days. The dimensions and
morphologies of the resulting fibrils are very similar to the
“twisted” morphology found for the wild-type AB;_4, fibrils.*>*!

This journal is © the Owner Societies 2024


https://doi.org/10.1039/d3cp04824a

Published on 22 January 2024. Downloaded on 5/22/2026 12:03:28 PM.

Paper

pure vesicles

2 days

1st generation

2 days

2nd generation

2 days

View Article Online

PCCP

parent generation

100 nm

100 nm

2 weeks

8 days

Fig. 2 TEM images of the pure liposomes, the parent generation of AB;_40 with the 20 :1 lipids to protein molar ratio after 2 days of incubation, and the
1st and 2nd generation of AB;_40 with the seeded growth protocol outlined in the text, with the different incubation times shown directly on the panels.

The analysis of these images guided the design of our prepara-
tion protocols for fibrils employed in the NMR analysis.
Additionally, we have performed a qualitative assessment of
aggregation kinetics using the thioflavin T fluorescence (ThT)
assays (Fig. S2, ESIf).*? In particular, we focused on the
comparison of the lag phase times, i.e., the plateau region
before one observes a significant change in the ThT intensity.
The lag phase was shown previously to be considerably expanded
by the presence of the synaptic vesicles membranes,">** and we
examined whether this feature is retained in the 1st and 2nd
generation of the seeded fibrils. Indeed, the comparison demon-
strates the approximate lag phases of 15 hours in the control
non-seeded AP;_4, solution without the presence of the lipo-
somes, 33-35 hours for the parent generation, 29-33 hours for
the first generation, and 25-29 hours for the 2nd generation.

This journal is © the Owner Societies 2024

Note that for the consistency of data interpretation the concen-
tration of AP was kept the same in all generations here and
corresponded to 25 puM. This qualitative comparison thus
indicates that some features of the vesicles-induced growth
kinetics persists into the 2nd generation of the fibrils. While
the ThT assays are sensitive to the transition from monomer to a
mixture of oligomers of different sizes,** the TEM results suggest
that the elongation process leading to the mature fibrils is also
much delayed compared to the seeded growth of the wild-type
AB;_40. The elongation times in the absence of lipids are reported
as short as 24 hours for the quiescent growth protocol.>*** We
performed a control using self-seeded AB;_4 in the absence of
lipids using the seeds corresponding to the twisted 3-fold poly-
morph fibrils, and at otherwise identical conditions (50 pM
and at room temperature) to those used in the preparation of
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lipids-containing seeds. TEM imaging of resulting aggregates
indicated that the twisted morphology forms within 40-48 hours
of incubation. This growth time can be qualitatively compared to
the 8 days for the 2nd generation in the lipid-containing
preparations, suggesting a significant delay in the formation of
the mature fibrils caused by the presence of the lipids in the
seeds themselves. No additional lipids were added to the 1st or
2nd generations.

Deuterium solid-state NMR analysis signifies reduced internal
flexibility in the fibrils grown in the presence of synaptic
vesicles

The 2nd generation of fibrils, grown as outlined above, under-
gone detailed *H solid-state NMR analysis, for which the
peptides were selectively labeled at one of the residues shown
in Fig. 1(A). The labeling patterns are shown in Table 1, along
with the experiments used to probe each residue and their most
important dynamics mode. The sites were chosen with two
objectives in mind: their strategic location along the sequence
(several residues dispersed throughout the disordered domain,
hydrophobic core residues including methyl and aromatic side-
chains pointing toward the core, and the key M35 side-chain
defining the interface between the subunits) and the ease of
incorporation of specific labels with the solid-state peptide
synthesis.*> The combination of specific site-labeling and static
deuterium solid-state NMR permits for detailed studies of
dynamics. In principle, it is possible to conduct similar side-
chain dynamics measurements on a fully labeled protein using
polarization transfer schemes and magic-angle-spinning (MAS)
methods.?*?*>*¢ However, it would be difficult to achieve
the needed resolution for these non-crystalline fibrils, while
maintaining the MAS rate low enough to capture the details of
the line shapes and avoiding the reduction of the effective
quadrupolar coupling constant (Cy) below the sensitivity of
*H R,, measurements.”” This consideration would be especially
critical for the sites which already display lower effective Cgq
values due to motional averaging.

The discussion focuses on the comparison of these various
motional modes in the two subdomains in the 2nd generation
of AP fibrils grown in the presence of vesicles, denoted by
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“mem” and the fibrils produced previously in the absence of
the membranes, denoted by ‘“wt”.

I. Global motions in the disordered N-terminal domain

In the wt fibrils the disordered N-terminal domain was
found to undergo extensive large-scale rearrangements,”
which could be modeled by diffusive motions. As the simplest
approximation we use the isotropic diffusion model, suggest-
ing isotropic reorientations. The extent of the large-scale
diffusive rearrangement decreases along the sequence, from
the N-terminal to the C-terminal end, such as the large-scale
motions are almost entirely quenched at residue Vi2.
In addition, the domain undergoes conformation exchange
between the free state, in which the large-scale motions are
active, and the bound state, in which these motions are
quenched, presumably due to interactions with the structured
fibrils’ core.”>*® The parameters of this model (Fig. 1(F)) are
the fraction of the bound state ppounda, the diffusion coefficient
D, and the conformational exchange rate constant k.. The
same model was applied to the mem fibrils. In particular,
the values of ppouna can be obtained from the line shape
experiments, in which the bound state corresponds to the
wide component, and the free state corresponds the narrow
spectral component (Fig. 3). The large-scale rearrangements
cause significant line narrowing of the free state component.
While the value of D can be obtained from the line shapes of
the free state fraction,>® we have found that >H NMR rotating
frame relaxation measurements are more accurate in the
presence of the conformational exchange.*®

By comparing the line shapes at 35-37 °C for the N-terminal
sites (Fig. 3), it is immediately apparent that the wide spectral
component is significantly more pronounced in the mem fibrils
than in the wt fibrils for the A2, F4, and G9 sites. Indeed, the
line shape decomposition (Fig. S3, ESIt), performed according
to previously developed procedures (SI2),>>*° shows the
increase of pyouna for the three residues (Fig. 4(A)), indicating
that the large scale rearrangement are quenched by a larger
extent is the mem fibrils. For the A2-CPD, site we also per-
formed the dependence of the line shapes on the values of the
echo delay in the quadrupolar echo sequence to examine how it
affects the resulting value of pyouna (Fig. S4, ESIT). The varia-
tions are under 5%, which is within the reported error bars.

Table 1 2H labeling patterns. NMR experiments employed, and main motional modes present in residues used in this work

Residue  Labeling pattern ’H static sSNMR experiments

Most important dynamics modes

N terminal domain

A2 -CPD, Lineshapes, Ty, on- and
off-resonance

F4 -PCH,-ring-D; Lineshapes

G9 -*CD, Lineshapes, T; with QCPMG

V12 -PCD,-("CD;), Lineshapes

Overall diffusive motion of the N-terminal domain and

exchange with core, methyl three-site jumps

Overall diffusive motion of the N-terminal domain and exchange with core
Overall diffusive motion of the N-terminal domain and exchange with core
Overall diffusive motion of the N-terminal domain

and rotameric interconversions

C-terminal domain

F19 -PCH,ring-D; T, with QCPMG

L17,134 -C'D; (50% labeling Lineshapes
for each methyl group)

M35 -C°Ds

V36 -PCD,-(YCD;),

5470 | Phys. Chem. Chem. Phys., 2024, 26, 5466-5478
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Fig. 3 2H static solid-state NMR line shapes for the N-terminal domain
The arrows indicate the narrow fraction corresponding to the free state and
the model of Fig. 1(F).
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Fig. 4 Fractions of the bound state in the mem (red circles) and wt (black
circles) fibrils obtained from the line shape decomposition, shown for (A)

the N-terminal residues, collected at 308-310 K and (B) for the A2 residues
as a function of temperature.

For the most flexible A2 residue we also compared the
freezing of the ppouna With temperature: at 270 K the free state
is almost entirely frozen in the mem fibrils. This is not the case
the wt fibrils, for which at 270 K the value of ppouna is at 0.21
(Fig. 4(B)).

We have recently developed on and off-resonance *H Ty,
measurements®>*®°%*! which can be useful in the determina-
tion of the conformational exchange rate constant between the

This journal is © the Owner Societies 2024

residues of the mem APB;_40 fibrils (red) and wt fibrils (black) at 308-310 K.
the wide fraction corresponding to the bound state of the fibrils, according to

free and the bound states, k... The entire relaxation dispersion
curve is fitted to obtain the joint fit of k., and D. We applied the
method to the mem fibrils labeled at the most flexible A2
residue. In these measurements, we have used the spin-lock

field with the RF strength of 0;—1:: = 15 kHz. The relaxation

decay curves (Fig. 5(A)) were obtained for the values of reso-
nance offsets ranging from 0 to 65 kHz. The resulting relaxation
dispersion curves are shown in Fig. 5(B), which demonstrate
plots of the relaxation times (*H T;,) as a function of the
effective field in the tilted frame,”* the latter given by
Werr = \/ wrE? + 2, where Q is the off-resonance term. The
best-fit of these experimental data to the motional model of
Fig. 1(F) is obtained for the following values of the parameters:
DPbound = 0.3, D=5.9 x 10°rad® s, kex =1 x 10*-2 x 10* s, as
compared to the value of ppoung = 0.08, D = 3.5 x 10° rad® s %,
ke = 3 x 10* s for the wt fibrils, signifying a more rigid
behavior with less pronounced large-scale rearrangements and
slower conformational exchange rate constant. To confirm the
consistency with the line shape simulations, we checked that
inclusion of the conformational exchange explicitly into these
simulations does not change the line shapes compared to the
ones obtained with the non-exchanging combination of the free
and bound fractions (Fig. S5, ESIT).

For the F4 and G9 sites this analysis was not feasible due to a
very significant fraction of the bound state, which would render
complications in data interpretations of the T;, measurements
focused on the narrow spectral component. However, for the G9
site a different approach can be undertaken to probe the
conformational exchange rate constant. In particular, we ana-
lyzed the longitudinal relaxation behavior under the McConnel
model.>® The T; relaxation times values can be determined
separately for the wide (bound state) and narrow (mobile state)
spectral components (Fig. 3 and Fig. S3, ESIf). Under the
assumption that 1/7P0und = (1 — Pvound)kex, L-€., the McConnel
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Fig. 5 2H solid-state NMR rotating frame relaxation measurements for
the A2-CDs site of the mem fibrils, measured at 9.4 T and 310 K under
static conditions and the spin-locking RF field strength of 15 kHz. (A) The
normalized magnetization decay curves, M(t) versus t, for the on-
resonance condition (squares) and the off-resonance example, corres-
ponding to the value of the offset Q = 65 kHz (circles). The lines represent
the fit to the data to the monoexponential function with the baseline. The
negative baseline for the off-resonance case is due to the inversion pulse
prior to the spin-lock period as described in ref. 50 (B) The values of off-
resonance 2H NMR relaxation times Ty, versus the effective field we/2m for
the wt fibrils (black) and mem fibrils (red). The lines represent the best fit to
the model of Fig. 1(F) with the parameters specified in the text.

model, and using ppouna = 0.76, as determined from the line
shape decomposition, one can calculated the value of kex.

To enhance the signal to noise in the difficult-to-detect wide
spectral component of the G9 site, we have employed the
multiple-echo acquisition scheme (QCPMG),>*”* in which the
powder pattern is broken into a series of spikelets (Fig. 6(A)).
The scheme is combined with the T; relaxation time measure-
ments to yield T; values for the individual spikelets (Fig. 6(B)),
thus retaining relaxation anisotropy.®® The T; value for the
bound state is taken as the average for the two spikelet
positions at +48 kHz, and corresponds to 0.18 & 0.02 s .
The resulting value of k., is 23 s~ !, which is three orders of
magnitude smaller than the value of 2 x 10* s~* found for the
wt fibrils,*® for which the value of ppoung is 0.35.

II. Internal motions in the selected structured regions of the
fibrils.

For the residues in the structured hydrophobic core, as well
as the V12 residues located at the end of the N-terminal
domain, we focus on local internal modes, such as rotameric
jumps of methyl bearing side chains and aromatic ring flips.
The temperature dependence of these motions is governed by

5472 | Phys. Chem. Chem. Phys., 2024, 26, 5466-5478
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the underlying activation energies as well as by the different
energies of rotamer states involved in the dynamics. These
quantities report on the fibrils packing.

For methyl-bearing side chains the number of all available
rotamers depends on the number of dihedral angles: one
dihedral angle in valine gives rise to three possible rotamers,
two dihedral angles in leucine to 9 rotamers, and three dihedral
angles in methionine to 27. While the three rotamers of valine
can be modeled explicitly, for leucine and methionine side
chains in the restricted protein environment it is sufficient to
use approximations to account for only several sufficiently
populated rotamers. Under the assumption of the ideal tetra-
hedral sp® bond geometry in leucine and methionine side
chains, the combined effect of rotations about side-chain
dihedral angles leads to only four magnetically inequivalent
conformers which differ in their position of the C'-C° axis
(leucine) or S-C* axis (methionine), demonstrated in Fig. 1(D)
for the case of methionine.?**23%°7°8 Thus, we utilize the
model in which C'~C® axis in leucine and S-C° axis in methio-
nine jumps between four different positions pointing toward
the corners of the tetrahedron (Fig. 1(D)). The C*-C" axis in the
side-chain of valine jumps between three possible positions,
which differ by the 120° angle.

In the asymmetric protein environment not all of the
rotamers are equally populated.®® The simplest assumption is
to invoke a single major conformer with the weigh w, such that
the relative weights of conformers are given by the ratiow:1:1
in valine and w:1:1:1 in leucine or methionine. The rate of
rotameric interconversions (k) is assumed to be the same
between all rotamers for a given side-chain at a given tempera-
ture, again as the simplest assumption. The parameters of the
model are listed in Table 2 in the systematic fashion. The
temperature dependence of k. is taken as Arrhenius k;o(7) =
koexp(—E,/RT), and it yields the activation energy E, of the
rotameric motions. The temperature dependence of w follows a
Boltzmann-type equation, w = e”* AT with the possibility of
a non-zero intercept, yielding the energy difference between the
energy state AE.

Deuterium line shape measurements are sensitive to these
rotameric interconversions, if they fall on the time scale of the
order of the quadrupolar coupling constants. For methyl
groups Cq values are in the 53-58 kHz range, after averaging
over fast methyl rotations.>**®%¢! Examples of line shapes are
shown in Fig. 7(A) and Fig. S4 (ESIt). The line shapes were fitted
to the above models (Fig. 7(B)) to yield the modeled parameters
using fitting routines established in prior works.>**® The
dependence of line shapes on quadrupolar echo delay can serve
as an additional tool in the confirmation of the model and its
parameters.®”®> We performed these measurements for the V36
and M35 methyl sites at the highest temperatures (Fig. S7,
ESIt). The results are in line with the model of rotameric inter-
conversions.

The values E, and AE were fitted from the temperature depen-
dence of k., and w, respectively. Note that for V12 residue this
analysis was conducted after the fraction of the free state, which
is around 10%, with large-scale rearrangements present, was
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Fig. 6 (A) 2H static solid-state NMR spectrum of the G9-C,D, site of the mem fibrils, collected with the QCPMG scheme®® at 308 K and 9.4 T.
The spikelets are separated by 16 kHz intervals, and the +48 kHz positions were taken as representative of the bound state, shown with the arrow.
(B) Corresponding ?H NMR longitudinal relaxation T times for each of the spikelet positions.

Table 2 Definitions of the modeled parameters. Adapted from®®

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

E, Activation energy of rotameric exchange, k.o = koe /%"

AE Energy difference between the major and minor rotameric states used in the Boltzmann relation, w = e?®~AZ/KT
ETP Average activation energy for n-flips of a phenylalanine ring

Pbound 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

obtained in the line shape decomposition (Fig. 3) and subtracted
from the overall shape. This subtraction represents the resulting
line shape of the bound state. The E, values for rotameric inter-
conversions are increased in all residues of mem fibrils (Fig. 8(A)),
with the exception of V12. The result points to tighter side-chain
packing in the structured region and less flexibility in the side-
chain motions of the mem fibrils compared to the wt fibrils. The
values of AE, reflecting the statistical factor of rotameric weights,
are only different within the errors for the L17 side-chain with the
higher value in the mem fibrils, but similar within errors for all
other sites (Fig. 8(B)). Thus, the driving force behind the differ-
ences in rotameric interconversions between mem and wt fibrils
is kinetic in nature stemming from the differences in the activa-
tion energies.

The ring-flipping motions at the F19 site were probed by the
line shape measurements and T; experiments (Fig. 9 and Fig.
S8, S9, ESIt). The line shapes at 305 K are shown in Fig. 9(B).
The motionally unaveraged tensor for phenylalanine ring deu-
terons has the quadrupolar coupling constant C, = 180 kHz and
the asymmetry parameter of zero.””®* Thus, in the absence of
motions the typical powder pattern with the “horns” at around

This journal is © the Owner Societies 2024

+60 kHz is expected. The ring flipping motions on the inter-
mediate time scale, for which the rate constant is on the order
of Cq, modify the powder pattern to yield significant intensity
in the —15 to 15 kHz region. The overlay of the experimental
line shapes for the mem and wt fibrils (Fig. 9(B)) near the
physiological temperature has been normalized to the 60 kHz
singularities, such that the higher intensity in the middle
region of the spectrum indicates larger ring-flipping rates.
The mem fibrils display a pattern of significantly slowed down
ring-flipping motions in comparison to the wt fibrils.

With lowering of the temperature and the corresponding
decrease in the ring-flipping rate constants, the line shape
measurements are expected to be less sensitive to the rate of
the ring-flipping motions, as the line shapes themselves are
expected to approach the rigid limit, in which the rate constant
is much slower than the value of the quadrupolar coupling
constant. The onset of the rigid limit was observed at around
270 K for the wt fibrils.®* However, to assess the temperature
dependence of the dynamics across the entire 310 to 250 K
range we can utilize the 7; relaxation measurements. The
longitudinal relaxation rates have contributions from two

Phys. Chem. Chem. Phys., 2024, 26, 5466-5478 | 5473
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Fig. 7 (A) Examples of *H static solid-state NMR line shape data for the L34-C"Ds site, collected at 9.4 T and at different temperatures, shown directly on
the panels (black lines) and fits according to the rotameric exchange model of Fig. 1(D) (red). (B) The fitted values of populations, w versus 1000/T, and
rotameric exchange rates, ko versus 1000/T, on the semi log scales. The lines represent corresponding linear fits to the data using the Boltzmann and

Arrhenius-type equations.

motional modes: the primary mode in this range is due to the
ring-flipping motions with minor contributions from small
angle fluctuations of the phenyl axis. The latter were deter-
mined for the wt fibrils®* as well as for a globular protein®” and
can be assumed to be the same for the mem fibrils, as they
depend overwhelmingly on the local structures of the side
chains and are independent of the details of the secondary
and tertiary structures. The activation energy range for the ring-
flipping motion, ESP, can be inferred from global analysis of
the relaxation rates across the entire temperature range.*”
We present this technical analysis, performed using a previously
developed workflow, in SI2, and the details of the raw data
acquisition and processing in Fig. S5 and S6 (ESIt). In similarity
to the wt fibrils, there is a distribution of activation energies,
which could be approximated to follow the Gaussian shape. The
model leads to the apparent non-linear fit of In T, versus 1/T.

The fitted mean value for the mem fibrils is EP is 54 +
3 kJ mol ™', which is larger compared with the value for the wt
fibrils of 45 + 3 k] mol ™ *. The widths of the Gaussian distribu-
tion are similar within the precision of the measurements:
6.1 + 0.4 k] mol ™~ for the mem fibrils and 6.8 + 0.4 k] mol™* for
the wt fibrils. The significance of the larger value of ET'P goes
beyond the rigidity of the F19 side-chain itself, as the ring-
flipping motions inside the core require concerted rearrange-
ment of the entire core to occur. Thus, the results at the F19 site
report on the overall rigidification of the core from the more
global angle.

5474 | Phys. Chem. Chem. Phys., 2024, 26, 5466-5478

Discussion and conclusion

The modified seeded growth protocol coupled with TEM and
ThT characterizations enabled a controlled preparation of
ABq_40 fibrils that retained several of the features of the parent
generation, which was prepared at the relatively high lipid to
protein content (20:1) with the lipid source originating from
rat synaptic plasma vesicles. The resulting fibrils demonstrated
a distinct rigidification of the dynamics throughout the two
domains of mem A;_4, fibrils in comparison to the wt fibrils.
In particular. In the N-terminal domain for residues A2, F4, and
G9 we observed larger fractions of the bound state which is
characterized by quenched large-amplitude motions. Addition-
ally, the rate constant for the exchange process between the free
and the bound states was markedly decreased, by orders of
magnitude in the case of G9. In the C-terminal, we observed
increased activation energies of rotameric inter-conversions of
the methyl bearing side chains (residues L17, L34, M35, V36) as
well the elevated value of the average activation energy for the
ring-flipping motions of the F19 site, which points inside the
hydrophobic core in the wt fibrils.

How the overall rigidification arises in the context of the
specific protein-lipid interactions and the potential changes in
the fibrils’ structure is not entirely clear. However, our studies
provide an initial point of refence for the overall conforma-
tional ensemble spanned by the AP fibrils generated in the
presence of synaptic plasma vesicles, and the effects that the
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membranes can have on the AP aggregates’ flexibility. The
charged N-terminal domain, which is disordered in the wt
fibrils, likely interacts with the ionic or acidic phospholipids,
while the effects on the fibrils’ hydrophobic core could also be
partially mediated by the presence of cholesterol. The overall
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packing environment of the resulting fibrils must change
significantly to enable the general restriction of the side-
chain dynamics. Alkyl chain of lipids can also provide an
additional source of restricted environment,*® causing the
decrease in the extent of side-chains motions.

Most interestingly, the changes in the flexibility, likely
induced in the parent generation in the presence of the
relatively high lipid to protein ratio, appear to propagate
through at least two generations used in the preparation of
the NMR samples. Thus, our work sets the stage for follow-up
investigations of inter-related changes in AB conformations and
membrane rearrangements. It would be interesting to include
different types of vehicles in the follow-up studies, which could
span model lipid membranes with selected structural compo-
nents as well as a broader range of synaptic vesicles.

Membrane-induced conformational/mobility changes in
amphipathic AP aggregates can be important for the re-
alignment of protein aggregates within the membrane, which
in turn would act as a disruption pathway of the membrane
integrity.>®® Zanden et al.®” identified two different modes of
membrane-mediated AP toxicity using liquid surface X-ray
scattering and Langmuir trough insertion assays: fibril-
induced reorganization of lipid packing and membrane desta-
bilization caused by non-fibrillar aggregates. The increased
rigidity of the originally disordered N-terminal domain can be
particularly relevant in the re-alignment of fibrillar AR aggre-
gates and subsequent changes in lipid packing. Further
advances in high resolution spectroscopic techniques are
needed to capture the changes not only in the structure but
also in the dynamics at high lipid to protein ratio.

Materials and methods
Preparation of the fibrils

I. 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 peptides were purified

mem

<>
fast flips
-100 0 100
kHz

Fig. 9 (A) ®H static solid state NMR longitudinal relaxation times data for mem fibrils at the F19-ring-Ds site at 9.4 T, collected with the multiple echo
acquisition scheme.*® Longitudinal relaxation times T; versus 1000/T at two spectral spikelet positions, £16 kHz (red) and +64 kHz (blue), obtained from
the fit to the stretched exponential function, as elaborated in SI3. The lines represent the fits to the global model across the full temperature range, which
allows for the determination of the ring-flipping activation energies. (B) 2H NMR line shapes of the wt (black) and mem (red) fibrils at the F19-ring-Ds site,
normalized to the intensities at the £60 kHz spectral positions, collected at 305 K.
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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.

II. Liposomes preparation. The preparation of the liposomes
from the isolated synaptic plasma membranes was described
in Cheng et al.>® In this work the hippocampus region of the
12-month old rats was used, with the chemical composition of
the membranes previously determined.>® The total concen-
tration of lipids was determined from *'P solution NMR to be
644 puM. The protocols for the extraction of lipids and the
determination of concentration closely followed description
of Cheng et al.>® The suspension of the liposomes for seeded
growth protocols was initiated by diluting the stock solution
(described in SI1) by a factor of 1.8 with the 10 mM mono-
sodium phosphate buffer at pH 7.4 and 0.05% w/w NaNj3. The
solution was incubated at 4 °C for 14 hours before employing it
for the imaging studies and the AP generation seeding protocols.

III. The seeded growth protocol. The parent generation of
fibrils was prepared using 20:1 lipid: protein molar ratio at
10 pM AB;_40 concentration in the 10 mM monosodium phos-
phate buffer at pH 7.4, by first dissolving the lyophilized
monomeric AP peptide in 5 mM dimethyl sulfoxide (DMSO).
The first generation was prepared using the parent generation
as seeds in 1:10 molar ratio with the final A concentration of
25 pM. The second generation was prepared using the first
generation as seeds in 1:10 molar ratio with the final AB
concentration of 50 uM. The relative content of lipids in the
second (final) generation is given by the 0.2:1 lipid: protein
molar ratio. We did not employ sonication of the seeds to avoid
potential damage to the membranes. Each generation was
incubated on an orbital shaker with a gentle 40 rpm agitation
at 25 °C. The incubation times of the parent and 1st generation
were 4-6 days, while the incubation time of the 2nd generation
was 7-8 days.

IV. NMR sample preparation. 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 mixing, flash freezing the hydrated
fibrils in the tubes in liquid nitrogen, defrosting, and equili-
brating for at least 48 hours to ensure homogeneous hydration.

Transmission electron microscopy

Samples were negatively stained by using the drop method® 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 Formvar
carbon-coated 300 mesh copper grid for the following incubation
times: 2 min, 10 s, and 1.5 min, respectively. For the parent and
first generations two rounds of sample application were used. For
the final generation, a dilution factor of 2 with Millipore-water was
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required. Each 4 pl droplet was removed by wicking with filter
paper for 5 s. The filter paper was blotted prior to 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 120000 using the FEI Tecnai G2 Spirit Biotwin
microscope operating at 80 kV.

NMR procedures

The experiments were performed using a 9.4 T NMR spectro-
meter equipped with the static Phoenix probe with a 5 mm
diameter coil. Temperature calibration was carried out by
recording the static lead nitrate line shapes.”

The *H static solid-state NMR line shape measurements
utilized the quadrupole echo pulse sequence based on an
eight-step phase cycle,*® with the echo delay of 36 us between
90° pulses and the 90° pulse width of 2 ps. The echo delay of
36 ps is the shortest delay on our system that consistently yields
minimally distorted baseline from the acoustical ringing. For
several sites of the mem fibrils (Fig. S4 and S7, ESIt) we also
analyzed the dependence of line shapes on different values of
the echo delays.

The number of scans ranged between 12000 to 30000.
Relaxation delays were set to three times the longitudinal
relaxation times, which were determined by either inversion
recovery or saturation recovery experiments. Time domain free
induction decays data in the line shape measurements were
left-shifted to the echo maximum and a 500 to 1000 Hz
exponential line broadening function was employed.

Longitudinal relaxation time measurements for the G9 and
F19 sites involved the quadrupolar multiple-echo acquisition
scheme (QCPMG) for signal enhancement.”>”*> This scheme
retains relaxation anisotropy.”® Ten to twelve QCPMG echoes
were collected using 90° pulses with the 2 ps pulse length and
with the 63 ps pulse spacing delay. 20480 were collected for
the F4 labeled sample, and from 512 to 4096 for the F19
labeled sample at different temperatures. 8 to 16 dummy scans
were used.

Deuterium off-resonance rotating frame NMR relaxation
measurements (T;,) under static conditions for the A2 site were
performed as described previously.>® The spin-lock field wggp
was set to 15 kHz, with the range of offsets between 3 and
45 kHz. To align the magnetization in the rotating frame, we
employed the adiabatic ramp with the “tanh/tan” shape.”®
tanh o(z/7)

tanh o
and o is the steepness parameter. The modulation of the offset
during the ramp time is given by Q + AQ(t), where Q is the final
frequency offset after the ramp and AQ(¢) is the additional
offset during the ramp time. The functional form is AQ(z) =

tan((atan f)[1 — t/1])
0 8
steepness parameter for the offset. We have used 7 = 0.4 ms,
o =1.5, f =5, AQ = 40 kHz. The magnetization decay curve was
sampled between 0.5 and 15 ms. The interscan delay of 1.8 s
and 1024 scans were used, with 32 dummy scans The spectral
intensities were integrated over the —2.5 to 2.5 kHz spectral region.

wRrr (1) = ORrF , where 7 is the duration of the ramp

AQ

, where AQ, is the sweep and f is the
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The fit of the magnetization decay curves utilized the monoexpo-
nential function with a baseline of M (¢) = Ae=R»’ + B.

Modeling

The line shapes and laboratory frame T, relaxation rate were
modeled with the EXPRESS program.”* After accounting for
averaging over the fast methyl jumps, the quadrupolar coupling
constant was set to Cq = 53.3 kHz for V12, L17, L34, and V36
methyl groups and 58 kHz for the M35 methyl group, with the
asymmetry parameter n = 0.”> 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.>*

For the on and off resonance R,, simulations, the direct
numerical integration of the full Liouville-von Neumann equa-
tion was performed.>® The evolution during the spin-lock
periods is governed by the quadrupolar coupling interactions
for spin-1 deuterons. For the off-resonance case, the inclusion

50,51

of longitudinal relaxation in the model is taken as a phenom-
enological factor.”®”® The longitudinal relaxation time was
measured as 35 = 1 ms, with the inversion recovery method.
The relaxation delays used in the simulations of the R, and Rﬁ’f,f
rates matched the experimental ones. The procedure to model
isotropic diffusion using a discrete form of the Smoluchovski
equation in conjunction with the conformational exchange
constant is described in reference®® and involves the use of
DistMesh program.’”” The quadrupolar tensor parameters for
the A2 methyl site were taken as Cy = 53.3 kHz, = 0.

The global motional model (Fig. 1(E)) for modeling the
longitudinal relaxation times at the F19-ring-Ds site over the
entire temperature range is described in SI2 and was performed
according to previously developed protocols.*”**

The error limits presented in Fig. 5, 6, and 8 were calculated
using the covariance matrix method, while the errors in the
value of ppounga Were estimated from the visual comparison of
the fitted and simulated spectra overlap.
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