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ABSTRACT We investigate the variability in the dynamics of the disordered N-terminal domain of amyloid-g fibrils (Ag),
comprising residues 1-16 of AB4_40, due to post-translational modifications and mutations in the 8-bend regions known to modu-
late aggregation properties. Using 2H static solid-state NMR approaches, we compare the dynamics in the wild-type Ag fibrils in
the threefold symmetric polymorph with the fibrils from three post-translational modification sequences: isoaspartate-D7, the
phosphorylation of S8, and an N-terminal truncation 4E3. Additional comparisons are made with the mutants in the 8-bend
region (residues 21-23) corresponding to the familial Osaka E224 deletion and D23N lowa mutation. We also include the ag-
gregates induced by Zn?" ions. The dynamics are probed at the F4 and G9 positions. The main motional model involves two free
states undergoing diffusion and conformational exchanges with the bound state in which the diffusion is quenched because of
transient interactions involving fibril core and other intrastrand contacts. The fraction of the bound state increases in a sigmoidal
fashion with a decrease in temperature. There is clear variability in the dynamics: the phosphorylation of S8 variant is the most
rigid at the G9 site in line with structural studies, the 4E3 fibrils are more flexible at the G9 site in line with the morphological
fragmentation pattern, the Zn-induced aggregates are the most mobile, and the two §-bend mutants have the strongest changes
at the F4 site toward higher rigidity. Overall, the changes underlie the potential role of conformational ensembles in setting the
stage for aggregation-prone states.

SIGNIFICANCE In this work, we demonstrate variations of motions in the disordered region of amyloid-g fibrils due to
modifications induced either by naturally occurring mutations or post-translational modifications. The results indicate a
clear variability in the flexibility of the disordered domain and its potential role in modulating aggregation-prone states.

INTRODUCTION of A@, including 1-39, 1-40, and 1-42, and the variants
of these with post-translational modifications (PTMs) and
mutations. The majority of PTMs occur in the flexible
N-terminal region of the fibrils, encompassing residues
1-16, and are thought to trigger or accelerate the fibrillation
of wild-type AB peptides (2,11,12). However, the patholog-
ical roles of modified AB in AD have not been determined in
detail. It has been suggested that PTMs may be responsible
for sporadic cases of AD, which encompass 90% of all pa-
tients (2,11). On the contrary, many familial-type mutations
that cause the early onset of the disease occur around the
B-bend region of AB, comprising residues 21-23, and are
associated with altered folds, higher aggregation propen-
sities, and higher toxicities (13-16). Metal ions are also

Amyloid-g peptide (AS) aggregation remains to be viewed
as one of the causative factors in Alzheimer’s disease
(AD) as a part of the amyloid hypothesis (1-4). It is believed
that AB accumulation is a trigger that initiates a pathological
cascade implicating 7 protein, synuclein, and other aggrega-
tion-prone proteins (2,3). The structural polymorphism of
amyloid fibrils is a challenging and potentially pathologi-
cally important factor in the molecular basis of AD (5-9).
This polymorphism occurs at multiple levels (10), leading
to many possible fibrillar structures from the same A pro-
tein as well as the existence of multiple molecular variants
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concentrations of what is found at the synapses, Zn*" spe-
cifically binds to A and promotes aggregation (20,21).
The resulting multitude of the structural ensembles, com-
bined with the differential seeding abilities of the variants,
can have profound implications on the existence of the
most aggressive forms as well as on the effectiveness of
the initiation of the pathological cascades of the aggregation
of other related proteins.

One of the ways in which to characterize the ensembles is
probing the flexibility of the structures (10). We compare the
dynamics in wild-type AB;_40 in one of its more toxic poly-
morphs possessing threefold symmetry (22) with two PTMs
occurring around the “hot-spot” six to eight region (10) of
the N-terminal domain, an N-terminal truncation PTM,
and two mutants corresponding to familial mutations in
the B-bend 21-23 region of the fibrils. In particular, we
investigate PTMs corresponding to the phosphorylation of
S8 (pS8) and aspartate to isoaspartate at position D7
(isoD7); the truncation variant corresponds to the cleavage
of the peptide bond between positions 2 and 3 (4E3) as
well as the Osaka E224 deletion mutant and D23N Iowa
mutant of the $-bend region. Additionally, we include in
the comparison the results for the aggregates formed by
wild-type AB;_40 in the presence of Zn*" ions (Zn). Below,
we present the relevant backgrounds of these variants.

The E224 AB_49 deletion mutation has been found to be
more neurotoxic in rat primary neuron cultures than wild-
type AB (23). Previous works have characterized the
twofold symmetric structure displaying the in-register paral-
lel 5-sheet as well as determined the mass per length (MPL)
measurements (24). The cross section of the fibril can be
approximated by a rectangle defined by an additional inter-
molecular salt bridge between the Glu3 and Lys28 side
chains, which seems to be absent in wild-type models. A
unique feature of the fibrils is that they form extremely
fast and show very low levels of thioflavin T fluorescence
with no lag phase (25). The E224 variant has also been
shown to efficiently cross-seed the wild-type protein (26).

One of the essential features of the D23N A(_4o lowa
mutant is its ability to form an antiparallel 3-sheet structure
(27-30). The polymorph of D23N with the antiparallel (-
sheet structures are relatively short and curved fibril-like in-
termediates. They are metastable and eventually convert
into mature D23N fibrils, which have parallel 3-sheet struc-
tures similar to wild-type Ag fibrils (28,30,31). The struc-
tural unit is a monomer in this case. The hydrophobic core
is somewhat less compact than the wild-type.

The pS8 modification has recently been shown to have a
strong cross-seeding ability for wild-type A (32), and its
structure as well as the dynamics of the core region have
been determined by solid-state NMR (33). S8 phosphoryla-
tion has been shown to play an important role in late-onset
sporadic AD (34,35) and is especially associated with the
symptomatic pathology (36). It may also display increased
nucleation-dependent fibrillation and enhance AB-mediated

Variant Flexibility of N-terminal of AB

toxicity (11,37). The pS8 fibrils show the twofold symmetric
structure with the in-register parallel §-sheet and striated-
ribbon morphology similar to the twofold wild-type
AB1_40 when grown under similar conditions (33). However,
the fibrils are ~2.5 nm wider. The highest structural distinc-
tion were observed in the N-terminal region. In particular,
the variant showed strong intrastrand interactions between
the N-terminus and the rest of the amyloid core. Addition-
ally, the hydrophobic core packing was more pronounced
than the wild-type, and the side-chain dynamics were
more restricted in the core.

The isoD7 PTM has been found to increase aggregation
propensities and zinc-dependent oligomerization (12,38,39).
In parenchymal plaque core preparations, isoaspartate is the
predominant form at position number 7 (12,40). In vitro,
this type of isomerization has also been suggested to lead to
an enhanced propensity to form (-sheets as well as an
enhanced insolubility and resistance to enzymatic degrada-
tion (12,41-43). The intriguing study by Fonseca et al. sug-
gested that the amount of isoD7 in plaques can serve as an
indication of plaque age (44). Fukuda et al. (42) demonstrated
that AB;_4> does not form fibrils in the presence of isoD7
modification. In this study, we work with the isoD7 sequence
cross-seeded with wild-type AB;_4 to promote fibrillation.
For this variant, as the structure is not available, we supple-
ment an NMR investigation with the MPL characterization
of these fibrils based on tilted beam transmission electron
microscopy (TEM) measurements (45).

It has been suggested that the shortening of the N-termi-
nus may lead to a higher aggregation propensity (12,46,47).
One example is the 3-glutamate truncation (4E3) seen in
plaques originating from late AD cases as well as in
mouse-based models of AD (48). This truncation also serves
as a starting point for the generation of the pyroglutamate-3
aggressive modification. The enhanced aggregation propen-
sity in these PTMs may be at least partially attributed to the
reduced polarity and enhanced hydrophobicity from the
deletion of charged residues at N-termini (47). Morphol-
ogies and fibrillation kinetics have been found to be similar
between the 4E3 and pyroglutamate-3 variants and in gen-
eral faster than the fibrillation of other N-terminal PTM sub-
types (49). Scheidt et al. (50) utilized solid-state NMR to
compare the structures of the pyroglutamate-3 and the
wild-type fibrils and concluded that the cores are rather
similar structurally, although the N-terminus shows an alter-
ation in the dynamics based on the backbone order parame-
ters probed at the C, sites. This study did not tackle the 4E3
precursor itself, however.

This work focuses on investigating the dynamics of the flex-
ible N-terminal region of the fibrils, which is known to be
important for the regulation of aggregation control (51-57).
The general flexibility of noncore regions in A@ has been
demonstrated by multiple techniques, such as NMR
(58-66), electron paramagnetic resonance (67), hydrogen-
deuterium exchange (68-70), x-ray crystallography (71),
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and fluorescence spectroscopy (72). Fawzi et al. utilized solu-
tion NMR saturation transfer approaches to probe the binding
of monomeric AQ to the surface of protofibrils (73,74). The
site-specific characterization of dynamics in aggregated forms
remains challenging because of the difficulties of obtaining
site-specific resolution. Many structures (including wild-
type structures) (60) have been unable to include the first
nine residues of A@ because of the mobility of these sites.

We recently investigated the dynamics of the N-terminal
subdomain in wild-type fibrils by probing the motions of hy-
drophobic side chains using “H solid-state NMR methods
combined with residue-specific deuteration (75,76). The
N-terminal domain participates in a number of motional
modes, including the overall diffusion-like motion at two
different timescales and the conformational exchange pro-
cess that could be attributed to the transient interactions of
the N-terminal domain with the structured hydrophobic
core. At 37°C, we observed a progressive freezing of the dy-
namics along the sequence, characterized by an increased
fraction of the bound state and reduction in the overall diffu-
sive motion of the domain.

The goal of this work is the detailed comparison of the
N-terminal domain dynamics among the variants described
above. The dynamics are probed at the F4 site belonging to
the more flexible N-terminal end and the G9 site at which
the dynamics are significantly reduced in wild-type fibrils
(Fig. 1; (76)). The differential dynamics in all these variants
underscores conformational sampling, which likely contrib-
utes to differentiating the aggregation propensities and
cross-seeding aggressiveness.

MATERIALS AND METHODS
Peptide synthesis

The AB_40 peptides were prepared by using solid-state peptide synthesis
(performed by Thermo Fisher Scientific, Rockford, IL). Fluorenylmethy-
loxycarbonyl-phenylalanine-ring-ds and fluorenylmethyloxycarbonyl-
glycine-C,-d, were purchased from Cambridge Isotopes Laboratories
(Andover, MA). Further details are listed in the Supporting Materials
and Methods. The resulting peptides had isotopic labels in only one cho-
sen residue, either F4 or G9.

Fibrils preparation

The pS8 and A4E3 fibrils were grown following the generation seeding
protocol developed previously (33,77). IsoD7 cross-seeded with wild-
type AB;_40; the seeds consisted of the wild-type AB;_40 fibrils in the
threefold symmetric polymorph and were used in 1:10 molar ratio of
the wild-type AB;_40 seeds to the isoD7. E224 fibrils were prepared at
0.3 mg/mL concentration, and TEM images were taken immediately
upon dissolving in the buffer and at 2-3 h and 24-30 h after dissolution.
Details of these procedures are listed in the Supporting Materials and
Methods. Preparation of the D23N fibrils with antiparallel 3-sheet struc-
ture utilized a two-step seeding/filtration cycle that takes advantage of the
differences in fibril formation rate between the parallel and antiparallel
structures (30). Zn*"-induced aggregates were prepared as described in
the earlier work (76). After pelleting and lyophilizing of the fibrils, the
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FIGURE 1 (A) Quaternary structure for the variants studied in this work
for which the structural coordinates are available: wild-type threefold sym-
metric structure (Protein Data Bank [PDB]: 2LMP) (22); pS8 PTM with the
twofold symmetric structure (PDB: 60C9) (33); monomeric structure of the
Towa D23N mutant with the antiparallel §-sheet structure (PDB: 2LNQ)
(30); and Osaka E224 mutation with the rectangular cross section (PDB:
2MVX) (24). (B) Shown is a schematic representation of the domains of
AB1_40, with the flexible N-terminal domain (residues 1-16, gray sphere)
and C-terminal domain spanning the core (blue rectangle). Modified
sequences investigated in this work are marked with arrows; 4E3, isoD7,
and pS8 are located in the N-terminal domain, and E224 and D23N are
located in the $-bend region of the C-terminal domain. The sites of the
deuterium isotope labels on the side chains of F4 and G9 are shown as
orange dots. The labeling patterns are ring-Ds for F4 and “CD, for G9.
To see this figure in color, go online.

hydrated state with a water content of 200% by weight was achieved by
pipetting deuterium-depleted H,O. 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.

NMR spectroscopy

Line shape experiments were performed with a quadrupole echo pulse
sequence (78). The R;, experiments were performed at 9.4 T and 37°C
using the methodology described in previous work (79) with the pulse
sequence of Fig. S1. The relaxation decay curves M(f) corresponding
to the integration of the central narrow component (up to the half-height
intensity) were fitted to a single exponential function with an offset:
M(t) = Ae ™+ B. *H QCPMG time domain measurements
(Fig. S1) (80) were performed at 14.1 T field strength and 37°C.
Integrated echo intensities were fitted to a single exponential function
with no offset. Further details are listed in Supporting Materials and
Methods.

Fitting of freezing curves
The data for pj,,..c were fitted to the function as follows:

b—a
und — T\ 1
Drouna = a + 1+ exp(CL) M

a

in which T, is the midpoint of the freezing curve, ¢ is the characteristic
width of the transition region, and a and b are the higher and lower temper-
ature baselines, respectively.



RESULTS
Morphological patterns

The fibrils of the AB;_4 variants (Fig. 1) exhibited different
morphological patterns characterized by the negatively
stained TEM technique (Fig. 2, additional images in
Fig. S2), consistent with the findings in the literature and
our previous work (25,30,32,33,81-83). The twisted three-
fold symmetric morphology of the wild-type fibrils (Fig. 2,
previous analysis of the wild-type fibrils (76,83)) contrasts
with the straighter and thicker fibril filaments for the pS8
fibrils, relatively short straight fibrils for the A4E3, curvy
and short D23N fibrils, long and curvy E224 fibrils, and
amorphous Zn”*-induced aggregates. Two additional obser-
vations are worth noting; for the E224 mutant, the fibrils
reached the final morphologies in 2-3 h (Fig. S3), in line
with previous studies (25). In addition, the fragmentation
pattern observed for the 4E3 morphology was similar to
that of the pyroglutamate-3 fibrils (Fig. S4; Wulff et al. (49)).

For the isoD7 variant cross-seeded with wild-type three-
fold A, the morphology was largely conserved. To further
quantify the dimensions of the fibrils resulting from cross-
seeding isoD7 with the wild-type fibrils in the threefold
polymorph, we performed a detailed MPL analysis. Specif-
ically, we employed tilted beam TEM (dark-field imaging),
which is effective for the statistical characterization of the
MPL of fibrils (45,84,85). Both the twofold and the three-
fold polymorphs of native AB;_4o (60,81) have previously
been analyzed using this technique (45). The results
(Fig. S5) indicated that the predominant polymorph is closer
in its MPL to the threefold wild-type variant (around 90% of

E22A
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s

100 nm

FIGURE 2 Typical examples of the negatively stained TEM images of
fibrils from different variants investigated in this study.

Variant Flexibility of N-terminal of AB

the fibrils), with a small proportion of the twofold character-
istics. Further studies are needed to assess whether this trend
is general; in this study, we suffice with characterization of
our bulk samples used in the NMR analysis.

Overview of the general model of N-terminal
flexibility and approaches

For each of the fibril types, two samples were prepared for
the NMR analysis: one containing a deuterium label at the
F4 position, ring-Ds, and another at the G9 position, “CD,.

We recently demonstrated that “H rotating frame relaxa-
tion (R;,) and quadrupolar Carr-Purcell-Meiboom-Gill
(QCPMG) transverse relaxation measurements provide a
comprehensive view of conformational exchange processes
(75). Although both these techniques are sensitive to mo-
tions on the biologically relevant us-ms timescales, they
provide complementary information on the motional modes.

In this section, we review the motional models employed
to fit all the experimental data. The motional model in Fig. 3
A, which was developed based on the data for the wild-type
protein (75), includes three states of the N-terminal domain:
two “free” mobile states in which the N-terminal undergoes
large-angle diffusion motion and one bound state in which
the diffusive motion in quenched, most likely because of
transient interactions with the structured fibril core or tran-
sient intrastrand interactions with N-terminal domains of
neighboring chains (Fig. 3 D). In the free state, restricted
rotational diffusion is very pronounced, and we assume an
isotropic scenario for the local motional axis (i.e., phenyl
axis for the case of F4 and twofold rotation axis for the
case of G9 CD, group). This is not to be confused with
global isotropic diffusion of macromolecules in solution—
the fibrils are only 200% by weight hydrated with most of
the water contributing to the hydration shell.

The diffusion coefficients in the two free states differ by
about two orders of magnitude difference between the two
states, D; >> D,. Each of the free states undergoes a confor-
mational exchange process with the bound state, with the
rate constants of ke ; and ke o, respectively. For the G9
sites, in two of the variants, this model cannot fit the data.
For the Zn-induced aggregates, no conformational exchange
that involves the bound state is detected; rather, the ex-
change between the two free states is invoked (Fig. 3 B).
For the D23N fibrils, only a single free state has the
“slow” diffusion coefficient of D, (Fig. 3 C).

The model of Fig. 3 A has been developed as the simplest
scheme based on the extensive data on the dynamics of the
wild-type AQ fibrils. It does not incorporate any structural
constraints other than a physical intuition on what would
be, in general, consistent with the known structures of the
fibrils. In particular, we do not assume any specific struc-
tural constraints for the transient interactions between the
free and bound states. Additionally, the approximation of
the isotropic diffusion and two different conformational
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FIGURE 3 Modeling schemes for the motions of

the disordered N-terminal domain (residues 1-16)

of the AB;_4 fibrils. (A) Three-state motional model
bound in which the N-terminal domain (curved line) tran-
siently interacts with the structured C-terminal
domain (blue rectangle) (75). In the two free states,
the N-terminal domain is assumed to undergo
isotropic diffusion with the diffusion coefficients D,
and D,, D\ > D, represented by the gray spheres,
whereas in the bound state, the interactions quench
this mode. The timescales of the interactions are
given by the two chemical exchange rate constants
kex.1 and ke o, respectively. Most sites were fit with
this full model. (B) Shown is a modification of model
A for which there is no conformational exchange be-
tween the free and bound states on the experimental
timescales but instead exchange between the two
free states with the rate constant key e, Which is
applicable to the Zn>" aggregates at the G9 site. (C)
Shown is the submodel of (A) in which there is no
fast free diffusion state, only a slow free diffusion
state, which is applicable to the D23N sample at the

N-terminal

G9 site. (D) Shown is a schematic representation of free (orange wiggly line) and bound (blue and green wiggly lines) states of N-terminal subdomain
with the threefold wild-type fibrils structure. The threefold symmetric fibril core is taken from PDB: 2LMP (22) and is shown as a black ribbon diagram.
The bound state can arise either because of transient interactions with the core (green lines) or transient tight stacking with the neighboring N-terminal strand
(blue lines). In the free state (orange wiggly line), the domain can undergo relatively large-scale fluctuations, which are not possible in any of the bound states.

To see this figure in color, go online.

states of the N-terminal domain is possibly reflecting a
much more complex situation with anisotropic motions
and an ensemble of multiple states, in analogy to the exis-
tence of tethered states found for monomers on the surface
of protofibrils (73,74). Within the available dynamics data,
invoking these more complex models would be a clear over-
fitting of the data. For consistency, we keep the model the
same for all of the A@ variants, unless a clear need arises
to introduce modifications based on the data. We also note
that the line shape data alone could be modeled based on
an assumption of two static nonexchanging fractions with
rigid and motionally narrowed tensors. However, our previ-
ous analysis of the longitudinal relaxation data for the wild-
type fibrils in conjunction with R, , measurements precludes
the use of such a model.

We show that depending on the quadrupolar interaction
magnitude and timescale of motion, QCPMG and R, , exper-
iments are sensitive to different conformational exchange
processes. For the F4 residues, the effective quadrupolar
tensor is narrow, with an effective quadrupolar coupling
constant of Cq = 36.6 kHz after averaging over the rota-
meric motions of the side chain. On the contrary, for the
G9, the effective Cq is 77.6 kHz after averaging over the
two-site jumps of the CD, group. As a result, the QCPMG
experiment primarily probes the conformational exchange
between the free state with a fast diffusion state and the
bound state (D), rate constant k. ;) for the F4 sites and
the free slow diffusion state and the bound state (D, rate
constant k) for the G9 sites. The situation is reversed
for the R, , experiment; it is most sensitive to the conforma-
tional exchanges between the fast diffusion free state and
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bound state for the G9 sites as well as between the slow
diffusion state and bound state for the F4 sites. The relative
populations of the two free states are obtained by fitting the
data to the full model in Fig. 3 A.

The fraction of the bound state py,,..c Was taken from the
line shape analysis. ppounq as a function of temperature fol-
lows a sigmoidal curve indicative of a relatively abrupt
freezing of the diffusion motions. This approach is not based
on any assumptions regarding possible structural changes
induced by lowering the temperature (i.e., ppounq Only re-
ports on the cumulative increase of intra- and intermolecular
interactions that lead to line broadening). The midpoint
freezing temperature T;, (see Eq. 1) increases along the
N-terminal domain chain for the wild-type protein.
Although, for the residues close to the N-terminal end (A2
to H6 sites), it appears to be dictated by the freezing of
the hydration layer (~267 K), T, increases along the
sequence and is at 284 K for the G9 (76). ppouna at the phys-
iological temperature increases from 8 to 10% in the A2-H6
region, to 35% for the G9, and to 85% at the V12 site. Thus,
to probe the dynamics of all the variants, we selected labels
at the F4 and G9 locations to capture the details of the dy-
namics in the more flexible N-terminal domain region and
the region in which the dynamics can be more restricted
because of more pronounced interactions with the core.
R,, measurements are conducted for four values of spin-
locking field strength and QCPMG measurements for at
least seven values of interpulse spacing. Between these
relaxation data and py,,..¢ determination from the line shape
analysis, there are enough data points to determine all model
parameters.



2H NMR line shape analysis yields the fraction of
the bound state

The *H line shape is a simple one-dimensional experiment
performed with a quadrupolar echo pulse sequence (78)
that provides a wealth of information on the dynamics close
to the timescale of the effective quadrupolar coupling con-
stant. At the physiological temperature, for all variants,
the line shapes significantly narrow and they approach solu-
tion-like line shapes (Fig. 4), indicating the presence of
large-scale motions on the relevant timescale. With a
decrease in temperature, the wide component of the powder
pattern becomes apparent. The narrow component is attrib-
uted to the free states undergoing motions approximated by
the isotropic diffusion. The wide component is attributed to
the “bound” state, which lacks diffusive motions, presum-
ably because of interactions with the rigid fibril core. The
Poouna Tor the F4 residue is quantified by decomposing the
line shape into its Lorenzian and non-Lorenzian compo-
nents (76), the latter of which is attributed to that of
the bound state (see the examples in Fig. S6). Similar to
the treatment of the wild-type fibrils (76), the analysis
for the G9 sites is somewhat more complex, with pyouna
spanning the subset of the non-Lorenzian contribution cor-
responding to the rigid pattern. Interestingly, for the pS8
G9 site at high temperatures, it appears that the bound state
has a different chemical shift than the free states (Fig. S6).
The ppouna for all residues (Fig. 5) follows the characteristic
sigmoidal behavior observed for the wild-type protein, and
this can be fitted to Eq. 1, which yields the midpoint of

Variant Flexibility of N-terminal of AB

the freezing curves T}, and width of the transition g, summa-
rized in Fig. 6 along with the results for the fraction of the
bound state p,,,.s at the physiological temperature.

The higher value of T, signifies that the onset of the
freezing of the diffusion motions starts at a higher temper-
ature upon sample cooling. Most variants display a gap in
T value between the F4 and G9 sites of 5-20°. For the
AES3 fibrils, the value of Ty, is 262-263 K for both sites;
for D23N, it is 273 K for both sites (Fig. 6). The largest
gap of 20° is for the pS8 fibrils. Interestingly, the width
of the transition is maintained at a higher value for the
G9 sites (average value of 7°) in comparison with F4 for
all samples (with an average value of 2.1°). The higher
values of ¢ may reflect stronger interactions with the
core with a distribution of distances between the probed
site and contacts within the core, leading to a wider transi-
tion. Further, the value of pj,,.q at 37°C is consistently
higher (0.14-0.42) than that of F4 (0.06-0.18) for all sam-
ples (Fig. 6). There is a clear variability in the fitted values
of T, between the different A@ variants. For example, the
pS8 variant has the highest T,,, and highest p;,,,,,. for the G9
site. This result is in line with a recent structural study (33)
pointing to a more structured N-terminal domain. The T},
values at the G9 sites are much lower for the AE3,
isoD7, and D23N variants. It is also of note that the line
shapes at the physiological temperature are wider for the
D23N variant for both sites, pointing to the possibility of
a slower conformational exchange between the free and
bound states, as detailed later in the text.
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2H QCPMG and R, relaxation measurements
provide the conformational exchange rate
constants and diffusion coefficients of the free
states

To probe the timescales of the conformational exchange
and obtain the most accurate values of the diffusion coef-
ficients, it is necessary to perform more complicated mea-
surements known to be sensitive to conformational
exchange processes at the us to ms timescale, such as
the QCPMG and R;, measurements (86-89) briefly
described in Overview of the general model of N-terminal
flexibility and approaches above. Our earlier work de-
scribes the technical details of these measurements and
the fitting procedure based on the models using the full

Liouvillian treatment of relaxation (75,79). Here, we
focus on the results, which were obtained at the physio-
logical temperature.

The “H QCPMG experiment under static conditions (see
Supporting Materials and Methods; Fig. S1 A) is performed
by measuring the transverse relaxation rates as a function
of the spacing of the refocusing pulses, Tocpma, using a
time domain approach. Motions on the timescale of
Tocpmc interfere with the refocusing of magnetization,
and the extent of this interference depends on the interpulse
spacing. Interestingly, the dispersion profiles are the
reverse of those traditionally seen in solution CPMG exper-
iments, likely because of the anisotropic nature of the
quadrupolar interactions (75,88). For the “H R, p

« F4 = G9
10 kex,1 fast free state 5 10° D2 slow free state mid-point freezing curves
f + + 290 + FIGURE 6 Summary of the model parameters
4 4 i } according to the full model in Fig. 3 A and the
T &L 3 + + « 280 fits of the freezing curves. The rate constants are
e ¢ K i © i kex.1> kex.2s D2y Poounds Tms @and a. Dy is in the fast
“otw ¢ ; 2 L3 L } ¢ limit and s at least 0.7-1 x 10° rad’/s. The relative
o * L y N * + + percentages of the populations of the free to slow
. . . . ® + i diffusion state are as follows: 70/30 for the F4 sites
e e - o i' ———————1 of wild-type and Zn: 60/40 for the F4 sites of AE3,
g9 ¢ &gQy Ny g9z N Q8 9 g an~NU isoD7, E224, and pS8; 20/80 for the F4 site of
e o ¢ o 2 e D23N; and 5/95 to 10/90 for all the GO sites, except
%10 kex,2 slow free state fraction bound state 37 °C width freezing curve for D23N for which it is zero (see the model in
f 05 * T * Fig. 3 C) and Zn for which it is around 50/50.
4 0.4 . . 8 The Zn G9 site is fitted with the model in Fig. 3
T - s + + B with kex free = 250 s~ 1. The errors were obtained
% + + = 03 . . n| X + + by the inverse covariance matrix method calculated
=, ok z 11 Qg 0.2 ) 64 $ with Monte-Carlo sampling of the model parame-
é R L] . . ' ¢ ters. Error bars smaller than the sizes of the
011 o « o ® 2le ¢ ¢ symbols are not shown. To see this figure in color,
0 0 b 0 go online.
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experiment under static conditions (Fig. SI B) (79),
refocusing is accomplished by the variable spin-locking
ﬁeld, ws1.-

Fig. 7 summarizes the experimental relaxation times, and
Fig. S7 provides examples of the raw data. The variability
between the samples is immediately apparent for both ex-
periments. For the D23N sample at the G9 site, the Ry,
rate was too fast to be measured accurately.

As noted, defining the magnitude of the quadrupolar
interaction is important because this governs which time-
scales can be obtained from the two experiments. For the
G9 site, we used the tensor with a quadrupolar coupling con-
stant C, of 77.6 kHz and the asymmetry parameter = 1, as
previously determined (76). The tensor corresponds to the
effective value averaged over fast two-site jumps of the
CD, group, which followed from the longitudinal relaxation
results for the wild-type samples. For F4, we started with the
tensor corresponding to the averaging over the fast two-site
mw-flips of the ring, consistent with the longitudinal relaxa-
tion data. However, this tensor leads to rate constants for
the F4 site in the wild-type fibrils that are orders of magni-
tude smaller than those found for the A2 and H6 sites, infer-
ring the presence of additional motions that affect the
QCPMG and R;, rates and lead to a lower effective Cg
value. We thus invoke a two-site rotameric exchange
involving the x; and x, dihedral angles. Specifically, we as-
sume the existence of the rotamers found by Drobny and co-
workers for one of the phenylalanine residues of the mineral
recognition domain of the biomineralization protein salivary
statherin adsorbed onto its native hydroxyapatite (90);
conformer one has x; = 186.2° and x, = 88.6°, whereas
conformer two has x; = 274.7° and y, = 54.8°. The ratio
of the populations is taken as 1:1. In the fast limit, this leads
to an effective tensor of Cy = 36.6 kHz and 7 of 0.94. This
tensor provides diffusion coefficients and rate constants for

Variant Flexibility of N-terminal of AB

the wild-type fibrils perfectly in line with those of the A2
and H6 residues, allowing us to conclude that the additional
rotameric motion is a good approximation of the additional
mode affecting the relaxation rates.

All the F4 sites followed the model in Fig. 3 A. For the G9
sites, there are two exceptions; as noted, D23N in the G9 site
had a very fast R;, decay that could not be measured. Based
on the analysis of the model for the wild-type fibrils (75),
this signifies the almost complete absence of the fast diffu-
sion state, and thus, this site is fitted with a single free state
(Fig. 3 C). For the G9 site in the Zn>"-induced aggregates,
the model in Fig. 3 A cannot be used; however, the model in
which the exchange is dominated by the two free states
(Fig. 3 B) is adequate. The QCPMG-T, data are qualitatively
different in this variant, with higher T, values and, most
importantly, negligible dispersion.

The variations in the experimental rates are reflected in
the fitted values of D,, kex 1, and key». Fig. 6 summarizes
the main parameters of the model, and Fig. S8 provide ex-
amples of the fits of the experimental relaxation rates. The
diffusion constant for the fast diffusion state D; is in the
fast limit, and thus, we can only state its lower limit, which
falls to 0.7-1 x 10® rad*/s. The conformational exchange
rate constant k., ; for the wild-type for this state is
3 x 10° s~! for the A2, F4, and H6 sites and 2 x 10° s~
for the G9 sites. The variants’ range for ke is 1.2-
4.7 x 10° s~ for F4 and 0.7-5 x 10° s~ for G9. The
slow diffusion state values of D, are 3.5 x 10° rad?/s and
3.0+ x 10° rad*/s for the wild-type F4 and G9 sites, respec-
tively. The range of the variants is 0.6-4.5 x 10° rad®/s for
the F4 sites and 3—10 x 10° rad*/s for the G9 sites. The
conformational exchange rate constant ke, is 3 X 10* ¢!
for the A2, F4, and H6 sites in the wild-type protein and
2 x 10* s7' for G9. The ranges of the variants are
1-3 x 10*s™" and 0.4-4.7 x 10* s™' for the F4 and G9 sites,
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respectively. For the G9 site of the Zn®'-induced aggre-
gates, the exchange rate constant between the two free states
(see model in Fig. 3 B) is 250 s~ '. The relative percentage of
the fast to slow diffusion free states at the F4 site is the
largest for the wild-type and Zn variants (70/30%) and
decreases somewhat (60/40%) for the other variants, except
for D23N in which it is drastically reduced to 20/80%. The
fast state “freezes” to 5—10% for all samples for the G9 site
and to zero for the D23N site, whereas it remains at around
50/50% for the Zn G9 site.

DISCUSSION

The N-terminal domain remains flexible for all the consid-
ered variants, and the models of motions are generally
similar; however, the extent of this flexibility varies among
sequences. The three-state model involving two free
states undergoing isotropic diffusion and one bound state
(Fig. 3 A) is applicable to most sites, with the exceptions
noted for the D23N fibrils and Zn*-induced aggregates at
the G9 position. Relatively significant variations exist in
the parameters of the motions such as the conformational
exchange rate constants and diffusion coefficients of the
slower diffusion free states. All the protein sequences also
display sigmoidal behavior in the fraction of the bound state
upon lowering the temperature as well as variability in the
midpoints of the freezing curves.

The patterns of mobility modulations in all the variants
are complex; however, certain essential features emerge
from the analysis, as summarized in Table 1. The pS8 fibrils,
which were determined to have accelerated seeded fibrilla-
tion kinetics and enhanced toxicities as well as a more rigid
core and a more structured N-terminus than the wild-type
protein using structural techniques (33), appear to have
the most rigid dynamics. Because of a larger extent of intra-
strand contacts in the structure between the N-terminal
domain and the core for the fibrils in pS8, one might also
expect a larger value of o for the G9 site, but this is not

the case based on the experimental data. The AE3 fibrils
tend toward higher mobility at the G9 site in line with the
morphological fragmentation. A morphologically similar
fragmentation is observed for the fibrils in the presence of
the cyclization to the pyroglutamate-3 (49) (see also
Fig. S4), suggesting that similar changes in the N-terminal
dynamics are likely to be present for this PTM as well.
There is no clear pattern for the isoD7 fibrils cross-seeded
with wild-type AB, which has a mixture of changed dynam-
ical features. The most drastic change is seen for the value of
T, at the GO site, which is ~15-20° lower than for most of
the other types of fibrils. This underscores the need for high
resolution structural data for the isoD7 fibrils. Based on the
structural, kinetics, morphological, and N-terminal dy-
namics information available for the 4E3, pyroglutamate-
3, pS8, and isoD7 variants (11,32,33,42,49,50,91), all these
PTMs are likely to have different cross-seeding abilities,
which remains to be elucidated in follow-up work.

For the (-bend region mutation, the most interesting
observation is that the modulation of the dynamics
compared with the wild-type protein appears to occur closer
to the N-terminal end. Indeed, many of the changes toward
the restriction of the dynamics can be seen at the F4 site
rather than the G9 site. The salt bridge involving E3 may
play a role in this restriction for the case of E224. However,
no such salt bridge was seen for the antiparallel §-sheet
structure of the D23N fibrils. In general, these mutations
lead to a less compact fibrils core (30), and thus, the restric-
tion of the dynamics cannot be explained solely by the
structural features in this case. Moreover, the pp,..c value
at the F4 site of the D23N fibrils is considerably lower
than those of the other residues (Fig. 6). However, this
does not indicate an enhancement of the dynamics
compared with the other fibrils as the line shapes are signif-
icantly wider because of the slow exchange dynamics. The
Zn*"-induced aggregates have a clear pattern of overall
enhanced mobility in the N-terminus with more pronounced
changes at the G9 sites, which is in line with the expectation

TABLE 1 Summary of the Most Essential Changes (with at Least Three SDs) Compared with the Wild-Type
Parameters Significantly Different from the
Variant Wild-Type Fibrils Overall Conclusion
pS8 ker 1-G9, D>-G9, T,,-G9 Most rigid of all fibrils at G9, in line with
structural information
AE3 Tn-G9, kex2-G9 Tendency toward higher mobility at G9,

isoD7 cross-seeded
with wild-type
D23N

in line with morphology
fragmentation
Mixture of higher and lower mobility features;
no clear patterns
Most differences of all fibrils at F4

E224

Dy-F4, kex 2-F4, kex 1-F4, kex 1-G9

(more rigid)
Significant differences at F4

Zn*" aggregates

kex.1 — F4, no bound state exchange for G9, T,-G9, pround-G9, D2-G9

toward rigidity
Overall enhanced mobility but

more so at G9 site

The change toward the more rigid value is underlined with the solid lines; the change toward more enhanced dynamics is underlined with the dashed lines.
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that the hydrophobic core is less defined in these types of
amorphous aggregates, leading to weaker interactions with
the N-terminal domain.

Overall, these changes indicate that the dynamics infor-
mation is complementary to the structural data, and often,
it is not straightforward to predict in which direction the
dynamics will change upon structural modifications. The
results imply that the presence of intricate conformational
ensembles can play an important role in the onset of aggre-
gation-prone states and in the differentiation of cross-
seeding aggressiveness, thus contributing to the overall
polymorphism paradigm. Similar conformational exchange
processes may be present in the toxic oligomeric forms as
conformational exchange has been detected for the mono-
mer on the surface of the protofibrils by solution NMR
measurements (73,74). Our study underlines the need to
consider both structural and dynamics information when
characterizing the disordered regions of the various toxic
variants of AS and other aggregation-prone proteins along
AD pathways.
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Supporting file S1. Details of Experimental and Modeling Procedures
L Peptide synthesis

The APi-40 peptides were prepared by using solid-state peptide synthesis (performed by Thermofisher
Scientific Co, Rockford, IL). Fluorenylmethyloxycarbonyl (FMOC)-Phenylalanine-ring-ds and FMOC-
Glycine-Cq-d2, were purchased from Cambridge Isotopes Laboratories (Andover, MA). The native
sequence is DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVV. The following
modifications were introduced for the variants: truncation of the first two residues (AE3), D7-isoD7
(isoD7), phosphorylation of serine-8 (pS8), E22 deletion mutant (E22A), D23 to N substitution (D23N).
The peptides were purified by reversed-phase HPLC and their identity and purity were confirmed by mass
spectrometry and reversed-phase HPLC.

II. Preparation of fibril samples

The pS8 and AE3: fibrils were grown following the generation seeding protocols: To produce parent fibrils
(GO0), lyophilized peptides were dissolved in hexafluoroisoproponal (HFIP) to 2.0 mg/mL and incubated
overnight at ambient temperature. The HFIP was removed by N> flow and followed high-vacuum for at
least 3 hours. The resultingpeptide film was dissolved in dimethyl sulfoxide (DMSO) to 2.0 mM, sonicated
on ice-bath for 3 minutes, centrifuged at 14,000 rpm for 10 minutes to remove any preformed aggregates,
and diluted with 10 mM monosodium phosphate buffer (pH 7.4, 0.05% NaN3) to the final concentration of
0.5 mg/mL. The solution was incubated at 37 °C with 200 rpm orbital agitation for 72 hours. To obtain the
first-generation seeded fibrils (G1), GO fibrils were sonicated on ice-bath with a probe sonicator for 30-60
seconds (continuous power output, 20% duty cycle). G1 generation was prepared by dissolving the
lyophilized peptide in DMSO followed by immediate addition to the phosphate buffer containing GO seeds
in 1:10 molar ratio, with a final peptide concentration of 0.5 mg/mL. G1 fibrils growth was achieved by
incubation with gentle 40 rpm orbital agitation for 24 hours at room temperature. The following generations
were prepared using the same protocol as for G1, and the last-generation fibrils (G6 for pS8 and G5 for
AE3) were used as seeds for the NMR bulk samples.

IsoD7 cross-seeded with wild-type ABi-40: the seeds consisted of the wild-type ABi.49 fibrils in the 3-fold
symmetric polymorph in the phosphate buffer at 0.5 mg/mL concentration. Lyophilized isoD7 APi-40
peptide was solubilized in DMSO to 5.0 mM. The seeds were sonicated for 1.5 min using a probe sonicator.
A 1:10 molar ratio of the wild-type ABi-40 seeds to the isoD7. ABi-40 solubilized peptide was combined in
the phosphate buffer to yield a total protein concentration of 0.4 mg/mL and immediately filtered through
a 0.22 um filter. The solution was incubated for 3-5 days with gentle 40 rpm orbital agitation at room
temperature.
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E22A: Lyophilized peptides were dissolved at a 5 mM concentration in DMSO and immediately transferred
to the phosphate buffer to the final concentration of 0.3 mg/mL. The fibrils were allowed to grow for at
least 4 days at room temperature at quiescent conditions. TEM images were taken immediately upon
dissolving in the buffer, at 2-3 hours and at 24-30 hours after dissolution.

Collection and hydration of bulk samples for NMR analysis: The bulk fibrils were pelleted by centrifuging
at 300,000 g for 7-9 hours. The exceptions were Zn**-induced aggregates and AE3 fibrils, for which the
fibrils were collected by centrifugal dialysis using Amicon filters with 3 kDa molecular weight cut-off.
Collected fibrils were re-suspended in deionized water, rapidly frozen with liquid nitrogen, and lyophilized.
A hydrated state with a water content of 200% by weight was achieved by pipetting deuterium-depleted
H,O. 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.

111 Negatively-stained transmission electron microscopy

Samples were stored at room temperature and diluted to about 0.1 mg/mL with hydro, millipore-filtered
water. Samples were negatively stained by using the drop method (1) 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,(2) Formvar carbon-coated 300 mesh copper grid for the
following incubation times: 2 min, 10 sec, and 2 min, respectively. Each 4 pul droplet was removed by
wicking with filter paper for 5 sec. 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 120,000 using the FEI Tecnai G2 Spirit Biotwin microscope operating at 80 kV.

IV. NMR spectroscopy

Experiments were performed using 9.4 T (University of Colorado at Denver) and 14.1 T (National High
Magnetic Field Laboratory) spectrometers equipped with the Bruker neo consoles and static probes with
5 mm diameter coils: the wide-line low-E probe(3) for the 14.1 T spectrometer and the Phoenix probe
for the 9.6 T spectrometer.

Line shape experiments were performed with a quadrupole echo pulse sequence based on an eight-step
phase cycle(4), with a delay of 31-36 us between 90° pulses. A line broadening function of 0.5 to 2 kHz
was employed to enhance the signal.

The Ry, experiments were performed at 9.4 T and 37°C using the methodology described in previous
work(5) with the pulse sequence of Figure S1. Spin-lock times varied between 200 ps and 15 ms (a total
of 12 relaxation delays) and powers ranged between 5 and 20 kHz. The upper limit was determined by the
sensitivity of the sample to heating. The number of scans varied between 2048 and 8000 depending on each
sample’s sensitivity.

’H QCPMG time-domain measurements (6) were performed at 14.1 T field strength and 37°C. The pulse
sequence used for the time domain acquisition(7) and further experimental details are shown in Figure S1.
The multiple echo acquisition scheme employed echo times between 53 and 363 s with the rf irradiation
frequency set exactly on resonance. The lower limit of the pulse spacing was determined by system
electronic/acoustical ringing, while the upper limit was determined by sensitivity factors. The number of
scans varied between 4096 and 81920 depending on the signal-to-noise ratio in each sample. The inter-scan
delay was set to 0.2-0.4 sec and 32 dummy scans were utilized.

V. Motional modeling and fitting of the data

Motional modeling followed the protocols described previously.(5, 7, 8) Below we present an overview of
the procedures.
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Theory overview

Density matrix for the spin-1 system can be written in the basis of the following operators(9)

010\ /0 =i 0\ /0 =i 0\ 0 1 0
Se=3{1 0 1).8,=3{i o -ilh=3(i o i]h=3[1 0o -1 -1
010 0 i 0 0 —i 0 0 -1 0

A 1<1o 0>A 1(00—1’>A1100A1001
S;,=—=|0 0 o0]).j,=—=(0 0 0),0=—=|0 -2 0),K=—=(0 0 0
V2o 0 -1 V2\; o o Velo o 1 V2\1 0 o

They obey the following normalization condition tr(Ox Oy) = &q.
During the saturation period and in the frame rotating with the Larmor frequency the secular part of the

Hamiltonian is given by:

— 2 ~ .
Hee = \/;wQQ + \/E(URFSx,

where wpp is the RF field strength.

_3m 3cos?6-1 1 .
wo =2y (22222 + Lsin? 0 cos 29 ) (S-2)

is the frequency of the secular part of quadrupole interaction with angles (6, ¢) representing the rotation of

the principal-axis system (PAS) of the quadrupole interaction with respect to the laboratory frame. The
2
. L e O — 9
quadrupolar coupling constant is given by C, = EQ ,and 7= = represents the asymmetry of the
7

tensor, defined in the interval 0 <7 <1 with |q ZZ| > |qyy| > |q XX| . €Q is the electric quadrupole moment of the

nucleus and eq is the largest component of the electric field gradient.

In the presence of molecular motions, the value of w, for an individual crystallite does not remain constant,
but changes due to changes in the PAS orientation. In addition to the dependence of w,, originating from
molecular motions, in solids powder there is an additional dependence of w( on the orientation of the
crystallite to the static magnetic field, as it the case for all anisotropic interactions.

Additional terms in the Hamiltonian include quadrupole interaction terms fluctuating with the single and
double Larmor frequencies. They are of less significance in these measurements then relaxation due to
fluctuations in the value of w, and are treated separately through the Redfield theory.(10)

The evolution of the density matrix can be written using the basis of Eq.(S-1) in the superoperator
formalism. Liouville - von Neumann formalism combines the Hamiltonian super-operator for the spin
density matrix with Markovian jumps between states with different values of w, simulating various spin
environments. It, therefore, includes the relaxation due to the fluctuations in the wg value, which, in
general, cannot be treated within the Redfield approximation and the full Liouvillian treatment becomes
necessary.(11)

If intramolecular motions are given by discrete jumps between n sites with different values of wq sampled
by the conformational exchange, the evolution matrix becomes
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P1 A1+ Kqq K, Kin P1
=72 U P (S-3)
Pn Knl an An + Knn Pn

where p; = (Sy, ], K, Q)T are the components of the density matrix for the site i in the basis of the operators
of Eq.(1) with coefficients corresponding to the components of the density matrix as for the operators
themselves, but without hats. The other 4 components of the density matrix are decoupled under both the
on-resonance R, and QCPMG conditions used in the experiment.

The 4x4 evolution A; matrices which include coherent evolution given by Hg,, are given by:

0 -w, O 0
A= Wq 0 Wy _\/gwsl

0wy 0 0 (5-4)
\0 V3w, 0 0

The off-diagonal blocks in Eq.(S-3) represent conformational exchange and are given by K;; = k51,
where | is the 4x4 identity matrix and the diagonal blocks K;; = — X.j; Kj; provide conservation of
probability.

The exchange matrix K;; combines components responsible for the isotropic diffusion and the

conformational exchange between the free diffusion state and the bound state, according to the following
scheme:

exchange
diffusion with bound
state

exchange with bound state

The block of the exchange matrix K;; responsible for the diffusion, is represented by nearest neighbor jumps
with sites of equal populations distributed (almost) uniformly on the surface of the sphere and with identical
exchange rates between the sites, K;; = kp. We used the program DistMesh,(12) which creates the uniform
distribution of sites by assuming a linear repulsive force and solving for the equilibrium. The inclusion of
Np = 192 sites is sufficient to adequately represent the isotropic diffusion process and this leads to the
following range of jump angles in the crystal-fixed frame between the sites: 13.7-18.7°. Due to the spin 1
symmetry properties, only the second-order spatial spherical harmonics give rise to the spectral densities.
Thus, the second-order eigenfunction of the Smoluchowski diffusion equation encodes the spatial
reorientation and the corresponding eigenvalue is related to the diffusion coefficient D as DI(l + 1) = 6D.
As expected, the simulated eignevalues of K;; appear in groups of 21 + 1, corresponding to the eignevectors
with the angular momentum | of the continuous limit of the diffusion equation. The five eigenvalues A,
corresponding to [ = 2 are then averaged to obtain the numerical value of D. This establishes the
correspondence between D and kp as k, = 6D /(A, ).

To include the exchange process, one additional site with a fixed angular position corresponding to the
bound state was added to yield a total of Nj, + 1 sites. The exchange was modeled by jumps between every
site describing the spherical diffusion and the bound-state site with an arbitrary fixed angular position with
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the rate k,,/Np. Modeled in this fashion, the relative tensor orientation in the free and bound states is
averaged over the uniform spherical distribution.

Computational modeling details

Each of the two exchange process was modeled by jumps between every site describing the spherical
diffusion and the bound-state site. The relative weights of each site were expressed through the ratio of the
forward and reverse rate constants for the exchange process. Modeling the exchange with two free states
and one bound state included two sets of 192 sites describing the surface of two spheres with the
corresponding nearest-neighbor jump constants within each set, as well as independent exchange constants
between every site of each of the two sets and an arbitrarily fixed site in the crystal-fixed frame,
corresponding to the bound state. The direct exchange between the two free states was modeled through
pair-wise exchanges between the 192 spherical diffusion sites corresponding to the same orientation in both
states. Simulated decays utilized time points identical to those used in the experiment. QCPMG time
domain evolution and Ri, simulations included the full Liouvillian treatment with 200 crystallites. All
simulations were performed in Matlab and utilized selected blocks from the EXPRESS program.(13) Best
fits for the dynamic parameters of the models were determined by minimization of % for predictions of the
model for ’H QCPMG and R, relaxation rates. The errors were obtained by the inverse covariance matrix
method calculated with Monte-Carlo sampling of the model parameters. The errors in the sigmoidal curve
parameters (Eq. 1 of the main text) for the temperature dependence of Ppound Were obtained by the inverse
covariance matrix method for the mean-squared errors.

VI. Dark-field TEM MPL data collection

Dark-field images can be obtained using a conventional TEM set-up by tilting the incident electron
beam by a small angle so that it is blocked by the objective aperture after it encounters the sample. All the
dark-field TEM images for the MPL measurements were collected using an FEI Morgagni microscope at
80 kV with unstained samples, using a side-mounted Advanced Microscopy Techniques Advantage HR
CCD camera. The TEM samples were prepared using similar protocols as the regular imaging with uranyl
acetate staining. The internal standard tobacco mosaic virus (TMV) solution was co-incubated with the
fibril solution during the sample deposition to TEM grids. The dark-field TEM images were taken with
44x and 28 magnifications. Images were analyzed with ImageJ software. Only fibrils that appeared to be
single filaments were selected for the MPL measurements. For the extraction of the MPL values, image
intensities were integrated over rectangular areas of around 80 nm in length centered on the fibril segments.
Rectangular widths were chosen to encompass the fibrils. The resulting intensities are denoted by Ir below.
The background intensities were taken on both sides of each individual fibril segment and denoted by Iz
and lg>. The same procedure was employed for the TMV standard, with the individual intensities denoted
as Irmv and backgrounds as Igs and Iga. The value of (I, ) =(lxyy —1/2(1g; + g, ) Was calculated as an

average of all TMV data under the identical tilt angle of the beam. The known value of MPL for TMV (
MPLy,,, ) is 131 kDa/nm (14). The MPL values are given by MPL = MPLrwy (e Z172(0 51 +162)) e

<ITMV >

resulting MPL values were grouped in bins of 2 kDa/nm for the construction of the histograms. The two-
Gaussian fit utilized the minimum distance estimation with the Kolmogorov—Smirnov criterion, which
confers increased robustness (15).
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Figures

Figure S1. A) The QCPMG pulse sequence for H nuclei. Quadrupolar echo block with the 90° pulses shown as
rectangles is followed by a full echo acquisition period (ta) and then proceeds to an n repeating multiple echo unit (in
square brackets). d; is the inter-scan delay, and 7, is the pulse ringing delay Tycpmg = Tq + 271 + 90°/2. The analysis
of decay curves starts with the first full echo in brackets. The following 16-step phase cycle is used: ¢1=X,y,-X,-y; ¢=
VXY XY, X Y, X 03= VXY XY, X Y, X, =YXy, X, VXYL Oree= XY, X,Y. B) Pulse sequence for static 2H solid-state
Rp measurements. The heat compensation block SL(max-T) is followed by the inter-scan delay d; and the preparation
90° pulse, followed by a variable spin-lock delay SL(T). The detection is accomplished using the quadrupole echo
scheme, 7— 90° — 7. The phase cycle corresponds to ¢o=X; ¢1=-Y,y; ¢=-X,X; receiver=-y,y.

S6



isoD7 AE3 E22A

Figure S2. Additional examples of negatively stained TEM images of the mature isoD7 (cross-seeded with the 3-fold
wild-type fibrils), AE3, and E22A A.49 fibrils.

0 hrs 2-3_hr‘s_ 24 hrs ‘

Figure S3. Negatively stained TEM images of the E22A A4 fibrils at three time point points during the fibril
formation process.

1F)nm

Figure S4. A negatively stained TEM image of the pyroglutamate-3 A4 fibrils prepared using the same protocol
as the one used for the AE3 fibrils.
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Figure S5. Top panel: Dark-field images of isoD7 amyloid fibrils resulting from the cross-seeding procedure with the
wild-type A4 in the 3-fold symmetric polymorph. Rectangular areas demonstrate examples of fibril fragments
along the long axis chosen for quantitative MPL analysis, with numerical values labeled. Tobacco mosaic virus rods
used as standard are labeled “TMV”. Bottom panel: Resulting MPL histograms. Vertical dashed lines correspond to
the average MPL values of the wild-type 2-fold symmetric polymorph (blue) and 3-fold symmetric polymorph (red),
as previously determined by a similar approach (16). The fit of MPL data to two Gaussians (dotted black line) are
overlaid over the histograms. The fit yielded central values within the ranges for the 3-fold and 2-fold polymorphs
with populations of 0.89 and 0.11, with the mean values of 15.9 and 27 kDa/nm, and the widths of half-heights of
6.6 and 11.1 kDa/nm, respectively.
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Figure S6. Examples of decomposition of 2H static line shapes into components for determination of the fractions of
the bound and free states. For cases in which there is no separate non-Lorentzian line shown, all of the non-Lorenzian
component is attributed to the “bound” state.
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Figure S7. Examples of the experimental magnetization decay curves M (t) obtained from the 2H Rj, and QCPMG
experiments. For the Rjp experiment, peak intensities are in arbitrary units, obtained via the integration of the central
spectral component over the half-height region, versus time (circles). The lines represent the mono-exponential fits
of the form M(t) = Ae~*/Tr + B. For the QCPMG experiment, the examples of the time domain data are shown
from the first echo in the loop (designated by the square brackets in the pulse sequence of Figure S5). The type of
experiment, variant label, and the values of @si. or ocpmc are shown directly on the graphs.
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Figure S8. Representative fits of experimental QCPMG rates (A) and 2H R, rates (B). Fits are shown by the lines
according to models of Figure 3 of the main text.
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