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ABSTRACT: The assembly of proteins into amyloid fibrils
has become linked not only with the progression of myriad
human diseases, but also with important biological functions.
Understanding and controlling the formation, structure, and
stability of amyloid fibrils are therefore major scientific goals.
Here we utilize electron microscopy-based approaches
combined with quantitative statistical analysis to show how
a recently developed class of amyloid modulators—multi-
valent polymer—peptide conjugates (mPPCs)—can be
applied to control the structure and stability of amyloid
fibrils. In doing so, we demonstrate that mPPCs are able to
convert 40-residue amyloid p-fibrils into ordered nanostruc-
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tures through a combination of fragmentation and bundling. Fragmentation is shown to be consistent with a model where the
rate constant of fragmentation is independent of the fibril length, suggesting a local and specific interaction between fibrils and
mPPCs. Subsequent bundling, which was previously not observed, leads to the formation of sheetlike nanostructures that are
surprisingly much more uniform than the original fibrils. These nanostructures have dimensions independent of the molecular
weight of the mPPC and retain the molecular-level ordering of amyloid fibrils. Overall, we reveal a quantitative and nanoscopic
understanding of how mPPCs can be applied to control the structure and stability of amyloid and demonstrate approaches to
elucidate nanoscale amyloid phase behavior in the presence of functional macromolecules and other modulators.
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B INTRODUCTION

The self-assembly of proteins into fibrils known as amyloid has
become linked with both pathological and functional effects in
biological systems. For example, amyloid formation from
proteins like amyloid # (Af}), a synuclein, and amylin has been
implicated in the progression of Alzheimer’s disease,"”
Parkinson’s disease,” and type II diabetes,” whereas amyloid
derived from curli, rodlin, and p-endorphin aid in such
processes as the growth of bacterial biofilms,” the branching
of fungal spores,”® and the storage of neuropeptides.’
Consequently, extensive research has been focused on
understanding and modulating the structure, formation, and
stability of amyloid fibrils.”'™"* In many investigations,
ensemble spectroscopy techniques like thioflavin T (ThT)
fluorescence assay'>~'> and circular dichroism (CD) spectros-
copy,'”' which detect secondary structures characteristic of
amyloid, can provide valuable insight. For example, these tools
can be used to measure the rates of amyloid formation with or
without molecular modulators and under various conditions
and thereby reveal important details about both growth and
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inhibitory mechanisms.''” However, such tools generally
reveal limited information about nanoscale phenomena that do
not involve significant changes in the secondary structure or
721 tertiary
structure changes,® or higher-order assembly and disassembly.

that involve heterogeneity, such as fragmentation,

Atomic force microscopy (AFM) has been the predominant
tool to study the shape and size evolution of amyloid fibrils
during such processes'”””**** but often at resolutions >10
nm, where primarily the exterior contours of amyloid
structures are resolved. As a consequence, although many
nanoscale processes play a critical role in the structure and
phase behavior of amyloid'”** and can reduce or exacerbate
the toxicity of amyloid fibrils,'® they are not as well

understood.
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Figure 1. Overview of mPPC-induced Af,, disassembly. (a) Schematic representation of the joint effects of fragmentation and bundling, induced
by the introduction of mPPCs, to produce bundles of amyloid segments. (b—d) Representative time-lapse TEM images of disassembly 0, 48, and
72 h after the addition of mPPC. Additional examples and control samples without mPPC are presented in Figure S3. (e) Quantitative analysis of
the fibril lengths (Ig,;;) and bundle widths (wp,q.e) over time. The shaded regions around the center line correspond to 1 standard deviation about

the mean of the distribution. Scale bars: 200 nm.

Here we used an assortment of electron microscopy
techniques to investigate how the structure and stability of
40-residue A (Af,,) fibrils can be controlled with multivalent
polymer—peptide conjugates (mPPCs). Inspired by the way
biolo%ical systems harness multivalent molecular interac-
tions, " mPPCs consist of a hydrophilic polymer backbone
bearing multiple copies of the “B-breaker” peptide LPFFD.”>*
In previous works, it was shown that mPPCs can modulate
both the growth and stability of amyloid, inhibiting the
formation of Af,, fibrils'*** and breaking down preformed
Ap,, fibrils into sub-100-nm structures.'® By virtue of their
multivalency, mPPCs achieve significantly higher inhibition
and disassembly efficacy than corresponding amounts of
monomeric LPFFD.'>'®** However, beyond an overall
decrease in the aggregate size over time, details of the
nanoscale processes involved in mPPC-induced disassembly
observed in previous work were difficult to elucidate, in part
because secondary structures (e.g., based on the CD
spectroscopy results) were mostly unchanged in the process,
with little discernible change over the disassembly time
course.'® With direct, high-resolution imaging, in this work
we show that the disassembly of Af,, fibrils by mPPCs
proceeds not through dissolution or a simple “erosion” of fibril
ends but through a sequence of fragmentation and lateral
associations, leading to the formation of relatively uniform,
platelike bundles. Quantitative statistical analysis of bundle size
distributions indicates that fragmentation is a local process,
with a rate constant independent of the fibril size and

geometry, suggesting specific interactions between amyloid
fibrils and mPPCs rather than mechanically induced
fragmentation. This observation differs from most synthetic
disassembly pathways, which predominantly involve dissolu-
tion by small molecules®®™** or mechanical agitation'”*" of
amyloid fibrils, and instead resembles the early stages of natural
amyloid “disaggregase” behavior.”' The bundling process,
meanwhile, which was not resolved in previous investigations
but revealed here at ~2 nm resolution, appears to exhibit a self-
limiting behavior, which constrains the extent of lateral
association to structures 3—35 fibrils wide. The overall f-sheet
molecular ordering of the resulting bundles suggested by
previous studies'® was confirmed with nanobeam electron
diffraction, while their platelike thickness was examined with
electron tomography. Overall, these results provide a detailed,
quantitative picture of how mPPCs are able to modulate the
stability of amyloid fibrils. At the same time, the ability of
mPPCs to direct the formation of amyloid nanostructures
much more uniform than the starting amyloid fibrils has the
potential for broader implications in the developing field of
amyloid nanotechnology, where creating amyloid structures
with well-defined size and structure is a major goal.>> >’

B RESULTS AND DISCUSSION

Disassembly of Af,, fibrils was carried out as described
previously,'® and their morphological evolution at intervals
before and after the addition of mPPCs was examined with
negative-stain transmission electron microscopy (TEM; Figure
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Figure 2. Fibril morphology evolution along the disassembly pathway. (a—c) From 24 (a), 48 (b), to 72 h (c) after the addition of mPPC to
preassembled fibrils, the average fibril length I, decreases from 130 to 67 nm at 48 h and to 59 nm within 72 h. The inset in part ¢ shows a
zoomed-in view of the 72 h I,y distribution highlighting the smaller size regime. (d—f) In parallel, lateral association of fibril segments leads to an
increase of the average bundle width wy,,gq. from 23 nm at 24 h (d) to SO nm within 72 h (f) after the addition of mPPC. All curves denote a best-

fit log—normal distribution, as detailed in Figure 3.
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Figure 3. Fibril length dimensions that converge to a log—normal size distribution over time, indicating uniform random fragmentation. (a—d)
Comparison of fits to the 72 h I,y cumulative probability distribution (Figure 2c), including the normal distribution (a), Weibull distribution (b),
log—normal distribution (c), and exponential distribution (d). For comparison, the scales of the x and y axes are such that an ideal fit to the
distribution would correspond to a straight line. The same data are shown on a linear scale in Figure S4 (see also Tables S1 and S2). (e) Schematic
representation of uniform random fragmentation with a lower-bound size limit.

1). In brief, Ap,, fibrils were prepared by dissolving 10 uM
AP, in a 10 mM phosphate buffer saline solution (pH 7.4)
and applying linear shaking at 37 °C for 24 h. Separate
solutions also containing ThT (10 #M) were incubated in the
same 96-well plate to monitor fibril growth. On the basis of
mass-per-length analysis*®~** (Figure S1), assembled fibrils
have on average a 2-fold symmetry, with two protofibrils
wrapped around the fibril axis, consistent with previous studies
using similar fibril growth conditions.*" The helical twist of the

fibrils has a period 2200 nm, leading to variation of their
projected widths between ~8 and 30 nm (Figure S2). At the
end of the fibril growth period (referred to as 0 h), mPPCs
with a molecular weight of 90 kDa and a peptide loading of 7%
(7 LPFFD-labeled units in every 100 units along the polymer)
were added to bring the LPFFD—Af,, molar ratio to 32.5 and
incubation was continued for 72 h thereafter, with samples
being collected for examination in 24 h increments. Additional
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details regarding the mPPC synthesis and experimental
procedures can be found in the Supporting Information.

The addition of mPPCs leads to the disassembly of long,
tangled Af,, fibrils into much smaller, sub-100-nm structures
(Figure la—d), whereas only minor structural changes are
observed after 72 h without mPPC (Figure S3), consistent
with previous studies.' More quantitatively, after the addition
of mPPCs, fibrils shorten from an average length Iy, = 269 nm
at 0 h to 59 nm within 72 h (Figures le and 2a—c). In parallel,
the standard deviation of the Iy, distribution decreases
dramatically—almost 10-fold—from 151 to 15 nm. This
significant reduction of the distribution spread indicates that
the underlying shortening pathway is not erosion from fibril
ends but from fragmentation at multiple “break” points. At the
same time, aided by the high-resolution morphological
information provided by negative-stain TEM, additional details
of the disassembly process were revealed. For example, as
fragmentation occurs, we observed that Af,, amyloid fibrils
also associate laterally, forming bundles with width wy,,q. = 50
+ 14 nm after 72 h with mPPC (Figures le and 2d—f). These
nanoscopic aspects of the disassembly process were not
apparent in our previous studies'® because light scattering and
AFM only revealed an overall reduction in the aggregate size
after the addition of mPPCs to preformed fibrils. More
importantly, these details reveal important mechanistic
information.

For example, a detailed analysis of the Iy distribution
during disassembly indicates that fibril shortening proceeds by
uniform random fragmentation, with a rate constant
independent of the fibril size or geometry. In particular,
looking at the distributions of lg,; in more detail, it is
immediately apparent that fibril length distributions are highly
asymmetric (Figure 2), with a Gaussian distribution providing
a poor fit (Figure 3a and Tables S1 and S2). An overall
asymmetric distribution of fibril lengths could have emerged
from a variety of pathways, including (i) the equilibrium
statistical mechanics of frangible rods,*”** (ii) steady-state
behavior of kinetic master equations describing nucleated fibril
growth in the presence of competing pathways,”***** or (iii)
geometrically random one-dimensional fragmentation.**’
Each of these pathways, however, produces qualitative
differences in the form of the size distribution that is produced,
and our results are most consistent with the latter case. More
specifically, for the first pathway, rate laws for linear assembly
and disassembly can be derived directly and depend on the
position of fracture and the length of the fracturing body."”
Later it was shown that this geometry-dependent model
produced length distributions with a form known as the
Weibull distribution."””® In the second pathway, which
considers kinetic competition between processes in the
assembly of breakable filaments (filament nucleation, mono-
mer addition and dissociation, fragmentation, etc.), it was
shown that a closed system will converge to positively skewed
length distributions over time, with a shape that is only a
function of the minimum stable nucleus size (details on the
mathematical forms of these distributions are provided in the
Supporting Information).>*** For the final model, it was
derived that one-dimensional fragmentation with a rate
constant independent of the aggregate size and a lower-bound
size limit produces a positively skewed distribution known as
the log—normal distribution.**” In other words, convergence
to this distribution indicates that fragmented fibrils are random
fractions of the starting fibril length but have a lower bound on

their size (without a size limit, an exponential distribution of
fragment sizes would emerge).

The observed I, distributions are best described by the
third model, i.e.,, the log—normal distribution (Figures 3a—d
and S4), indicating a uniform random fragmentation process
(Figure 3e). For example, using the lg distribution at 72 h as
an example, best-fit distributions to the Weibull and steady-
state kinetic models fail to recapitulate the observed
distribution of fibril sizes and instead tend to predict a much
steeper drop in the distribution at the smallest fragment sizes
(Figures 3a—d and S4). The log—normal distribution, on the
other hand, can fit the observed distribution across the
complete range of g, and throughout the disassembly
process. More quantitatively, both the Kolmogorov—Smirnov
(Table S1) and Anderson—Darling (Table S2) goodness-of-fit
test statistics, which measure the distance between the
observed distribution and a particular best-fit distribution,
consistently rank the log—normal distribution highest. This
goodness-of-fit improves as disassembly progresses; at 72 h,
the maximum deviation between the observed distribution and
a log—normal distribution measured by the Kolmogorov—
Smirnov test is as little as 0.03 (across 757 measurements;
Table S1). Given the mechanistic underpinnings of the log—
normal distribution and the inconsistency of the data with the
Weibull and kinetic models that involve fibril geometry, this
observation indicates that mPPC-induced fragmentation is a
local process that does not depend on the position of
fragmentation or the size of the breaking fibril (Figure 3e).
This result is in contrast with amyloid fragmentation induced
by mechanical agitation,”® which instead produced a Weibull
distribution of fragment sizes and is further supported by the
magnitudes of the fragment lengths observed. For example,
previous works have shown that Af,, amyloid fibrils have
persistence lengths in excess of several hundred nanome-
ters; " the observed size distribution of Iy, is far smaller
than this characteristic mechanical length scale, as well as the
twisting length scale of fibrils (2200 nm; Figure S2). A “local”
fragmentation mechanism points to a specific interaction
between the mPPCs and amyloid fibrils, which is hypothesized
to be encoded in the peptide ligands that they bear, and
perhaps other physicochemical properties of mPPCs. For
example, if fragmentation is the result of the interaction of an
mPPC with local or transient defects along an amyloid fibril, or
if binding of the mPPC peptide groups to the fibril structure
leads to the formation of such defects, these interactions in the
presence of peptide groups other than LPFFD could lead to
different disassembly efficacies. These aspects are the subject of
ongoing investigation.

In tandem with random fragmentation, shortened amyloid
segments associate laterally and become highly aligned in
bundles that are approximately S0 nm in width (Figure 2d—f).
Interestingly, although short amyloid segments are produced at
the very beginning of disassembly (some even as short as the
libe values after 72 h; Figure 2a) and begin to be incorporated
into bundles S0 nm wide within 24 h (Figure 2d), further
bundling is limited (i.e, segments or already associated
bundles do not continue to associate side-to-side). From a
colloidal standpoint, this result is surprising, for if broken
amyloid fibrils behaved as simple attractive rods or cylinders,
much larger structures would be expected within such an
extended time frame. For example, attractive colloidal rods,”*?
rodlike viruses’>>* and other simple analogues tend to
assemble to a much greater extent, sometimes to the point
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Figure 4. mPPCs with different molecular weights produce qualitatively and quantitatively similar bundles. (a—b) Representative negative-stain
micrographs of bundles disassembled by (a) 45 kDa of mPPC and (b) 166 kDa of mPPC. The distributions of fibril lengths (c) and bundle widths
(d) after 72 h of disassembly with increasing mPPC molecular weights are qualitatively and quantitatively consistent. See also Figures S5—S7. Both
distributions are of the logarithm of their respective bundle dimensions to highlight their log—normal nature. Sample sizes for each data set are

given in Tables S1 and S2.

of macroscopic phase separation. Similar to fragmentation,
different means of self-limiting assembly have been proposed.
One form has been observed in the assembly of stiff
polyelectrolytes®>° like DNA,”” but this requires complex
electrostatic interactions and generally only takes place in the
presence of multivalent cations, which are not present here. An
alternative explanation that is more plausible here lies in the
helicity of amyloid fibrils. In particular, the self-assembly of
chiral filaments can also be self-limiting®~®® because tight
bundling such as that observed here requires the intrinsic twist
of individual building blocks to change and thus accommodate
elastic strain, which limits the lateral growth of helical bundles.
Indeed, self-limiting bundling behavior has been observed in
chiral protein filaments made of actin,®” sickle-cell hemoglobin
fibrils,”"** and other amyloid-like structures.”>°® The facts that
the observed bundles appear tightly aligned, with well-defined
“stripes”, and that the original (and control) long fibrils do not
seem to bundle as easily (Figures 2b and S3j—I) is an
indication of this elastic constraint. Analogously, a bundle of
short amyloid segments should form more readily than a tight
bundle of long amyloid fibrils. Future experiments on the
disassembly of amyloid fibrils with well-defined twisting
periodicity, such as polymorphs prepared using highly
controlled amyloid assembly conditions, could elucidate
more about such behavior. A second possible origin of this
self-limiting effect is a delicate balance between the short-range
attractive and long-range repulsive interactions’”*® experi-
enced by fibrils and fibril segments. In this system, attraction
could come from van der Waals interactions, hydrophobic
interactions, or attractions mediated by the mPPC, whereas
repulsion originates from electrostatic interactions. In other
systems, their intergplay has been demonstrated to lead to self-
limiting effects.””

Given the relative uniformity of amyloid bundles produced
from mPPC-induced disassembly, we sought to investigate
these structures in more detail. First, we repeated the
disassembly experiments using mPPCs of both higher (166
kDa) and lower (45 kDa) molecular weights with the same 7%
LPFFD peptide loading density. Previously, it was observed
that higher-molecular-weight mPPCs tend to disassemble
amyloid fibrils more rapidly, with the rate of disassembly
being approximately linearly related to the overall concen-
tration of peptide groups, with no observed critical
concentration.'® Surprisingly, the high-resolution imaging
approach here revealed that while the mPPC molecular weight
can influence the disassembly rate, fragmentation processes are
not only qualitatively maintained (Figure 4ab) but also
produce quantitatively similar bundle geometries (Figures 4c,d
and S5—S7; see Table S1 for the sample sizes). For example,
not only does the distribution of Iy, consistently converge to a
log—normal distribution after 72 h (Figure 4c and Tables S1
and S2), indicating the same uniform fragmentation processes;
different mPPCs also produce fibril segments of highly similar
sizes, regardless of the mPPC molecular weight (53 + 9 nm for
45 kDa, 50 + 14 nm for 90 kDa, and 57 + 19 nm for 166
kDa). The same behavior is seen in the case of bundling:
regardless of the molecular weight, bundles form with w4
between 50 and 60 nm (Figure 4d). These consistencies
corroborate many of the hypotheses about the underlying
disassembly mechanisms—uniform fragmentation with self-
limiting bundling—proposed above.

At the same time, we looked deeper into the bundle
structures themselves. First, we endeavored to investigate the
molecular-scale ordering of bundles to confirm that they
maintain the characteristic structures of amyloid fibrils, as
suggested in previous CD studies. Historically, X-ray or
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amyloid fibrils. Bundles coming from disassembly by 90 kDa of mPPC after 72 h were chosen as representatives. (b) Radially integrated nanobeam
electron diffraction pattern exhibiting higher-order peaks (0.24 and 0.16 nm) corresponding to the f-sheet spacing and to the graphene sheet used
as a protective agent. (c) TEM images of a bundle collected from a wide range of tilt angles indicate that the thickness of the bundles is relatively
small and the overall structure is platelike. (d) Magnified TEM image of a bundle resulting from the disassembly of amyloid fibrils, highlighting the
well-defined “stripes”. (e) Grayscale intensity integrated vertically along several different bundles, indicating a periodicity A of 6.2 + 1.1 nm,

consistent with protofibril length scales.

electron diffraction experiments have been used to “finger-
print” amyloid structures.””’’ However, these techniques
require samples with large-scale ordering and alignment,
which would make it difficult to probe scattering signatures
locally and with certainty from nanoscale bundles. To
circumvent these challenges, we used nanobeam electron
diffraction, where diffraction patterns can be collected from
regions a few tens of nanometers in diameter,”" combined with
electron damage mitigation using graphene (Figure Sa), to
probe the structure of bundles. Figure Sb shows the resulting
diffraction pattern taken from a single bundle structure and
radially integrated. The pattern contains peaks corresponding
to the graphene substrate (see also Figure S8) and higher-
order peaks consistent with the 0.47 nm spacing, which has
long served as a defining characteristic of amyloid fibrils.*””>
To better understand the bundle structures in three
dimensions, we collected TEM images of bundles from several
different tilt angles (Figure Sc). The high-tilt images indicate
that bundles are relatively platelike, extending only slightly into

the z direction and with thickness of <30 nm. Finally, we
quantified the periodicity of bundle stripes (Figure Sd.e),
which served as an additional indication of the underlying
amyloid structure in that the average distance A between
stripes (6.2 &+ 1.1 nm) is consistent with the dimensions of the
starting amyloid fibrils when they are twisted away from the
TEM substrate (Figure S2b,d).

B CONCLUSIONS

In summary, using a variety of electron microscopy techniques
and quantitative image analysis, we have demonstrated that
mPPCs induce the disassembly of Af,, amyloid fibrils through
a combination of fragmentation and bundling processes.
Statistical analysis of the size evolution of fibrils and their
assemblies provides evidence that mPPC-based fragmentation
has a uniform, size- and position-independent rate, involving
local interactions between fibrils and mPPCs and not merely
mechanical agitation-induced breakage. Bundling, on the other
hand, is a slow assembly process with a size-limiting behavior.
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Collectively, these processes work together to produce
uniform, ordered amyloid “rafts” regardless of the mPPC
molecular weight, highlighting opportunities to create well-
defined, molecularly ordered amyloid nanomaterials.
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