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Abstract. Oligomers and fibrils of the amyloid-p (AB) peptide are implicated in the pathology of
Alzheimer’s disease. Here, we monitor the growth of individual AB4o0 fibrils by time-resolved in
situ atomic force microscopy and thereby directly measure fibril growth rates. The measured
growth rates in a population of fibrils that includes both single protofilaments and bundles of
filaments are independent of the fibril thickness, indicating that cooperation between adjacent
protofilaments does not affect incorporation of monomers. The opposite ends of individual fibrils
grow at similar rates. In contrast to the “stop-and-go” kinetics that has previously been observed
for amyloid-forming peptides, growth and dissolution of the AB4o0 fibrils are relatively steady for
peptide concentration of 0 — 10 uM. The fibrils readily dissolve in quiescent peptide-free solutions
at a rate that is consistent with the microscopic reversibility of growth and dissolution.
Importantly, the bimolecular rate coefficient for the association of a monomer to the fibril end is
significantly smaller than the diffusion limit, implying that the transition state for incorporation

of a monomer into a fibril is associated with a relatively high free energy.
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INTRODUCTION

The hallmark pathology of Alzheimer’s disease (AD) is the accumulation of plaques of the
protein fragment amyloid-p (AB) outside neurons in the brain.* Accordingly, the amyloid cascade
hypothesis states that cerebral amyloid deposition may represent a critical pathogenic event in
Alzheimer’s.24 Despite a recent interest in neurotoxic AP oligomers,52 the correlation of A fibrils
and plaques to AD is still actively scrutinized.3-39 Ap forms a variety of stable and structurally
disparate amyloid fibrils both in vivo and in vitro.'s 35 4° Distinct fibril structures have been linked
to divergent clinical outcomes.!3 Emerging evidence suggests that fibrils of Ap polymorphs that
form in the presence of lipid membranes, which are abundant in vivo, may be highly neurotoxic.4*-
43 Furthermore, in early-onset familial forms of AD,44 especially those associated with the Arctic4s
and Iowa4® variants of A, it is generally accepted that extensive fibrillization of mutant Ap is the
primary cause of cerebral amyloid angiopathy.4” In addition, even though the structures of the
toxic oligomers may be distinct from those of mature fibrils, understanding the molecular-level
processes of fibril growth may be informative of oligomer behaviors and must play a part in the

systems biology.13. 26, 40, 48-51



Here we explore the growth of AB4o0 fibrils. Two AP peptide isoforms, comprised,
respectively, of 40 or 42 aminoacid residues, dominate the population of polypeptide chains
generated by cleaving the amyloid precursor protein.52-53 Both peptides fibrilize in vivo and in
vitro; AB42 aggregates faster at comparable concentrations,5455 but the differences in aggregation
kinetics are not large.’3 The shorter peptide, AB40, is present at 5-to-10-fold higher concentrations

than AP425° and is overrepresented in mature fibrils and plaques.5”

The kinetics of amyloid assembly have typically been investigated in bulk assays,58-%° in
which the recorded signal reflects a convolution of molecularly distinct events: nucleation,
growth, fragmentation, and fibril surface-catalyzed nucleation. It is hard to disentangle these
processes.® Recently, valuable insights have come from studies focused on the growth of
individual amyloid fibrils, observed by atomic force microscopy (AFM)4: 61-66 and fluorescence
microscopy.®77* These studies have raised several questions concerning the mechanisms of AB40
fibril growth. Is fibril growth steady or do periods of stagnation alternate with bursts of growth?
Do parallel adjacent protofilaments cooperate to grow faster or slower than isolated ones? Do
opposing fibril ends grow at similar rates in a symmetrical fashion? Do fibrils grow by
incorporation of monomers or of dimers and higher oligomers? Is the sequence of molecular-level
events leading to incorporation in a fibril exactly reversed during dissolution? Is the incorporation
of AR monomers in a fibril delayed by a kinetic barrier or is its rate limited only by monomer

diffusion?

Here we monitor the growth of individual AB4o0 fibrils by time-resolved in situ AFM to

address these questions.



RESULTS AND DISCUSSION

Determination of fibril growth rates. We generate fibrils in a stirred solution and
deposit them on freshly cleaved mica surfaces’2 mounted on the AFM scanner; please see the
Methods section below. We fill the AFM fluid cell with an AB40 solution of known concentration
in 40 mM phosphate buffer at pH = 7.4. The solution is replenished periodically to maintain
constant peptide concentration. We employ the tapping mode of AFM, whereby the substrate, on
which the fibrils are deposited, is scanned with an oscillating tip (Fig. 1A). The amplitude, the
resonance frequency, and the phase shift of the tip vibrations are modulated by the interaction
with the fibril and the response is used to deduce its topography.7”s AFM imaging of the mica
surface in this solution reveals fibrils firmly attached to the substrate.? In time, both ends of the
fibrils grow (Fig. 1 B — E). We select immobile markers on the substrate that are visible in several
consecutive images and use them as reference points to measure the displacement of each fibril
end along the fibril axis (Fig. 1 B — E). We evaluate the fibril growth rate as the slope of the time
correlation of the fibril end displacement (Fig. 1F). As defined, the growth rate characterizes

individual fibrils and can be determined uniquely for each of the two fibril ends.

The fibril growth rate measurements described above are direct. They do not require
fluorescent labeling of the peptide or the presence of fluorophores such as Thioflavin T, both of
which could modify the aggregation kinetics and thermodynamics. To address the concern that
scanning with the AFM tip might influence fibril growth we examined the impact of the imaging
tip and solution shear due to the horizontal motion of the AFM tip in the immediate vicinity of
the surface. We found that several changes in scan protocol do not affect the apparent rates of
fibril growth. Tip velocities of 1 to 10 um s would engender a boundary layer around the tip with
thickness of the order of a few microns”s in which the shear rates are of the order of 1 to 10 s.
Higher solution shear may affect the conformation of unfolding globular proteins7¢-78 and may to

a lesser extent impact the conformation of AR monomers (in solution, AB(1-40) adopts a structure



with a-helical and hairpin segments).19- 48. 79-80 The resulting conformational variability may
enhance or suppress the fibrillization rates, similar to observations with other protein

condensates.81-82

Cantilever

Tapping

Displacement [nm]

o

10 20 30 40
Time [min]

o

Figure 1. Determination of growth rates for individual AB40 fibrils. A. Schematic of tapping-
mode imaging of a fibril deposited on a substrate by an AFM tip. B-E. Time-resolved in situ AFM
images showing the growth of an AB40 fibril in a 1 yM solution. White arrows indicate immobile
reference points. Double-sided arrows indicate distance between a fibril end and a reference
point. Image acquisition times were about 100 s. F. Evolutions of the displacements of five fibril
ends and the respective best-fit lines that were used to determine the fibril growth rates at a
solution concentration of 5 uM, as indicated in plot.

Our tests showed, however, that scanning in two perpendicular directions (Fig. 2A)
produced statistically indistinguishable growth rates (Fig. 2B). In a second test, we increased the
tip velocity from 2 to 10 um s* by varying the image size and scan rate. We analyzed the similarity

between the distributions of growth rates obtained with distinct tip velocities (Fig. 2C) by one-



way analysis of variance (ANOVA), a statistical procedure, which compares the variance between
the three groups to the variance within each group of data. The F value, corresponding to the ratio
of the two variances, is 1.55, smaller than the critical value of 3.15 for three groups consisting of
65 independent measurements. The p value was 0.22, greater than the significance level of 0.05,
certifying that the hypothesis of equality of the three mean growth rates is held. All measurements
discussed below were executed with scanning tip velocities between 5 and 10 pm s In a third
test, we compared the fibril growth rates in an area of the substrate that was continuously imaged
for 13 min, to those of fibrils outside of the viewing area (Fig. 2 D — G). The growth rates in both
groups were in the range 3 — 5 pm s™. As evidence that interaction with the substrate does not
modify the growth rates, below we highlight the similarity of the growth rates measured using the

present method to those determined from time-dependent bulk growth of fibrils in solution.4
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Figure 2. Tests for imaging artefacts. A. In situ AFM images showing fibrils growing in 1 pM
AB40 solution scanned in directions indicated by double-sided arrows. B. Jitter plots of fibril growth
rates determined from images collected with the two perpendicular scanning directions shown in
A. Upper, median, and lower horizontal lines exceed 75, 50, and 25% of the data points,
respectively. x indicate fastest and slowest growth rates, @ mark the average values, capped
vertical bars denote the standard deviations of the data sets. C. Jitter plots of distributions of fibril
growth rates at displayed AB40 concentration, determined using indicated tip velocities. D-G.
Time-resolved in situ AFM images showing the growth of AB40 fibrils in a 1 uM solution over 15



min employing embedded scan areas. Tip velocity 5 um s™'. White box indicates area of zoom-in
scans in E and F after image in D was recorded. G. Image with lower zoom ratio incorporates
area scanned in E and F, highlighted in white box. Arrows in D and G indicate fibrils that grew
outside of continuously scanned area observed in E and F. Image acquisition times in A and D —
G were about 100 s.

Fibril polymorphism, growth symmetry, and growth rate variability. Ap forms several
stable distinct polymorph structures both in vivo and in vitro.'s 35 4°. 83 In most of the studied
structures, the constituent monomers fold into a U-contour with sides comprised of B-strands.+
40,84-87 The monomers assemble into a gutter-shaped protofilament with walls formed by B-sheets,
in which the constituent (-strands align perpendicular to the long protofilament axis.4%- 88 The
assembly of two or three parallel protofilaments is classified as a filament and a single fibril often
contains several filaments.88 All elements of this structural hierarchy may attain various
morphologies.'4 26, 40, 84 Whereas AP oligomers may contain antiparallel §-strands,+ abundant
evidence suggests that the protofilaments found in mature fibrils are built as parallel p-sheets.!+
26, 40, 89-90 The two most common structures formed in vitro consist of either two or three
symmetrically arranged protofilaments running parallel to the fibril axis.'4: 26. 40. 84 The threefold
symmetric filaments, whose thickness is about 7.0 nm, dominate in quiescent solutions, whereas
agitated solutions (like those we use to make our samples) promote a twofold symmetric
polymorph (as in Fig. 3A), in which the filaments have a roughly rectangular cross-section with
dimensions 6 x 5.2 nm?2.14 4% 84 Importantly, the structure of a fibril does not change along its
length. Morphological characteristics, such as fibril width, twist period, and mass-per-length,

propagate as the fibril grows and transfer from a seed to the newly grown segments.4°
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Figure 3. The fibril thickness and symmetry of growth of two fibril ends. A. Schematic of a
fibril that consists of four filaments, each comprised of two protofilaments related by a twofold
axis. Red, green, and blue denote N-terminus, hinge, and C-terminus of the AB40 peptide. B.
Schematic of the interaction of an AFM tip with a fibril. X axis extends along scan direction, z axis
measures separation of tip from substrate. x mark the readouts along the z and x axes when the
tip touches the fibril, when the tip is on top of the fibril, and when the tip detaches from the other
side of the fibril, respectively. C and D. lllustration of measurement of fibril thickness using AFM.
C. Height mode image of a fibril growing at AB40 concentration 1 uM. D. Height profile along line
in A and illustration of thickness h determination. E. Distribution of fibril thicknesses. F. Growth
rates of opposing fibril ends plotted as a function of respective fibril thickness. Solution
concentration is indicated in the plot. G. Correlation between rates of growth of the two fibrils
ends. Three points corresponding to fibrils that only display one end in the AFM field of view have
been omitted from this plot. Solution concentration is indicated in the plot. H. Magnitude of the
relative discrepancy between the growth rates of the two fibril ends in G.

The width of a fibril rendered by AFM is a convolution of the shapes of the fibril and the
AFM tip (Fig. 3B).73: 992 The thickness of the fibril, however, determined as the deviation from
the height level of the mica substrate (Fig. 3 B — D), does not suffer from similar exaggeration. We

observe that the distribution of the fibrils thicknesses is bimodal, with maxima at 3 and 9 nm (Fig.



3E). The lower value is less than the filament thicknesses of both the threefold and twofold AB40
polymorphs but is comparable to the height of a single U-shaped protofilament;4 40 84 fibrils
consisting of single protofilaments with mass-to-length ratio of about 9 kDa nm (corresponding
to a single chain of monomers with molecular weight 4.33 kDa and spacing of 0.47 nm)34 93-95
have been observed in populations of both polymorphs.8” Consistent with expectations for seeds
generated in stirred solutions4 and the propagation of fibril structure from seed to new growth4o
we conclude that the thinnest fibrils in our experiments represent stand-alone protofilaments of
the twofold symmetric polymorph. Evidence discussed below indicates that the thicker fibrils that

we observe are likely bundles of filaments of this same twofold symmetric polymorph.

If protofilaments within the same fibril grow sufficiently fast so as to compete for a supply
of monomers from the solution, then we would expect decreasing fibril growth rate as fibril
thickness increases. The independence of the fibril growth rate of the fibril thickness (Figs. 3F, S7
and S8; the linear correlation coefficients for the R(h), R(h?), and R(h2) dependences are,
respectively, 0.09, 0.03, and 0.10) indicates that the convective-diffusive supply of monomers to
the fibril end is not a rate-determining step of growth, in contrast to significantly faster (ca.
10,000-fold) growing sickle cell hemoglobin polymers.%-97 Importantly, this independence
indicates that adjacent protofilaments do not cooperate to assist or hamper monomer
incorporation into their respective tips. Thus, models of AB40 aggregation assuming single
protofilaments 5. 19-48 are likely to predict adequately the growth dynamics of fibrils comprised of

multiple protofilaments.

The opposing ends of the majority of the monitored fibrils grow with rates that differ by less
than 40% (Fig. 3 G and H) and the magnitude of this difference is independent of the growth rate
(Fig. 3H, the linear correlation coefficient is 0.002). The differences of the rates between the
opposing fibril ends are within the range of variability of the growth rates of individual fibril ends

(see, e.g., Fig. 2B). This approximate growth rate symmetry contrasts with previous



measurements of the growth dynamics of single fibrils of other proteins and peptides,63-64. 68
including AB(25-35) and AB(1-42),°* which showed significant asymmetry of the growth rates

whereby one of the fibril ends was found to grow considerably faster than the other end.

The majority of the growth rates of individual fibrils grown at identical conditions fall within
50% of the average for these conditions; rare measurements exceed the average by up to 500%
(Fig. 4A). We tested whether the growth rate variability is due to the presence of different
polymorphs in the population of fibrils that we studied (each growth rate data point in Figs. 2 B
and C, 3 E — H, and 4A corresponds to an individual fibril end). Since distinct polymorphs are
expected to grow with specific rates!4-4° and the polymorph identity is preserved during growth,4°
we determined the variability of growth rates evaluated from the displacement of single fibrils.
For this, we divided the time evolutions of several fibril end displacements, like those shown in
Fig. 1F, into segments of five overlapping data points and evaluated the growth rate corresponding
to each segment of the time course (Fig. 4B, inset). The resulting distributions of the growth rates
of individual fibrils (Fig. 4B) are comparable to those of batches of fibrils grown under identical
conditions (e.g., Fig. 2B). This correspondence suggests that the growth rate variability is not due
to polymorph diversity. The similarity of the growth rates of fibrils with thickness between 2 and
4 nm to those of thicker fibrils (Fig. 3F) strongly suggests that the majority of the fibrils observed
here belong to the same twofold symmetric polymorph adopted by the seeds generated in stirred

solutions.

10
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Figure 4. Variability of fibril growth rates. A. Distributions of fibril growth rates at Ap40
concentrations indicated in the plots. Number of measurements indicated in each plot. B and C.
Jitter plots (for definition of notations, please see caption of Fig. 2) of growth rate distributions of
individual fibrils at the concentration indicated in B. B. Determined from the five displacement
evolutions in Figure 1E. Color-coding corresponds to Figure 1E. Inset. lllustration of the
determination of R from overlapping segments consisting of five points belonging to same
displacement AL trace in B and C. Pairs of vertical bars of same color bracket AL data points used
in individual determinations of R. C. Determined from the displacement evolutions of four fibrils of
thickness between 2 and 4 nm. Inset. Schematic of a single protofilament that likely constitutes
fibrils with thickness between 2 and 4 nm.

It appears that the growth rate variability is not due to interactions between adjacent
protofilaments belonging to the same filament. To see this, we evaluated the variability in the
growth rates of individual fibrils with thickness between 2 and 4 nm (Fig. 4C), and compared the
degree of variability of these thin fibrils to that of thicker fibrils. We assume that the fibrils with
measured thicknesses between 2 and 4 nm are single protofilaments. The variability of the growth
rates for the thinnest fibrils (Fig. 4C) is comparable to or greater than that of thicker fibrils (Fig.

2B).

The growth rate fluctuations (Fig. 4 B and C) and the lack of cooperativity between the
individual protofilaments comprising a fibril (Fig. 3F) may potentially lead to distinct lengths of

the protofilaments and diminished fibril thickness close to the fibril end. We did not observe such

11



thickness variations. A feasible interpretation is that the rate fluctuations are around average
values governed by the peptide concentration. Thus, over extended times, the adjacent
protofilaments reach similar lengths and the potential length differences are likely lower than can

be detected, given the resolution limit of the AFM of about 1 nm.

Steady or stop-and-go growth? Stop-and go-kinetics, in which periods of stagnation alternate
with bursts of growth, have been observed in several previous studies of amyloid fibrillization at
constant supersaturation.6 63. 9. 71 The most commonly cited molecular mechanism for stop-and-
go kinetics is that a monomer docked at the fibril end adopts a conformation (before or during
docking) that impedes further monomer attachment.2o- 98 Growth resumes after the capping
monomer detaches or transitions to a conformation that more readily supports continued
association.® ¢%: 7t The rest periods vary from several minutes to several hours and the lengths

accrued between pauses reach between tens of nanometers and microns.5* 63, 69, 71

To discriminate more carefully between steady kinetics and stop-and-go kinetics, we chose
a fibril oriented roughly along the scanning direction, which significantly enhances the resolution
of the recorded displacement (Fig. 5A).73 Previous meticulous measurements of the growth
kinetics of a bacterial functional amyloid show that the pauses extend at lower supersaturation.®3
We therefore employed a relatively low concentration of AB40 of 1 uM to look for pauses. Over
18.5 min, the fibril grew by 4.8 nm, corresponding to an average growth rate of 4 pm s (Fig. 5B).
This evolution remained steady throughout the observation, at about 0.4 nm growth between
images that were collected every 100 s (Fig. 5A). This steady growth does not represents a burst
stage since the corresponding growth rate is similar to the average of 33 determinations with
independently grown fibrils, summarized in Fig. 4A. In all, we monitored the growth of about 200
fibrils at five AB40 concentrations ranging from 1 to 10 pM. We never detected any significant
periods of stalled growth. Fibril end displacements always evolved steadily, similar to those shown

in Fig. 1E.

12
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Figure 5. Steady growth of fibrils. A. A sequence of images of a fibril growing at 1 uM
concentration aligned using an immobile set point to reveal the growth of the fibril. Double sided
arrow indicates scanning direction. B. Evolutions of the displacement of the ends of five fibrils at

AB40 concentration indicated in the plot. Bottom data set corresponds to the image sequence in
A.

The present observation of relatively steady growth contrasts with the results of a detailed
previous investigation that did exhibit stop-and-go growth of AB4o0 fibrils.99 We believe the
diverging observations may arise from two differences of the previous studies from the present
approach: First, in the previous study the seeds of the fibrils that grew by discontinuous kinetics
were generated in quiescent solutions, which, as highlighted above, favor threefold symmetric
filaments.4 40 In contrast, the seeds we used were generated in agitated solutions, where mostly
twofold symmetric filaments nucleate.'4-4° Second, the previous studies monitored growth by total
internal reflection fluorescent microcopy (TIRFM) in the presence of the dye Thioflavin T.9 This

dye may itself associate with the active fibrils ends, intermittently poisoning growth.

Growth reversibility and the rate constant for monomer association to the fibril.
Fibrils placed in contact with buffer free of AB40 dissolve (Fig. 6 A — D) without stirring or

agitation, demonstrating the reversibility of AB40 fibrillization. Similar to the growth of fibrils in



a supersaturated solution of the peptide, the dissolution of the fibrils occurs at a relatively steady
rate (Fig. 6E). The correlation between the net fibril growth rate R and the AB40 concentration C
in the range 0 — 10 uM is linear (Fig. 7A). The slope of the correlation, (8.4+0.17) x 103 nm s* uM-
1 is near the previously reported value for the twofold symmetric AB40 fibril polymorph of
(8.68+0.11) x 103 nm s* uM~, determined by monitoring the evolution of the average length of
fibrils grown in bulk solutions.*4 The respective slope for the three-fold symmetric polymorph,
which was estimated in the same previous study, was lower, at 6.07 + 0.23 nm s uM.14 The close
agreement between the kinetics measured here and determined previously for the twofold
symmetric polymorph, as well as the significant difference with the threefold symmetric
polymorph, provide additional support for our identification of the polymorph studied here as the

twofold symmetric polymorph.

The R(C) correlation crosses the line corresponding to zero growth at C. = 0.44 + 0.07 uM,
below which the negative values of R correspond to fibril dissolution (Fig. 7A). A solution with

concentration C. will thus be in equilibrium with the fibrils, so we can say C. is the AB40 solubility

20
Time [min]

Figure 6. Characterization of AB40 fibril dissolution. A-D. Time-resolved in situ AFM images
showing the dissolution of an AB40 fibril in peptide-free buffer. Arrows indicate immobile reference
points. E. Evolutions of the displacements of two fibril ends and respective best-fit lines.

14



>
o
—
o

_1]

S
o
&

o O
R 8

0.02}

o
S

5 10

@ Growth Rate R [nm

'

Figure 7. The correlation between fibril growth rate and AB40 concentration. A. Negative
growth rates correspond to dissolution. The vertical arrow indicates the concentration at which
the fibrils are in equilibrium with the solution, the solubility C.. The slope of the best-fit line defines
the rate constant k. Error bars indicate standard deviation from the average of 20 to 50
measurements at each concentration. B. lllustration of the relation between the net rate of
monomer association to the fibril end k,(C — C,) and the rate of fibril growth R = ak,(C — C,).

with respect to the twofold symmetric fibril polymorph. The measured C, is consistent with
previous estimates of the solubility for the twofold symmetric AB40 fibril polymorph of 0.40 +
0.04 uM and 0.34 £ 0.06 uM that were found, respectively, by following the time evolution of the

average length of fibrils grown in bulk solutions and by measuring the concentration of peptide

left in solution after fibril growth was completed. 4

The apparent equilibrium between the fibrils and the solution should, of course, be regarded
as metastable in view of the possible existence of more ordered condensed states, e.g., crystals or
other polymorphs, which may have still lower free energy AG.*°° Even if such higher-order
structures exist for AB40, they are kinetically avoided in the present study possibly owing to
seeding with fibrils of a particular polymorph and the slow interconversion between different

polymorphs. The AG difference between the fibrils studied here and a 1 M AB40 solution is the

15



standard free energy of fibrillization AG° = —kgN,TInK =kgN,T InC,= —36.5 kJ mol* = —8.7
kcal mol, where kj is the Boltzmann constant, N, is the Avogadro number, T'is temperature, and
K =C;! = 2.3 uM~ is the fibrillization equilibrium constant. This value for AG® agrees with

previous determinations.o!

The measured dissolution rate is equal in magnitude to the growth rate recorded at a
concentration with equivalent deviation from the equilibrium concentration (Fig. 7), implying
that growth and dissolution are microscopically reversible. Microscopic reversibility would be
violated if, for instance, growth occurred by monomer association, but the fibril were to dissolve,
in contrast, by discharging dimers or other oligomers; the latter scenario would enforce
asymmetric rates of growth and dissolution. The observed microscopic reversibility of fibril
growth and dissolution represents a reference point for future models of fibril growth and

dissolution.

The linear correlation between R and C suggests that the AB40 species that associates with
the fibril during growth and that dissociates from the fibril during dissolution is a monomer. The
net rate of growth of an individual fibril, R, at a given solution peptide concentration, C, represents
the algebraic sum of the addition rate, R, and the dissociation rate, Rq. We assume that the rate
of the unimolecular dissociation reaction, wherein a monomer leaves the fibril tip to yield a free
monomer and a shorter fibril, is independent of the solution monomer concentration. Since only
dissociation occurs in the absence of solution monomers, the dissolution rate at zero solution
peptide concentration can be used to determine the intrinsic dissociation rate. The measured
dissolution rate in the absence of solution monomers, R = —4.4 pm s, can be converted into a
dissociation rate of monomers from a single fiber end in units of molecules per second using the
known spacing between monomers along the fibril axis, a = 0.47 nm (Fig. 7B).84 93-94 This

conversion yields a dissociation rate of Rq = 9.4 x 103 molecules s for a fibril end.

16



Supported by the linear R(C) correlation, we assume that growth of fibrils occurs via the
addition of monomers from the solution to an existing fibril end to yield a longer fibril. The rate
of the bimolecular reaction between a monitored fibril end and solute monomers is proportional
to the concentration of monomers in the solution, R, = k,C. If, rather than a single fiber study,
we carried out a bulk experiment with many free fiber ends, the total rate would also be
proportional to the concentration of these ends. When the solution monomer concentration is
equal to the equilibrium concentration, C = C, = 0.44 uM, the rates of dissociation and addition
are equal in magnitude, R; = R,(C,) = k,C.. With R = a(R, — R;), the rate law corresponding to
the linear R(C) correlation (Fig. 7a) is R = ak,(C — C,). Using the slope of the R(C) correlation,
8.4x 103 nm s uM™, and the spacing between monomers, a = 0.47 nm, we determine k, = 1.8 x
104 M s, This value is well below the diffusion limit for reactions in solution of about 10 M-1s-
1, indicating that the monomer addition reaction is not diffusion-limited and a relatively large free
energy barrier must be overcome to incorporate a monomer into a fibril. It therefore seems likely
that the rate-limiting step of this reaction involves a conformational rearrangement that occurs
from a pre-equilibrium where a monomer binds, but non-specifically, to the fibril tip before
transforming into the next growth-competent fibril tip configuration, as has been suggested by

previous theoretical work.1s: 1948, 80

Conclusions. We have demonstrated that time-resolved in situ atomic force microcopy
provides a way directly to measure the growth rates of individual AB4o fibrils without introducing
complicating features that may confuse other commonly employed techniques. The ability
faithfully to characterize the growth kinetics of individual amyloid fibrils provides an opportunity

to explore the specific mechanistic details that control monomer association to fibrils.

We have identified the AB4o0 fibrils studied here as the twofold symmetric polymorph based
on the good correspondence between the fibril growth rate constant to previous determinations

for this polymorph. The population of fibrils includes not only single protofilaments but also
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filaments and bundles of filaments. The growth rate, however, turns out to be independent of the
fibril thickness, implying that adjacent protofilaments do not cooperate to assist or hamper
monomer incorporation into their respective tips. Correspondingly, models of AB40 monomer
association to single protofilaments may adequately describe the growth of thicker fibrils. The
fibrils of the polymorph we studied grow steadily. The opposing ends of the fibrils grow with
similar rates. These observations contrast with the “stop-and-go” kinetics and asymmetric growth
that have been observed with amyloids formed from other peptide fragments or from AB40 whose

seeds were generated differently and thus likely belong to the threefold symmetric polymorph.

The linear correlation between fibril growth rate and concentration suggests that the AB40
species that associates with the fibril during growth and dissociates from the fibril during
dissolution is a monomer. Growth and dissolution of the AB40 amyloids are microscopically
reversible, i.e., the sequence of molecular-level events leading to incorporation of a monomer to
a fibril is exactly reversed during dissolution. The observed microscopic reversibility and
unimolecular mechanisms of fibril growth and dissolution represent important reference points

for models of fibril growth and dissolution.

The observed reversibility of fibrillization and symmetry of growth and dissolution allows
the determination of the AB40 solubility with respect to the twofold symmetric fibril polymorph,
as the interpolated concentration where the net rate of growth is zero. The solubility, C, = 0.44
uM, and the standard free energy of fibrillization, AG° = —36.5 kJ mol* = —8.7 kcal mol+,
determined from the solubility, agree with previous determinations for the twofold symmetric

polymorph.

The correlation between fibril growth rate and concentration corresponds to a rate
coefficient for association of monomers to the fibril end k, = 1.8x104 M-s. This value is

significantly slower than the diffusion limit implying that the transition state for incorporation of
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a monomer into a fibril of the two-fold polymorph features a relatively high free energy. The rate-
limiting step of this reaction may involve a conformational rearrangement of a monomer
nonspecifically bound to the fibril tip to a growth-competent configuration, as suggested by

previous models.

METHODS

We expressed AB(M1-40) (MDAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGV
VIA) in Escherichia coli and purified it by size exclusion chromatography following published
procedures.*2 The identity of the peptide was verified by western blot following the BIO-RAD
protocol for polyclonal rabbit antibody. This method produces AR peptide with a methionine
attached to the N-terminus, which significantly simplifies purification and contributes to several-
fold greater yields.2 Liquid chromatography-mass spectrometry (LC-MS, Figure Ss5)
characterization of the purified peptide confirmed the identity of AB(M1-40) (Mw = 4,458.3 g mol-
1 after correction for an added H+) and revealed that about 0.1% of the total peptide is oxidized
(Mw = 4,474.3 g mol?), probably at one of the two methionine sites, MO or M35.103-104 The
fibrillization kinetics of the methionine-initiated peptide is quantitatively similar to that of the
methionine-free peptide.o2 The recorded consistency may justify the wide use of AB(M1-40) and
AB(M1-42) in amyloid B fibrillization studies.> 95 Our own determinations of both the solubility
and the slope of the fibril growth rate correlation with the peptide concentration are very close to
those recorded with synthetic AB(1-40), which lacks methionine.’4 Further details about the

expression, purification, and validation of the peptide is provided in the Supporting Information.

The purified peptide was stored as a solution of concentration about 100 mM at -80°C.
Aliquots of this stock solution were thawed, diluted to desired concentration, and used in AFM

monitoring of the kinetics of fibril growth and dissolution within two hours.
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We monitored the growth of fibrils deposited on mica by time-resolved in situ atomic force
microscopy in solutions of desired peptide concentration. The temperature in the AFM fluid cell,
27.0 £ 0.1°C, was higher than room temperature (ca. 22°C) due to heating by the AFM scanner
and laser. AFM images were collected in tapping mode. Image sizes ranged from 1 ym x 1 pm to
4 um x 4 um. Scan rates were between 1 and 2.52 s in most images. Tests of the effects of tip
speed on fibril growth employed scan rates of up to 10 s.. Height, amplitude, and phase imaging
modalities of tapping-mode AFM were employed. The captured images contained 256 scan lines
at angles depending on the orientation of the monitored fibril.2o¢-207 Thus, the collection of one
image took approximately from 1:40 min to 4 min. The height images were used to determine the
morphological characteristics of a fibril: thickness, length, integrity, etc. The corresponding
amplitude images, in which the image intensity represents the deviation of the tip response
frequency from the driving frequency due to interaction with the sample, were used for illustration
of fibril growth. Note that the color density in amplitude imaging mode is not quantitatively
related to sample height variations. A small fraction of the fibrils, less than 10%, fractured during

imaging. Data collected with fractured fibrils were not include in subsequent analyses.
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