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Early events in amyloid-β self-assembly
probed by time-resolved solid state
NMR and light scattering

Jaekyun Jeon1,2, Wai-Ming Yau1 & Robert Tycko 1

Self-assembly of amyloid-βpeptides leads to oligomers, protofibrils, and fibrils
that are likely instigators of neurodegeneration in Alzheimer’s disease. We
report results of time-resolved solid state nuclear magnetic resonance
(ssNMR) and light scattering experimentson40-residue amyloid-β (Aβ40) that
provide structural information for oligomers that form on time scales from
0.7ms to 1.0 h after initiation of self-assembly by a rapid pH drop. Low-
temperature ssNMR spectra of freeze-trapped intermediates indicate that β-
strand conformations within and contacts between the twomain hydrophobic
segments of Aβ40 develop within 1ms, while light scattering data imply a
primarily monomeric state up to 5ms. Intermolecular contacts involving
residues 18 and 33 develop within 0.5 s, at which time Aβ40 is approximately
octameric. These contacts argue against β-sheet organizations resembling
those found previously in protofibrils and fibrils. Only minor changes in the
Aβ40 conformational distribution are detected as larger assemblies develop.

Self-assembly of amyloid-β (Aβ) peptides has been studied intensively
since the initial identification of Aβ as the primary proteinaceous
component of amyloid plaques in Alzheimer’s disease (AD) brain tis-
sue more than 35 years ago1,2. Starting from a primarily monomeric
state at 15–40μM, photochemical crosslinking experiments indicate
thatAβoligomers containing at least sevenmolecules can formwithin
about 100 s3. Larger metastable assemblies, including globular
oligomers4–7 and worm-like protofibrils8–10, can then form on the
time scale of minutes to hours before mature fibrils with lengths
exceeding 1μm are observed. At low concentrations, formation of
globular oligomers and protofibrils can be avoided11, leading to a
moredirect progression frommonomers tofibrils with kinetics on the
time scale of hours dictated by primary nucleation followed by fibril
fragmentation or surface-catalyzed secondary nucleation, depending
on experimental conditions12,13.

The monomeric state of full-length 40- and 42-residue Aβ pep-
tides (Aβ40 and Aβ42) is primarily unstructured under conditions that
disfavor aggregation14–16. Although the fibrillar state is polymorphic,
withmultiple distinct structures for Aβ40 and Aβ42 fibrils having been

characterized by solid state nuclear magnetic resonance (ssNMR)17–23

and cryogenic electron microscopy (cryo-EM) methods24–27, the core
structure within a given fibril is homogeneous. Within all mature fibril
polymorphs, Aβ peptides adopt conformations that include multiple
β-strand segments, which form in-register parallel β-sheets through
intermolecular hydrogen bonds among backbone groups28–31.
According to ssNMR data, Aβ conformations in large oligomers5,7,32–34

and protofibrils10,34–36 resemble those in mature fibrils, albeit with
reduced overall conformational order. However, β-sheet structures in
large oligomers and protofibrils can be qualitatively different from
those in mature fibrils6,7,10,34,36,37.

In the initial stages of Aβ self-assembly, oligomers comprising
an increasing number of molecules develop as short-lived inter-
mediates (Fig. 1a) before the large globular oligomers, protofibrils,
and fibrils that are readily observable in transmission electron
microscope (TEM) images (Fig. 1b–d and Supplementary Fig. 1).
Molecular structural properties of early intermediates in Aβ self-
assembly have not been established by experiments to date.
For example, although it is known that large oligomers (n » 10, where
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n is the number of Aβ molecules), protofibrils, and fibrils have
β-strand-rich conformations, the stage of self-assembly at which
β-strand conformations develop is not known experimentally. How
the degree of structural order, including homogeneity of molecular
conformations and intermolecular alignments, depends on oligomer
size is also not known from experiments. The transient nature and
heterogeneity of early intermediates in Aβ self-assembly renders
standard methods for molecular structure determination largely
inapplicable.

To address problems of this type, we have recently developed
time-resolved ssNMR methods38,39, based on a combination of rapid
mixing to initiate a structural evolution process, rapid freezing to
trap intermediate states, and low-temperature ssNMR technology
with sensitivity enhancements from dynamic nuclear polarization
(DNP)40,41 to enable efficient measurements on frozen peptide and
protein solutions with concentrations around 1mM. Here we apply
time-resolved ssNMR to Aβ40 self-assembly, initiated by a rapid pH
drop.We combine the ssNMRdata with data from time-resolved light
scatteringmeasurements, which allow us to quantify the evolution of
oligomer size distributions on time scales from 5ms to many min-
utes. Based on the combined data, we find that β-strand-rich con-
formations develop very rapidly, within 1ms of the pH drop, at which
time Aβ40 molecules are still primarily monomeric on average.
Modeling of the light scattering data indicates oligomer growth up
to sizes of approximately 8 molecules within 0.5 s under our
experimental conditions, followed by a more gradual and nearly
linear increase in average size that can be modeled as a coagulation

process. Although the average value of n is approximately 50 after
10min in our experiments, the time-resolved ssNMR data show sur-
prisingly little change in conformational preferences and overall
structural order at the molecular level as the nonfibrillar Aβ40
assemblies grow. These data also suggest early formation of intra-
molecular contacts that are independent of n, consistent with
U-shaped10,17,19,30 or hairpin-like26,36,42 molecular conformations, and a
more gradual development of intermolecular contacts that differ
from those in Aβ40 fibrils.

Results
Initiation of Aβ40 self-assembly by a rapid pH drop
As depicted in Fig. 2a, time-resolved ssNMR experiments began with
isotopically labeled, synthetic Aβ40 solutions in 20mM NaOH (pH ≈
12), where Aβ40 is fully soluble and monomeric at 2.3mM. Self-
assembly was initiated by mixing Aβ40 solutions in a 2:1 ratio with
525mM sodium phosphate buffer in 0.7–3.0ms (depending on flow
rate and mixer volume, see Methods), thereby dropping the pH value
to 7.4 and producing a final Aβ40 concentration of 1.5mM. After
structural evolution times τe from 0.7ms to 1.0 h, solutions were fro-
zen in less than 0.5ms38 by spraying a high-speed jet (0.85–2.6 cm/ms
from a 50 μm diameter nozzle at 1.0–3.0ml/min flow rates) onto a
rotating copper plate that was pre-cooled to 77 K in liquid nitrogen.
Frozen material was then packed into magic-angle spinning (MAS)
ssNMR rotors under liquid nitrogen and stored at 77 K. The home-built
apparatus for rapid mixing and freeze-trapping has been described
previously38. Values of τe from0.7ms to 1.0 hwere achieved by varying
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Fig. 1 | Hypothetical depiction of Aβ40 self-assembly. After a rapid change from
solvent conditions that favor the monomeric state to conditions that favor self-
assembly, Aβ40 monomers that are initially conformationally disordered form
oligomers with progressively larger sizes (a), possibly with increasingly ordered
molecular and supramolecular structures. Within minutes, metastable nonfibrillar

oligomers (b) andprotofibrillar assemblies (c) are readily apparent innegative-stain
TEM images. After longer incubation periods, thermodynamically stable amyloid
fibrils (d) become the predominant self-assembled state. Images in b–d are
representative examples from sets of 19, 32, and 18 micrographs, respectively.
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the flow rates, the mixer volume, the volume between the mixer and
the jet nozzle, and the distance from the nozzle to the cold copper
surface (see “Methods” and Supplementary Table 1).

Figure 2b showsone-dimensional (1D) 13C ssNMRspectraof frozen
Aβ40 solutions with various values of τe. Spectra were recorded with
DNP at sample temperatures of 25 K41, using 10mM sulfoacetyl-
DOTOPA43 as the paramagnetic dopant; double-quantum filtering44

was used to suppress residual signals from glycerol, which was inclu-
ded as a cryoprotectant (see “Methods”). Circular dichroism spectra
indicate that addition of glycerol does not alter the conformational
properties of Aβ40 substantially (Supplementary Fig. 2). For these
spectra, Aβ40 was 13C-labeled at all carbon sites of eight residues,
namely F19, V24, G25, S26, A30, I31, L34, and M35 (Aβ40-FVGSAILM).
Large changes in peak positions and lineshapes are observed between
τe =0 (rapidly frozen at pH 12without a pH drop) and τe = 0.7ms. From
τe = 0.7ms to τe = 1.0 h, spectral changes are subtle, consisting of a
growth of intensity in the 25–35 ppm region up to 100ms. The 1D 13C
ssNMR spectrumof A40-FVGSAILM fibrils, prepared by seeded growth
and frozen after the addition of glycerol and DNP dopant (see Meth-
ods), is qualitatively different, with sharper features that indicate a
higher level of structural order.

Evolution of secondary structure from time-resolved 2D solid
state NMR
Figure 3a shows examples of two-dimensional (2D) 13C ssNMR spectra
of the frozen A40-FVGSAILM solutions with various values of τe.
These 2D spectra were obtained with 13C–13C spin diffusion mixing
periods τsd equal to 20ms, producing strong intra-residue (but not
inter-residue) crosspeaks. Although crosspeaks are broad and over-
lapping, clear changes in positions of intensity maxima are observed
between τe = 0 and τe = 0.7ms, some of which are indicated by the
cyan and gold lines in Fig. 3a. From τe = 0.7ms to τe = 1.0 h, no clear
changes in intensity patterns are observed. The 2D spectrum of
fibrillar Aβ40-FVGSAILM is qualitatively different, with sharper
crosspeaks and somewhat different crosspeak positions. The full set

of 2D spectra and representative 1D slices are shown in Supplemen-
tary Figs. 3 and 4.

To quantify changes in crosspeak intensity patterns, pairwise
root-mean-squared deviation (rmsd) values were calculated after
normalizing the intensities in each 2D spectrum to the total crosspeak
volumes within the relevant spectral regions. Results are displayed as
heat maps in Fig. 3b, c for aliphatic-aliphatic and aliphatic-carbonyl
regions, respectively. These analyses confirm that differences among
2D spectra of A40-FVGSAILM samples with 0.7ms ≤ τe ≤ 1.0 h are not
significantly above the noise levels in these spectra (rmsd values of
0.27 ± 0.13 and 0.24 ±0.12 in Fig. 3b, c, respectively; reported as
average ± standard deviation). 2D spectra of the samplewith τe =0 and
the fibrillar sample are significantly different from spectra of samples
with 0.7ms ≤ τe ≤ 1.0 h (rmsd values of 0.75 ± 0.26 and 0.87 ±0.09
for the sample with τe = 0 in Fig. 3b, c, respectively; rmsd values
of 0.94 ±0.19 and 0.51 ± 0.06 for the fibrillar sample in Fig. 3b, c,
respectively).

Figure 4a shows time-resolved 2D 13C ssNMR spectra with
τsd = 20ms for samples in which Aβ40was 13C-labeled at all carbon sites
of V18, A30, and G33 (Aβ40-VAG). The full set of 2D spectra and
representative 1D slices are shown in Supplementary Fig. 5. In this case,
the smaller number of labeled residues allows individual crosspeaks to
be resolved.With the higher resolution, differences in crosspeak shapes
between samples with τe = 1.5ms, 400ms, and 1.0 h are visible, con-
sistent with a progressive increase in conformational order. Significant
changes in 13C chemical shifts from crosspeak positions at τe = 0 to
those at τe≥ 1.5ms are also apparent. Heatmaps of pairwise rmsd values
in Fig. 4b, c show that differences between the 2D spectrum of Aβ40-
VAG with τe = 0 and 2D spectra with τe ≥ 1.5ms (rmsd values of
0.77 ±0.10 and 0.82 ±0.13 in Fig. 4b, c, respectively) are greater than
differences among 2D spectra with τe ≥ 1.5ms (rmsd values of
0.55 ±0.05 and 0.55 ±0.08 in Fig. 4b, c, respectively).

Partial 13C chemical shift assignments from the 2D spectra of
frozen solutions containing Aβ40 monomers (τe = 0, pH 12), oligo-
mers (τe > 0), and fibrils are compared in Table 1. Chemical shifts in
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Fig. 2 | Strategy for time-resolved ssNMR studies of Aβ40 self-assembly. a An
Aβ40 solution at pH 12 is rapidlymixedwith a concentratedpH 7.4 buffer to initiate
the process. The mixed solution is rapidly frozen on a cold copper surface after a
structural evolution period τe, which is controlled by the distance and/or volume
between themixer and the cold plate and by the flow rate. Structural information is
obtained from low-temperature, DNP-enhanced ssNMR measurements on the

frozen solutions. b Double-quantum-filtered 1D 13C ssNMR spectra of frozen solu-
tionswith [Aβ40] = 1.5mMand the indicated values of τe. Aβ40was 13C-labeled at all
carbon sites of F19, V24, G25, S26, A30, I31, L34, andM35 (Aβ40-FVGSAILM). Fibrils
with the same isotopic labeling pattern were prepared separately before rapid
freezing. Vertical orange lines indicate some of the positions where τe-dependent
changes in the spectra are evident.
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this table represent values at the maxima of resolved or partially
resolved crosspeaks. Full-width-at-half-maximum (FWHM) linewidths
were estimated from the crosspeak shapes where possible. The
upfield shifts of 13CO and/or 13Cα signals of V18, F19, V24, A30, I31,
G33, andM35 bymore than 1.0 ppm in 2D spectra of Aβ40 oligomers,
relative to the 2D spectrum of monomers, indicate the development
of a preference for β-strand conformations at these residues.
Downfield shifts by more than 1.0 ppm for 13Cβ signals of V18, F19,
A30, I31, and L34 also indicate the development of β-strand con-
formations. The relatively small (for the Aβ40-VAG labeling pattern)
or undetectable (for the Aβ40-FVGSAILM labeling pattern) differ-
ences between 2D spectra with the shortest non-zero τe values and
with τe = 1.0 h indicate that site-specific molecular conformational

distributions do not change greatly after the initial rapid conforma-
tional transition.

13CO, 13Cα,
13Cβ chemical shifts of labeled residues in the mono-

meric state are within 1.0 ppm of random coil values45, with the
exceptions of 13Cα of V24,

13Cα and
13Cβ of A30,

13Cα of I31, and
13CO and

13Cα of L34. For V24, A30, and L34, the differences from random coil
values are not consistent with β-strand conformations.

Evolution of oligomer sizes from time-resolved light scattering
The time-resolved ssNMR data show that Aβ40 molecules undergo
large changes in secondary structure preferences within 0.7–1.5ms
after a rapid change from solvent conditions that favor themonomeric
state to conditions that favor self-assembly. However, the time-

13C NMR frequency (ppm) 13C NMR frequency (ppm)

13
C

 N
M

R
 fr

eq
ue

nc
y 

(p
pm

)

150 100 50

80

60

40

20

80

60

40

20

150 100 50
80

60

40

20

�  = 0 ms (pH 12)e 0.7 ms

23 ms 200 ms

1.0 h fibrils

A30S26
F19

G25

L34

V24

I31

M35

I31

N
or

m
al

iz
ed

 rm
sd

Ev
ol

ut
io

n 
tim

e

Evolution time

1.0

0.8

0.6

0.4

0.2

0.0

Evolution time

a

b c

0 m
s

0 m
s

0.7
 m

s

0.7
 m

s

1.0
 m

s

1.0
 m

s

1.5
 m

s

1.5
 m

s

23
 m

s

23
 m

s

10
0 m

s

10
0 m

s

20
0 m

s

20
0 m

s

30
 s

30
 s

1.0
 h

1.0
 h

fib
rils

fib
rils

0 m
s0.7

 m
s1.0

 m
s1.5

 m
s23

 m
s10

0 m
s20

0 m
s

30
 s

1.0
 h

fib
rils

0 m
s

0.7
 m

s

1.0
 m

s

1.5
 m

s
23

 m
s

10
0 m

s

20
0 m

s
30

 s
1.0

 h
fib

rils

Fig. 3 | Time-resolved 2D ssNMR spectra of Aβ40 assemblies. a 2D 13C-13C ssNMR
spectra of frozen Aβ40-FVGSAILM solutions with the indicated values of the evo-
lution time τe. 2D spectra were recorded with 20ms mixing periods, sufficient to
produce strong intra-residue crosspeaks but not inter-residue crosspeaks. Hor-
izontal and vertical lines indicate positions of crosspeak signal maxima that differ
between spectra at τe = 0 (cyan lines) and τe > 0 (gold lines). Residue-specific
assignments of crosspeaks are shown in the 2DspectrumofAβ40-FVGSAILMfibrils,

where the crosspeaks are sharper due to greater structural order. Contour levels
increase by factors of 1.3. b Heat map plot of differences in crosspeak intensity
patterns, quantified by rmsd values, for all pairs of 2D ssNMR spectra. Values are
normalized to the maximum rmsd. Only off-diagonal intensities in the aliphatic-
aliphatic regions of the 2Dspectra are included. c Sameaspanel b, but for carbonyl-
aliphatic regions of the 2D spectra. Source data are provided as a Source data file.

Article https://doi.org/10.1038/s41467-023-38494-6

Nature Communications |         (2023) 14:2964 4



dependent size of Aβ40 assemblies can not be determined from these
data. Thus, from the ssNMR data alone, it is unclear whether the
development of β-strand secondary structure depends on the forma-
tion of large assemblies or how these assemblies change in size over
the time range probed by the ssNMR data.

To characterize the time-dependent sizes of Aβ40 assemblies, we
used a stoppedflowfluorescence instrument toperformtime-resolved
light scatteringmeasurements, setting the detection wavelength equal
to the excitation wavelength (see “Methods” section). The composi-
tions of the two solutions that were rapidlymixed to initiate Aβ40 self-
assembly in these stopped flowmeasurements were identical to those
in the time-resolved ssNMR measurements. For a solution of homo-
geneous molecular species with molecular weight Mw and mass con-
centration c, light scattering signal intensities, measured as voltages
from a photomultiplier tube (PMT) detector, are expected to be pro-
portional to Sb + c ×Mw, where Sb is a constant background level from
the solvent46,47. Measurements with the stopped flow instrument on
proteins with various values of Mw verify this expectation (see Sup-
plementary Fig. 6). For measurements on Aβ40 solutions that contain
n-mers with mass concentrations cn(t) at time t, the light scattering
signal is then proportional to SðtÞ= Sb +Mw

P1
n = 1½cnðtÞ×n�, with

Mw = 4.33 kDa being the molecular weight of Aβ40 monomers. If
monomers at t =0 were to convert completely to octamers at t =∞, for
example, S(t) − Sb would increase by a factor of eight, since in that case

c8(∞) = c1(0). In general S(t) − Sb is proportional to the mass-weighted
average value of n, defined by naveðtÞ=

P1
n = 1½cnðtÞ×n�=

P1
n’= 1 cn0ðtÞ.

Figure 5a, b show time-resolved light scattering data for Aβ40,
acquired with the highest accessible time resolution of the instrument
(0.25ms time steps). At 1.5mM and pH 12, Aβ40monomers produce a
scattering signal that is 0.015 V above the buffer scattering level. After
a rapid pHdrop, the scattering signal riseswith a timedependence that
can be fit with the stretched-exponential expression SðtÞ �
Sb =A1 +B1f1� exp½�ðt=τ1Þβ1 �gwith A1 = 0.015 V, B1 = 0.1147 ± 0.0033V,
τ1 = 141 ± 14ms, and β1 = 0.540 ±0.020. Thus, on the time scale of 0.5 s,
Aβ40monomers self-assemble to form oligomers with nave =B1/A1 ≈ 8.
Importantly, the time required for the light scattering signal above
background to double is approximately 10ms (Fig. 5a inset). Com-
binedwith the time-resolved ssNMR results, which show changes in 13C
chemical shifts with 0.7ms ≤ τe ≤ 1.5ms, the light scattering data
indicate that Aβ40molecules develop β-strand secondary structure in
their monomeric state after a rapid pH drop.

A 2D ssNMR spectrum of Aβ40-FVGSAILM in frozen solution with
[Aβ40] = 0.35mM and τe = 0.7 s is nearly identical to the corresponding
2D spectrum with [Aβ40] = 1.5mM (Supplementary Fig. S7), providing
further support for the development of β-strand secondary structure in
themonomeric state of Aβ40 after a rapid change to solvent conditions
that favor self-assembly. Over longer time periods, light scattering
signals continue to grow (Fig. 5b), indicating nave ≈ 50 at t= 600 s
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and nave ≈ 150 at t=4000 s. Remarkably, as discussed above, the time-
resolved ssNMR spectra indicate only minor changes in molecular
conformational distributions as oligomer sizes increase to these levels.

Our interpretation of the light scattering data is simplistic in that
we ignore possible variations of the refractive index increment with
oligomer size, effects of inter-particle interactions (i.e., the second
virial coefficient), and effects of particle shape47,48. Given that TEM
images indicate predominantly globular particles that are much
smaller than the 562 nm wavelength of light in our experiments
(Supplementary Fig. 1a–d) and given that we do not attempt to extract
structural information from the data other than the approximate value
of nave, this simplistic treatment is justified. To be specific, for ran-
domly oriented spheroidal particles with 524 nm3 volume (10 nm dia-
meter if spherical), the scattering intensity perpendicular to the
incident light beam is calculated47 to vary by only 3% as the aspect ratio
of the particles varies between 0.3 (oblate) and 3.0 (prolate).

Modeling of oligomer growth as a coagulation process
A striking feature of the data in Fig. 5b is the nearly linear increase in
scattering signal beyond t = 300 s. In an attempt to explain this beha-
vior, we considered a simple model for oligomer growth in which oli-
gomers of size n andm can fuse irreversibly to form oligomers of size
n +m, with rate constants rn,m. Such a model describes a process that
can be called coagulation49–52. In this model, mass concentrations
evolve with time according to the equations

dcnðtÞ
dt

=

� P1
m= 1

rn,mcnðtÞcmðtÞ
m ð1 + δn,mÞ,n= 1

Pn=2
m= 1

nrm,n�mcmðtÞcn�mðtÞ
mðn�mÞ � P1

m= 1

rn,mcnðtÞcmðtÞ
m ð1 + δn,mÞ,n=2,4,6,:::

Pðn�1Þ=2

m= 1

nrm,n�mcmðtÞcn�mðtÞ
mðn�mÞ � P1

m= 1

rn,mcnðtÞcmðtÞ
m ð1 + δn,mÞ,n =3,5,7,:::

8>>>>>>>><
>>>>>>>>:

ð1Þ

Importantly, Eq. (1) conserve total mass, i.e.,
P1

n= 1
dcnðtÞ
dt =0.

If rates of oligomer fusion were purely diffusion-limited, and if
oligomers were approximately spherical with radii Rn and translational
diffusion constants Dn, then rn,m ≈4πðDn +DmÞðRn +RmÞ49,50. Based on
the Stokes–Einstein equation Dn = kBT=ð6πηRnÞ, where kB is the
Boltzmann constant and η is the solvent viscosity, and the relation
Rn∝ n1/3, we therefore assume that rn,m = ð2+ m1=3

n1=3 + n1=3

m1=3Þ× r0, where r0 is
an overall scaling factor for the oligomer fusion rates. Numerical
solutions of Eq. (1) with this simple expression for rn,m show nearly
linear dependences of the simulated light scattering signals on time
(Supplementary Fig. 8a), in agreement with the long-time behavior of
the experimental data. We note that closely related treatments of
coagulation processes have been described previously49–52.

To reproduce the rapid, nonlinear time dependence of experi-
mental light scattering signals at shorter times, we introduce
a rate enhancement function E(n,m), so that rn:m = Eðn,mÞ×
ð2 + m1=3

n1=3 + n1=3

m1=3Þ× r0. Since the experimental data imply that fusion rates
are relatively large when the oligomers are small, we assume
Eðn,mÞ= 1 + ðE0 � 1Þ exp½�ðn2 +m2Þ=Nth

2�. With this form for E(n,m),
fusion rates are enhanced by approximately E0 when

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2 +m2

p
is less

than or comparable to a threshold value Nth.
Figure 5c compares the experimental light scattering data at

[Aβ40] = 1.5mMwith simulated data for various values of Nth. In these
plots, light scattering signals are normalized to the signal from a
1.0mM solution of Aβ40 monomers and background scattering is
subtracted. Values of r0 and E0 were optimized at each value of Nth by
minimizing the squared deviation s2 between simulated and experi-
mental data. To simplify the s2 calculations, experimental data were
represented by an empirical function of the form SðtÞ � Sb =A1 +
A2t +B1f1� exp½�ðt=τ1Þβ1 �+B2f1� exp½�ðt=τ2Þβ2 �g, using values of A1,Ta
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B1, τ1, andβ1 determined fromdatawith t≤0.5 s as described above and
adjustingA2, B2, τ2, and β2 to fit the data. Best-fit values (resulting in the
dashed line in Fig. 5b) were A2 = 0.00036057 ± 0.00000027 V/s,
B2 = 0.43465 ±0.00088V, τ2 = 176.0 ± 1.2 s, and β2 = 0.6127 ±0.0029.

Within the context of this simple model, the best agreement
between simulated and experimental light scattering data at [Aβ40] =
1.5mM is achieved with Nth≈ 16, r0≈0.0054mM−1s−1, and E0 ≈ 120, as
shown in Fig. 5d. Simulated time dependences of individual oligomer
concentrations with these parameters are shown in Supplementary
Fig. 8b. Although agreement with experimental data is not fully
quantitative, the simulations reproduce the shape and amplitude of
the data over the full time range examined in the experiments.

If oligomer fusionwere indeed diffusion limited, wewould expect
r0 ≈

2
3kBT=η = 8.3 × 105mM−1s−1, with T = 297K and η = 2.0 cP for our

glycerol/water solutions. That the best-fit values of r0 aremuch smaller
than the diffusion limited value, even when the best-fit enhancements
E0 are included, indicates that Aβ40 oligomer growth is far frombeing

diffusion limited in our experiments, even for small oligomers.
Apparently, oligomer fusion occurs only rarelywhen oligomers collide
with one another. This conclusion seems consistent with TEM images,
which show clusters of oligomers with various sizes, in contact with
one another after adsorption anddrying on the TEMgrid but not fused
(Supplementary Fig. 1a–d).

Time-resolved light scattering data were also acquired at [Aβ40] =
0.75mM and analyzed with the same approach (Supplementary
Fig. 8c–f). Equation (1) predicts that a twofold reduction in the initial
monomer concentration will simply retard the evolution to oligomers
by a factor of two (because these equations are invariant to the sub-
stitutions cnðtÞ ! xcnðtÞ and t ! t=x for all n and any x). Although this
prediction is approximately confirmed, in that the scattering signal
above background at t = 300 s for [Aβ40] = 1.5mM is 2.3 times greater
than the signal above background at t = 600 s for [Aβ40] = 0.75mM,
the best-fit functional forms and best-fit values of r0, E0, and Nth are
somewhat different at the two concentrations. Given the simplicity of
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Fig. 5 | Quantificationof Aβ40oligomer sizes by time-resolved light scattering.
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the coagulationmodel embodied in Eq. (1) and the formof rn,m used in
simulations, it is not surprising that discrepancies exist.

Evolution of thioflavin T fluorescence intensity
Thioflavin T (ThT) fluorescence is commonly used to assess fibril
formation by Aβ and other amyloidogenic polypeptides, as the
fluorescence quantum yield increases greatly when ThT becomes

conformationally constrained upon binding to amyloid fibrils53. ThT
fluorescence upon binding to oligomers has also been reported5,11,54.
Fig. 6a shows data from stopped flow fluorescence experiments in
which Aβ40 solutions at pH 12 were rapidly mixed with concentrated
pH 7.4 buffer solutions containing 50μM ThT, producing final Aβ40
concentrations from 29 μM to 1.5mM and 25 μM ThT. Fluorescence
intensities F(t) increase with characteristic build-up times τF in the
100–500 s range for [Aβ40] > 0.1mM, as determined by fits with
stretched exponential functions of the form FðtÞ= F0 +Af1�
exp½�ðt=τF Þβ�g (Fig. 6b, c). Best-fit values of A and τF are approxi-
mately proportional to and inversely proportional to the initial Aβ40
monomer concentration, respectively.

In contrast to the time-resolved light scattering signals, ThT
fluorescence intensities do not increase linearly at long times. Instead,
the combined light scattering and fluorescence data at [Aβ40] =
1.5mM indicate that the fluorescence signal per Aβ40 molecule
increases with oligomer size until nave ≈ 70, after which the fluores-
cence signal per molecule becomes nearly constant while nave con-
tinues to increase linearly. If ThT fluorescence intensity is a signature
of β-sheet structure, as is commonly assumed, then these data suggest
an increase in the fraction of molecules that participate in β-sheets
within nonfibrillar assemblies up to nave ≈ 70, but relatively little
change as nave increases further. A spherical assembly containing 70
Aβ40 molecules would have a diameter of approximately 10 nm.

Evolution of inter-residue contacts from time-resolved ssNMR
2D 13C-13C ssNMR spectra obtained with longer spin diffusion mixing
periods (τsd = 1.0 s) exhibit crosspeaks between signals from different
13C-labeled residues when the inter-residue 13C-13C distances are
roughly 6–8Å or less6,7,17,18,34,38,39. Fig. 7a shows such 2D spectra of
Aβ40-FVGSAILM samples with several τe values. The full set of 2D
spectra is shown in Supplementary Fig. 9. At τe = 0.7ms and τe = 23ms,
strong crosspeak intensity that connects 13C chemical shifts of the F19
aromatic sidechain near 132 ppm with 13C chemical shifts of aliphatic
sidechains in the 15–35 ppm range. Crosspeak intensity in this region is
significantly weaker at τe = 0. As shown in Fig. 7b, the inter-residue
aromatic/aliphatic crosspeak volume, relative to the intra-residue F19
Cβ/aromatic crosspeak volume, is independent of τe from 0.7ms to
1.0 h. Residues that could contribute to the inter-residue crosspeak
volume include V24, A30, I31, L34, and M35.

The broad, overlapping lineshapes in these 2D spectra prevent
unambiguous assignment of aromatic/aliphatic crosspeak intensity to
specific residues. However, in light of the evidence from ssNMR for β-
strand secondary structure at V18-V24 and A30-M35 discussed above
and the evidence from time-resolved light scattering measurements
for a primarily monomeric state in samples with 0.7ms ≤ τe ≤ 1.5ms, a
reasonable interpretation of the results in Fig. 7a, b is that the Aβ40
conformational distribution favors U-shaped or hairpin-like con-
formations that bring the F19 sidechain in proximity with sidechains of
L34 and/or M35 after the pH drop. With this interpretation, the aro-
matic/aliphatic crosspeak volume arises from intramolecular contacts.
Such conformations in Aβ40 monomers and small oligomers may
resemble the U-shaped conformations in ssNMR-based structural
models for protofibrillar and fibrillar Aβ40 assemblies10,17,19,30, or the β-
hairpins observed in molecular dynamics simulations42 and in some
structural studies26,36. As oligomers grow, the possibility exists that
intramolecular aromatic/aliphatic contacts could be replaced to some
extent by intermolecular contacts.

Figure 7c shows 2D spectra of Aβ40-VAG samples with τsd = 1.0 s
and various values of τe. With this labeling pattern, we observe inter-
residue crosspeaks that connect the 13Cα chemical shift of G33 (45
ppm)with the 13Cα and

13Cγ chemical shifts of V18 (61 ppm and 22 ppm,
respectively). As shown in Fig. 7d, the inter-residue crosspeak volumes,
relative to intra-residue crosspeak volumes of V18, are nearly
unchanged from τe = 0 to τe = 1.5ms but are larger at τe = 400ms and
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τe = 1.0 h. This behavior is clearly different from the behavior of aro-
matic/aliphatic crosspeaks involving F19 discussed above. We inter-
pret the increase in V18-G33 crosspeak volumes as the result of an
increasing fraction of Aβ40 molecules that participate in inter-
molecular contacts.

In the previously characterized in-register parallel β-sheet struc-
tures of Aβ40 fibrils17,18,25,26 and the antiparallel β-sheet structure of
Iowa-mutant Aβ40 protofibrils10, the shortest intermolecular or intra-
molecular V18-G33 distances are 10Å or more. The observation of
strong V18-G33 crosspeaks suggests that neither type of β-sheet is the
predominant mode of intermolecular association in nonfibrillar

oligomers. Instead, Aβ40molecules pack in alternative configurations
that create closer V18-G33 contacts. One possibility is intermolecular
hydrogen bonding between molecules with hairpin-like conforma-
tions, for example as suggested recently for the partially disordered
outer layers of a brain-derived Aβ40 fibril polymorph26.

Discussion
1D and 2D ssNMR spectra of rapidly frozen Aβ40 solutions show
obvious differences in 13C chemical shifts between pH 12 solutions and
solutions that were frozen at evolution times τe < 2ms after a rapid
change to pH 7.4 (Figs. 2b, 3a, and 4a). 13C chemical shifts at pH 12 are
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consistent with conformational distributions that lack regular sec-
ondary structure, while 13C chemical shifts after the rapid pH drop
indicate a preference for β-strand secondary structure at residues
18–24 and 30–35 (Table 1). Time-resolved light scattering measure-
ments (Fig. 5a) show thatAβ40 is still primarilymonomeric at τe = 2ms.
Therefore, although the conformational distribution of Aβ40 mono-
mers does not include a high population of β-strand conformations at
pH 12, β-strand conformations become highly populated in Aβ40
monomers at pH 7.4 before oligomerization occurs. Moreover, con-
tacts between the aromatic sidechain of F19 and aliphatic sidechains in
residues 30–35 are already present at τe = 0.7ms (Fig. 7a, b), consistent
with β-hairpin or strand-loop-strand (U-shaped) conformations in the
monomeric state.

The light scattering data show that oligomers with an average size
nave ≈8 develop by τe = 0.5 s (Fig. 5a).With [Aβ40] = 1.5mM, the average
oligomer size increases rapidly in the initial period of approximately
100 s, then increasesmore slowly and linearly up to at least 4000 s, with
nave ≈ 50at τe = 600 s andnave ≈ 150at τe = 4000 s (Fig. 5b). Although the
average oligomer size increases substantially, changes in crosspeak
patterns in 2D 13C−13C ssNMR spectra are small, indicating only a minor
increase in conformational order and no clear changes in conforma-
tional preferences. In the case of Aβ40-FVGSAILM, no significant
changes are detected in the 2D spectra from τe = 0.7ms to τe = 1.0 h
(Fig. 3b, c). This result is partlydue to the extensiveoverlapof crosspeak
signals from different isotopically labeled residues, which tends to
obscure subtle effects. Subtle changes associated with oligomerization
are apparent in 1D spectra (Fig. 2b). In the case of Aβ40-VAG, where
spectral overlap is less problematic, 2D crosspeaks at large τe values are
sharper than at τe = 1.5ms (Fig. 4), indicating greater molecular con-
formational order in oligomers with nave ≥8 than in the monomeric
state that develops quickly after the pH drop. Moreover, V18-G33
crosspeak volumes increase with τe in 2D spectra with 1.0 s mixing
periods (Fig. 7d), consistent with an increasing population of inter-
molecular contacts that result in relatively short V18-G33 distances.

The linear increase in light scattering intensity (i.e., in nave) for
τe > 500 s can be fit semi-quantitatively with a simple coagulation
model for oligomer growth, in which smaller oligomers fuse irrever-
sibly with one another to generate larger oligomers (Fig. 5c). To
reproduce the rapid initial rise in scattering observed experimentally,
fusion rates for small oligomers must be enhanced by factors E0 ≈ 120
relative to fusion rates for larger oligomers, up to oligomer sizes near a
threshold value Nth≈ 16. This result may reflect increasing sequestra-
tion of hydrophobic sidechains within the oligomer core and increas-
ing structural rigidity as the size increases.

Even with large enhancement factors, fusion rates for small oli-
gomers are small compared with theoretical diffusion-limited rates.
The observation that nave ≈ 2 at τe = 20ms with [Aβ40] = 1.5mM
(Fig. 5a) implies a bimolecular fusion rate for monomers on the order
of 40mM−1s−1, which is 20,000 times less than the theoretical diffusion-
limited rate. The best-fit value r0≈0.0054mM−1s−1 for large oligomers
(Fig. 5d) is smaller than the diffusion-limited rate by a factor of 108.
Thus, the vastmajority of collisions donot lead to fusion andgrowthof
oligomers. Apparently, specific sets of intermolecular contacts are
required to stabilize the association of two non-fibrillar Aβ40 entities.
A similar conclusion was reached in an earlier quantitative study of
fibril growth kinetics55, where the dependence of fibril extension rates
on monomer concentration implied that approximately 104 collisions
were required to add one monomer to the end of a fibril.

Previous experimental studies provide relatively little information
aboutmolecular structural evolution in early Aβ assemblies that can be
compared with our time-resolved ssNMR data. Solution NMR experi-
ments by Barnes et al.56, in which Aβ40 self-assembly was initiated by a
rapid drop in pressure from 2.5 kbar to 1 bar, showed that oligomer-
ization occurred in less than 1 s at [Aβ40] = 1.3mM. Residues 10–40
became at least partially ordered within several seconds, with

maximumordering in residues 16–22 and 29–36, consistent with the β-
strand formation seen in our time-resolved ssNMR measurements.
Measurements of 15N transverse relaxation rates showed that oligomer
sizes were roughly 350 kDa after 1.25 s and 1.3 MDa after 3.75 s, cor-
responding to nave ≈ 80 and nave≈ 300, respectively. In TEM images,
Aβ40 assemblies generated by the pressure drop were primarily pro-
tofibrillar. The relatively rapid development of large assemblies with
protofibrillar morphology in the experiments of Barnes et al., as
opposed to the slower development of globular assemblies in our
experiments, may be due to differences in buffer compositions, dif-
ferences in the properties of soluble Aβ40 at high pressure or high pH,
or differences in the molecular structural evolution that occurs as
pressure is released or the pH is reduced.

On longer time scales, Aβ self-assembly processes have been
characterized by techniques such as photochemical crosslinking3,
dynamic and static light scattering48,57,58, and imaging methods4,8,59.
These measurements provide information about the masses, dimen-
sions, and morphologies of Aβ assemblies but do not provide struc-
tural information at the level of molecular conformation or
intermolecular interactions.

Based on dynamic light scattering data for Aβ40 solutions at low
pH acquired on time scales of 25–50 h, Lomakin et al. proposed a
mechanism forAβ40fibril formation inwhichmonomers formmicelle-
like assemblies above a critical concentration, nucleation of fibrils
occurs withinmicelles, and fibrils grow bymonomer addition58,60. This
work is not directly related to our results, although the coagulation
model used to fit our light scattering data up to 1.0 h may be con-
sidered a mechanism for formation of micelle-like assemblies. The
existence of a critical concentration above which the process of fibril
formation includes non-fibrillar assemblies as intermediates is con-
sistent with the experiments of Hasecke et al. on self-assembly of a
dimeric Aβ40 construct11, in which ThT fluorescence build-up curves
were found to be biphasic above a threshold concentration, con-
comitantly with the appearance of globular and protofibrillar assem-
blies in atomic force microscope images. The data of Hasecke et al.
support a picture inwhich larger globular and protofibrillar assemblies
are metastable off-pathway intermediates11. The off-pathway nature of
large globular and protofibrillar assemblies is also implied by ssNMR
measurements on protofibrils10,34,36 and globular oligomers6,7,37, which
show that the β-sheet structures in these assemblies differ qualitatively
from the in-register parallel β-sheets in mature Aβ fibrils.

Pallitto and Murphy proposed a rather different mechanism for
Aβ40 fibril formation, also basedondynamic and static light scattering
data acquired on a 40h time scale48,57. Their mechanism does not
include large non-fibrillar assemblies and therefore does not apply to
our results.

More recently, Knowles and coworkers proposed a model for Aβ
self-assembly that includes oligomers as a classof intermediates on the
pathway from monomers to fibrils, with variable rates of conversion
from oligomeric to monomeric or fibrillar states13,61. Structural prop-
erties of oligomers were not specified. Fitting of experimental data for
time-dependent fibril and oligomer quantities led to a conclusion that
Aβ40 and Aβ42 oligomers have similar lifetimes, on the order of sev-
eral hours, but differ in their probability of converting to a fibrillar
state61. Although this model explains the experimental results of
Knowles and coworkers, the greater Aβ40 concentration and other
differences in our experiments make this model inapplicable.

As with previous in vitro studies of aggregation mechanisms, not
all results from our time-resolved ssNMR and light scattering experi-
ments are expected to be directly relevant to Aβ self-assembly in vivo,
since the peptide concentrations in our experiments are relatively
high, the maximum time is relatively short, and other biochemical
components and biological processes are not included. Aspects that
may be relevant to self-assembly in vivo include the observed pre-
ference for β-strand conformations at the monomer level, the
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observed difference in oligomer fusion rates for oligomer sizes below
and above n ≈ 16, and the absence of ordered β-sheet structures within
the oligomers, even when nave > 100.

Under conditions where a 0.3mMAβ40 solution remains pri-
marily monomeric for at least several days (4 °C, pH 7.0, 20mM
sodium phosphate), NMR measurements by Roche et al.15 indicate an
absence of preferred secondary structure. These and other results that
support a random coil structure16 may appear to conflict with our
finding of β-strand conformations at τe = 0.7–1.5ms, where the light
scattering data indicate a primarily monomeric state. A likely expla-
nation is that the monomer conformation is sensitive to variations in
solvent conditions and temperature that modulate the importance of
hydrophobic interactions. Conditions that favor self-assembly are
those that strengthen intermolecular hydrophobic interactions rela-
tive to unfavorable electrostatic interactions and entropic penalties.
Such conditions may also promote intramolecular hydrophobic
interactions, especially interactions between the hydrophobic side-
chains of residues 17–21 (LVFFA sequence) and 30–36 (AIIGLMV
sequence) that can stabilize β-hairpin or strand-loop-strand con-
formations of Aβ40 monomers.

Several groups have reported ssNMR studies of metastable Aβ405

and Aβ426,7,37 oligomers, prepared with incubation periods greater than
24 h. Results of these studies are generally consistent with our data for
early Aβ40 oligomers, with 13C chemical shifts that support β-strand
conformations in residues 17–21 and 31–36, linewidths greater than 2
ppm, crosspeaks from F19 to I317 or L346 in 2D spectra with longmixing
periods, and intermolecular distance constraints that argue against in-
register parallel β-sheet organizations similar to those in mature fibrils.

Results described above demonstrate the utility of time-resolved
ssNMR as ameans of characterizingmolecular structural properties of
Aβ species that develop in the earliest stages of self-assembly. The
combination of time-resolved ssNMR with time-resolved light scat-
tering allows molecular structural properties to be correlated with
oligomer size, from several milliseconds to thousands of seconds. The
same approach can be applied to other peptide and protein systems
that form filaments, capsid shells62, or other large assemblies, and
possibly to phase-separating systems63. Self-assembly can be initiated
by changes in pH, temperature64, or ionic strength62, or by mixing
interacting components39. Although the broad lines in ssNMR spectra
of frozen solutions limit the number of sites that can be isotopically
labeled simultaneously, especially for conformationally disordered
systems, segmental labeling65 and heteronuclear filtering66,67 methods
can be used to extend this approach to larger proteins. Thus, we
expect the experimental approaches demonstrated above to provide
structural andmechanistic insights into a wide variety of biomolecular
processes in future studies.

Methods
Sample preparation
Aβ40-FVGSAILM was synthesized on a Biotage Initiator+ Alstra solid
phase peptide synthesizer and purified by high-performance liquid
chromatography (HPLC) with a reverse-phase C3 column. Full details
are given in a previous publication68. Aβ40-VAG was synthesized and
purifiedwith the samemethods. 13C-labeled amino acids, introduced at
specific sites by solid phase synthesis, were also 15N-labeled, but this
does not affect the ssNMRresults. Lyophilized, HPLC-purified peptides
were dissolved initially at 4.6mM concentration in 40mMNaOH, then
diluted with water/glycerol to produce a final 2.3mM peptide con-
centration in 20mM NaOH, 20% v/v glycerol, pH 12. To initiate self-
assembly, Aβ40 solutions at pH 12were rapidlymixed in a 2:1 ratiowith
524mM sodium phosphate buffer, 20% v/v glycerol/ pH 7.4. For
ssNMR measurements, water components were 1:7 H2O:D2O and the
glycerol was perdeuterated and 13C-depleted (Cambridge Isotope
Laboratories). Solutions for ssNMR also contained 10mM sulfoacetyl-
DOTOPA as the paramagnetic dopant for DNP43. Solutions were

filtered through 0.45 μm polyvinylidene fluoride centrifugal filters
(Millipore) before mixing.

For comparisons between ssNMR spectra of non-fibrillar Aβ40
assemblieswith spectra of fibrils, Aβ40-FVGSAILM fibrils were grownby
dissolving thepeptide at pH 12,mixingwith sodiumphosphatebuffer to
prepare a solutionwith 1.5mMpeptide concentrationatpH7.4 (without
glycerol), incubating the solution quiescently at 24 °C for 1.0 h, soni-
cating the sample for 60 s in abath sonicator tobreakfibrils that formed
within 1.0 h into fragments that act as seeds, then incubating for an
additional 14 h. During the final incubation period, seeds grew into
longer fibrils while the less thermodynamically stable non-fibrillar
assemblies dissolved, resulting in a sample that was predominantly
fibrillar (Supplementary Fig. 1h). Deuterated, 13C-depleted glycerol and
sulfoacetyl-DOTOPAwere thenadded tofinal concentrationsof 40%v/v
and 10mM, respectively. The fibril solution was then loaded into aMAS
rotor and frozen by immersion in liquid nitrogen.

Rapid mixing and freezing for time-resolved ssNMR
Full details of the home-built apparatus for rapidmixing and freezing
are given in a previous publication38. Briefly, a pair of HPLC pumps
drive two solutions through the mixer, which is constructed from a
Y-junction with 100 µm inner diameter (ID) channels. The solutions
are initially contained in sections of 760 µm ID polyether ether
ketone (PEEK) tubing that are connected to the inputs of the
Y-junction. In the standard configuration, the output from the
Y-junction connects with a 4mm section of 100 µm ID polyether
ether ketone (PEEK) tubing that is packed with 40 µm stainless steel
beads (Cospheric LLC) and capped with 10 µm mesh disks (Valco
Instruments Co.) Assuming that beads occupy 33% of the available
volume, the internal volume of this section is approximately 0.021 μl.
The bead-packed section is followed directly by a 10mm section of
50 µm ID PEEKsil tubing (0.020 μl internal volume) which serves as
the output nozzle of the mixer. The mixer is contained in a poly-
tetrafluoroethylene compartment maintained at 25 °C and is moun-
ted on a steppermotor driven arm that sweeps across the surface of a
rotating copper disk (18 cm diameter, 0.5 cm thickness, spinning at
250 rpm). The copper disk is precooled to 77 K with liquid nitrogen.
The mixed solution leaves the nozzle as a high-speed jet
(0.85–2.6 cm/ms jet velocity at total flow rates of 1.0–3.0ml/min),
freezing into a glassy state upon striking the cold copper surface. The
resulting frozen solution is then packed into a magic-angle spinning
(MAS) ssNMR rotor under liquid nitrogen and stored in liquid
nitrogen until ssNMR measurements are performed.

We define the structural evolution time τe to be the sum of the
average flow time through the mixing section, the average flow time
through the nozzle, and the subsequent flight time to the cold copper
surface. To achieve the smallest possible values of τe, the bead-packed
section was omitted and the nozzle length was increased to 14mm
(0.027μl internal volume). Using nuclear spin relaxationmeasurements
as previously described38, we verified that complete mixing occurred in
this configuration as a result of flow through themesh disk followed by
flow through the nozzle. With the two mixer configurations, mixing
times (not including the flight time) in the 0.4–2.5ms range were
achieved with total flow rates between 3.0ml/min and 1.0ml/min. With
a 0.5 cm flight distance and 3.0ml/min flow, τe = 0.7ms.

As summarized in Supplementary Table 1, values of τe from0.7ms
to 1.5ms were obtained by varying the total flow rate and the distance
between the mixer nozzle and the copper surface. Values of τe from
23ms to 400mswere obtained by inserting sections of 100 μmor 245
μm ID tubing with appropriate volumes between the mixing section
and the nozzle. All values of τe are average values calculated from the
flow rates and the IDs and lengths of tubing. Of course, non-uniform
flowpatternswithin themixer and additional tube sections introduce a
range of actual transit times for individual Aβ40 molecules. If fully
developed laminar flow existed throughout the system, 67% of the

Article https://doi.org/10.1038/s41467-023-38494-6

Nature Communications |         (2023) 14:2964 11



sample volume collected for ssNMRmeasurements would have transit
times between 0.5 and 1.5 times the nominal values. Deviations from
laminar flow reduce the range of transit times. Therefore, we estimate
that actual evolution times within each sample vary by approximately
±30% from the nominal τe values.

For τe = 30 s and τe = 1.0 h, empty 510 μm ID tubing with a volume
of 240 μl was inserted between the mixing section and the nozzle.
After this extra volume was filled with mixed solution, pressure from
the pumps was released (by diverting the flow from the pumps with a
manual two-way valve38) so that the solution remained in the extra
volume for the desired τe period. Pressure was then re-applied (by
redirecting the flow to the mixer) to drive the mixed solution through
the nozzle and freeze it on the cold copper surface.

To produce final solutions with 1.5mMAβ40 and 175mM
sodium phosphate at pH 7.4, 160 µl of 2.3mM Aβ40 in 20mM NaOH
at pH 12 and 80 µl of 524mM sodium phosphate buffer at pH 7.4were
pumped through the mixer with a 2:1 flow ratio. Samples with τe = 0
were prepared by rapidly mixing 160 μl of 2.3mMAβ40 in 20mM
NaOH, 20% v/v glycerol, and 10mM sulfoacetyl-DOTOPA with 80 μl
of 20mMNaOH, 20% v/v glycerol, and 10mM sulfoacetyl-DOTOPA at
a total flow rate of 2.0ml/min.

DNP-enhanced ssNMR measurements
DNP-enhanced ssNMR measurements were performed at 9.4 T
(100.8MHz 13C NMR frequency) with a Bruker Avance III spectrometer
console and Bruker Topspin 3.2 software. An extended interaction
oscillator (Communications & Power Industries) and quasi-optical
interferometer (Thomas Keating Ltd.). provided 1.5W of a circularly
polarized microwaves at 263.9GHz to the home-built helium-cooled
ssNMR probe, which has been described previously41. Measurements
were performed at 7.00 kHz MAS frequency and 25 K sample tem-
peratures, with a liquid helium consumption rate of 1.5–1.8 l/h, using
MAS rotors with 4.0mm outer diameters and 80μl sample volumes.
Assuming a 50%packing fraction, each ssNMR sample contained about
60 nmol of Aβ40 with [Aβ40] = 1.5mM.

Before measurements on frozen Aβ40 solutions, the probe was
cooled to 25 K while spinning a potassium bromide sample. The sam-
ple temperature was monitored by measuring the 79Br spin-lattice
relaxation rate69. Rapidly frozen Aβ40 samples were transferred from
liquid nitrogen to the probe without warming above approximately
100K, by lowering the probe below the NMR magnet with the liquid
helium transfer line remaining connected to the probe throughout the
sample exchange operation.

For 1H-13C cross-polarization, a 1H radio-frequency (RF) field of
54 kHz and a 13C RF field of 47 kHz was used. For 1H decoupling, a 1H
RF field amplitude of 95 kHz was used with two-pulse phase mod-
ulation (TPPM)70. Double-quantum-filtered 1D 13C spectra were
acquired with the RF pulse sequences utilizing the SPC5 recoupling
technique44. In 2D 13C-13C spectra, the t1 increment was 40.0 µs and
the maximum t1 value was 8.0ms. The recycle delay was determined
to be 1.26 times the DNP build-up time (τDNP). Values of τDNP were
measured by fitting 1D saturation recovery data with single-
exponential functions. Typically, τDNP was 3.0–4.0 s. DNP enhance-
ment factors for cross-polarized 13C signals (microwaves on vs.
microwaves off) were about 65 for rapidly frozen samples containing
20% v/v glycerol and approximately 100 for the more slowly frozen
fibril sample containing 40% v/v glycerol. Spin diffusion mixing
periods in 2D 13C-13C spectra were 20ms or 1.0 s to detect intra-
residue or inter-residue crosspeaks, respectively.

2D 13C-13C spectra were processed in nmrPipe71 (version 9.4, Rev.
2017.335.16.23) with 100Hz Gaussian apodization in both dimensions
for spectra in Figs. 3a and 7a and Supplementary Figs. 3 and 9a, and
150Hz Gaussian apodization in both dimensions for spectra in Figs. 4a
and 7c and Supplementary Figs. 5, 7, and 9b. 2D spectra were plot-
ted with nmrDraw (version 9.4, Rev. 2017.335.16.23) and Sparky

(version 3.114) software. Rmsd values in Figs. 3 and 4 and crosspeak
volumes in Fig. 7 were calculated with Python scripts, after converting
2D spectral data to Python arrays using the NMRglue package72 (ver-
sion 0.8). In rmsd calculations, 2D spectra were first symmetrized
about the diagonal and normalized to the total volume within the
selected spectral regions. In rmsd calculations of aliphatic-aliphatic
regions (Figs. 3b and 4b), signals within 5 ppm of the diagonal and
within a square regionbetween 50ppmand70ppmwerenot included.

13C chemical shifts are referenced to sodium trimethylsilylpropa-
nesulfonate (DSS), using a value of 74.7ppm for the natural-abundance
glycerol C2 signal in spectra of frozen Aβ40 solutions. This value was
confirmed by direct measurements on aqueous DSS solutions con-
taining 20% v/v and 40% v/v glycerol at room temperature. Measure-
ments on a frozen solution at 100K also showed a 74.7 ± 0.1 ppm
difference between DSS and glycerol signals.

Time-resolved light scattering
Time-resolved light scattering data were acquired with an Applied
Photophysics SX20 stopped flow spectrometer and Applied Photo-
physics Pro-Data SX software (version 2.5.1852.0). Although this
instrument is typically used for time-resolved fluorescence measure-
ments, with different wavelengths for excitation and detection, time-
resolved light scattering measurements are also possible when exci-
tation anddetectionwavelengths areequal. Formeasurements in Fig. 5
and Supplementary Fig. 8, a Xe-Hg arc lamp and monochromator
provided light at 562 nmwavelength for irradiating an optical cell with
20μl volume. Scattered lightwasfiltered through a single-bandfilter at
562 ± 20 nm (Semrock, part number FF01-561/14-25) and detected by a
photomultiplier tube (PMT) mounted at 90-degree angle with respect
to the incident light.

All solutions used for light scattering experiments were filtered
with 0.2 μm syringe filters and degassed by stirring in a flask con-
nected to the house vacuum. Solutions were additionally centrifuged
at 80,000 × g for 1.0 h to remove dust particles or aggregated
material. Initially, the optical cell was flushed with the buffer solution
until the PMT voltage reading reached its minimum value. Solutions
to be mixed were loaded into 1.0ml syringes, then rapidly mixed by
the stopped flow instrument to make final solutions containing
1.5mM (or 0.75mM) Aβ40, 175mM sodium phosphate, and 20% v/v
glycerol at pH 7.4. Approximately 120 µl of total volume was injected
through the optical cell in each scan. The PMT sampling time was
set to 12.5 µs, and the numbers of samples for each data point
were 20, 4800, and 32,000 for light scattering data with 0.5 s, 600 s,
and 4000 s scan times, respectively. For measurements with a 0.5 s
scan time, the measurements were repeated six times and averaged
together.

Stopped flow ThT fluorescence
Time-resolved ThT fluorescence data were acquired with the same
stopped flow spectrometer used for the light scattering experiments.
Fluorescence excitation light at 450nm was provided by the same arc
lampandmonochromator. Fluorescence emissionwasdetectedby the
PMT after passing through a 488 nm long pass filter (Semrock, part
number: BLP01-488R-25). After rapid mixing by the stopped flow
instrument, solutions contained 25 µM ThT, 175mM sodium phos-
phate, and 20% glycerol at pH 7.4, with Aβ40 concentrations from
29μM to 1.5mM.

Circular dichroism spectroscopy
CD spectra in Supplementary Fig. 2 were recorded with a JASCO J-1500
spectrometer and JASCO Spectra Manager software (version 2.13.00),
using a 0.2mm path length cuvette containing 100 µM Aβ in either
20mM NaOH at pH 12 or 175mM sodium phosphate at pH 7.4. The
spectra were acquired between 190nm and 250nm with a 1 nm
interval, 2.0 s integration time, and 1 nm bandwidth.
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Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
2D ssNMR spectra and TEM images generated in this study are avail-
able from Mendeley Data at https://doi.org/10.17632/kcjbbz9gzs.1.
Light scattering data, circular dichroism data, and ThT data are pro-
vided in the Source data file. All other data are available from the
authors upon request. Source data are provided with this paper.

Code availability
Fortran95 code for simulating oligomer growth and light scattering
signals and for fitting simulations to experimental time-resolved light
scattering data are available fromMendeley Data at https://doi.org/10.
17632/hkzth2dmms.1.

References
1. Kang, J. et al. The precursor of Alzheimer’s disease amyloid-A4 pro-

tein resembles a cell-surface receptor. Nature 325, 733–736 (1987).
2. Glenner, G. G. & Wong, C. W. Alzheimer’s disease: initial report of

the purification and characterization of a novel cerebrovascular
amyloid protein. Biochem. Biophys. Res. Commun. 120,
885–890 (1984).

3. Bitan, G. et al. Amyloid β-protein (Aβ) assembly: Aβ40 and Aβ42
oligomerize through distinct pathways. Proc. Natl Acad. Sci. USA
100, 330–335 (2003).

4. Goldsbury, C. S. et al. Studies on the in vitro assembly of Aβ(1-40):
implications for the search for Aβ fibril formation inhibitors. J.
Struct. Biol. 130, 217–231 (2000).

5. Chimon, S. et al. Evidence of fibril-like β-sheet structures in a neu-
rotoxic amyloid intermediate of Alzheimer’s β-amyloid. Nat. Struct.
Mol. Biol. 14, 1157–1164 (2007).

6. Ahmed, M. et al. Structural conversion of neurotoxic amyloid-β(1-
42) oligomers to fibrils. Nat. Struct. Mol. Biol. 17, 561–567 (2010).

7. Tay, W. M., Huang, D. T., Rosenberry, T. L. & Paravastu, A. K. The
Alzheimer’s amyloid-β(1-42) peptide forms off-pathway oligomers
and fibrils that are distinguished structurally by intermolecular
organization. J. Mol. Biol. 425, 2494–2508 (2013).

8. Goldsbury, C. et al. Multiple assembly pathways underlie amyloid-β
fibril polymorphisms. J. Mol. Biol. 352, 282–298 (2005).

9. Williams, A. D. et al. Structural properties of Aβ protofibrils stabi-
lized by a small molecule. Proc. Natl Acad. Sci. USA 102,
7115–7120 (2005).

10. Qiang, W. et al. Antiparallel β-sheet architecture in Iowa-mutant β-
amyloid fibrils. Proc. Natl Acad. Sci. USA 109, 4443–4448 (2012).

11. Hasecke, F. et al. Origin of metastable oligomers and their effects
on amyloid fibril self- assembly. Chem. Sci. 9, 5937–5948 (2018).

12. Cohen, S. I. A. et al. Proliferation of amyloid-β 42 aggregates occurs
through a secondary nucleation mechanism. Proc. Natl Acad. Sci.
USA 110, 9758–9763 (2013).

13. Michaels, T. C. T. et al. Dynamics of oligomer populations formed
during the aggregation of Alzheimer’s Aβ42peptide.Nat. Chem. 12,
445–452 (2020).

14. Riek, R. et al. NMR studies in aqueous solution fail to identify sig-
nificant conformational differences between the monomeric forms
of two Alzheimer peptides with widely different plaque-compe-
tence, Aβ(1-40)(ox) and Aβ(1-42)(ox). Eur. J. Biochem. 268,
5930–5936 (2001).

15. Roche, J. et al. Monomeric Aβ(1-40) and Aβ(1-42) peptides in solu-
tion adopt very similar Ramachandran map distributions that clo-
sely resemble random coil. Biochemistry 55, 762–775 (2016).

16. Meng, F. J. et al. Highly disordered amyloid-βmonomer probed by
single-molecule FRET and MD simulation. Biophys. J. 114,
870–884 (2018).

17. Paravastu, A. K., Leapman, R. D., Yau, W. M. & Tycko, R. Molecular
structural basis for polymorphism in Alzheimer’s β-amyloid fibrils.
Proc. Natl Acad. Sci. USA 105, 18349–18354 (2008).

18. Lu, J. X. et al. Molecular structure of β-amyloid fibrils in Alzheimer’s
disease brain tissue. Cell 154, 1257–1268 (2013).

19. Bertini, I. et al. A newstructuralmodel of Aβ(40)fibrils. J. Am.Chem.
Soc. 133, 16013–16022 (2011).

20. Xiao, Y. L. et al. Aβ(1-42) fibril structure illuminates self-recognition
and replication of amyloid in Alzheimer’s disease. Nat. Struct. Mol.
Biol. 22, 499–505 (2015).

21. Colvin, M. T. et al. Atomic resolution structure of monomorphic
Aβ(42) amyloid fibrils. J. Am. Chem. Soc. 138, 9663–9674 (2016).

22. Schutz, A. K. et al. Atomic-resolution three-dimensional structure of
amyloid β fibrils bearing theOsakamutation. Angew. Chem. Int. Ed.
53, 1–6 (2014).

23. Walti, M. A. et al. Atomic-resolution structure of a disease-relevant
Aβ(1-42) amyloid fibril. Proc. Natl Acad. Sci. USA 113, E4976–E4984
(2016).

24. Gremer, L. et al. Fibril structure of amyloid-β(1-42) by cryo-electron
microscopy. Science 358, 116–119 (2017).

25. Kollmer, M. et al. Cryo-EM structure and polymorphism of Aβ
amyloidfibrils purified fromAlzheimer’s brain tissue.Nat. Commun.
10, 4760 (2019).

26. Ghosh, U., Thurber, K. R., Yau,W.M. & Tycko, R. Molecular structure
of a prevalent amyloid-β fibril polymorph from Alzheimer’s disease
brain tissue. Proc. Natl Acad. Sci. USA 118, e2023089118 (2021).

27. Yang, Y. et al. Cryo-EM structures of amyloid-β 42 filaments from
human brains. Science 375, 167–172 (2022).

28. Benzinger, T. L. S. et al. Propagating structure of Alzheimer’s β-
amyloid(10-35) is parallel β-sheet with residues in exact register.
Proc. Natl Acad. Sci. USA 95, 13407–13412 (1998).

29. Antzutkin, O. N. et al. Multiple quantum solid-state NMR indicates a
parallel, not antiparallel, organization of β-sheets in Alzheimer’s β-
amyloid fibrils. Proc. Natl Acad. Sci. USA 97, 13045–13050 (2000).

30. Antzutkin, O. N., Leapman, R. D., Balbach, J. J. & Tycko, R. Supra-
molecular structural constraints on Alzheimer’s β-amyloid fibrils
from electron microscopy and solid-state nuclear magnetic reso-
nance. Biochemistry 41, 15436–15450 (2002).

31. Torok, M. et al. Structural and dynamic features of Alzheimer’s Aβ
peptide in amyloid fibrils studied by site-directed spin labeling. J.
Biol. Chem. 277, 40810–40815 (2002).

32. Parthasarathy, S. et al. Structural insight into an Alzheimer’s brain-
derived spherical assembly of amyloid-β by solid-state NMR. J. Am.
Chem. Soc. 137, 6480–6483 (2015).

33. Lopez del Amo, J. M. et al. Structural properties of EGCG-induced,
nontoxic Alzheimer’s disease Aβ oligomers. J. Mol. Biol. 421,
517–524 (2012).

34. Potapov, A. et al. Successive stages of amyloid-β self-assembly
characterized by solid-state nuclear magnetic resonance with
dynamic nuclear polarization. J. Am. Chem. Soc. 137,
8294–8307 (2015).

35. Scheidt, H. A., Morgado, I. & Huster, D. Solid-state NMR reveals a
close structural relationship between amyloid-β protofibrils and
oligomers. J. Biol. Chem. 287, 22822–22826 (2012).

36. Lendel, C. et al. A hexameric peptide barrel as building block of
amyloid-β protofibrils. Angew. Chem. Int. Ed. 53,
12756–12760 (2014).

37. Xiao, Y. L. et al. NMR-based site-resolved profiling of β-amyloid
misfolding reveals structural transitions from pathologically rele-
vant spherical oligomer tofibril. J. Biol. Chem.295, 458–467 (2020).

38. Jeon, J. et al. Application of millisecond time-resolved solid state
NMR to the kinetics andmechanism ofmelittin self-assembly. Proc.
Natl Acad. Sci. USA 116, 16717–16722 (2019).

39. Jeon, J., Yau,W.M. & Tycko, R.Millisecond time-resolved solid-state
NMR reveals a two-stage molecular mechanism for formation of

Article https://doi.org/10.1038/s41467-023-38494-6

Nature Communications |         (2023) 14:2964 13

https://doi.org/10.17632/kcjbbz9gzs.1
https://doi.org/10.17632/hkzth2dmms.1
https://doi.org/10.17632/hkzth2dmms.1


complexes between calmodulin and a target peptide from myosin
light chain kinase. J. Am. Chem. Soc. 142, 21220–21232 (2020).

40. Maly, T. et al. Dynamic nuclear polarization at highmagnetic fields.
J. Chem. Phys. 128, 052211 (2008).

41. Thurber, K. & Tycko, R. Low-temperature dynamic nuclear polar-
ization with helium-cooled samples and nitrogen-driven magic-
angle spinning. J. Magn. Reson. 264, 99–106 (2016).

42. Fatafta, H. et al. Amyloid-β peptide dimers undergo a random
coil to β-sheet transition in the aqueous phase but not at the
neuronal membrane. Proc. Natl Acad. Sci. USA 118, e2106210118
(2021).

43. Yau, W. M., Wilson, C. B., Jeon, J. & Tycko, R. Nitroxide-based trir-
adical dopants for efficient low-temperature dynamic nuclear
polarization in aqueous solutions over a broad pH range. J. Magn.
Reson. 342, 107284 (2022).

44. Hohwy, M., Rienstra, C. M., Jaroniec, C. P. & Griffin, R. G. Fivefold
symmetric homonuclear dipolar recoupling in rotating solids:
application to double quantum spectroscopy. J. Chem. Phys. 110,
7983–7992 (1999).

45. Wishart, D. S. et al. 1H, 13C, and 15N random coil NMR chemical-shifts
of the common amino acids. 1. Investigations of nearest-neighbor
effects. J. Biomol. NMR 5, 67–81 (1995).

46. Debye, P. Molecular weight determination by light scattering. J.
Phys. Colloid Chem. 51, 18–32 (1947).

47. Kerker, M. in The Scattering of Light and Other Electromagnetic
Radiation 504–511 (Academic Press, 1969).

48. Murphy, R. M. & Pallitto, M. R. Probing the kinetics of β-amyloid self-
association. J. Struct. Biol. 130, 109–122 (2000).

49. Chandrasekhar, S. Stochastic problems in physics and astronomy.
Rev. Mod. Phys. 15, 1–89 (1943).

50. von Smoluchowski, M. Experiments on a mathematical theory of
kinetic coagulation of coloid solutions. Z. Phys. Chem. 92,
129–168 (1917).

51. Oster, G. Light scattering from polymerizing and coagulating sys-
tems. J. Colloid Sci. 2, 291–299 (1947).

52. Hidy, G. M. & Lilly, D. K. Solutions to equations for kinetics of coa-
gulation. J. Colloid Sci. 20, 867–874 (1965).

53. Malmos, K. G. et al. ThT 101: a primer on the use of thioflavin T to
investigate amyloid formation. Amyloid 24, 1–16 (2017).

54. Chen, S.W. et al. Structural characterization of toxic oligomers that
are kinetically trappedduringα-synucleinfibril formation.Proc. Natl
Acad. Sci. USA 112, E1994–E2003 (2015).

55. Qiang, W., Kelley, K. & Tycko, R. Polymorph-specific kinetics and
thermodynamics of β-amyloid fibril growth. J. Am. Chem. Soc. 135,
6860–6871 (2013).

56. Barnes, C. A. et al. Observation of β-amyloid peptide oligomeriza-
tion by pressure-jump NMR spectroscopy. J. Am. Chem. Soc. 141,
13762–13766 (2019).

57. Pallitto, M.M. &Murphy, R.M. Amathematicalmodel of the kinetics
of β-amyloid fibril growth from the denatured state. Biophys. J. 81,
1805–1822 (2001).

58. Lomakin, A. et al. On the nucleation and growth of amyloid β-
protein fibrils: detection of nuclei and quantitation of rate con-
stants. Proc. Natl Acad. Sci. USA 93, 1125–1129 (1996).

59. Harper, J. D.,Wong, S. S., Lieber, C.M.& Lansbury, P. T.Observation
of metastable Aβ amyloid protofibrils by atomic force microscopy.
Chem. Biol. 4, 119–125 (1997).

60. Lomakin, A., Teplow, D. B., Kirschner, D. A. & Benedek, G. B. Kinetic
theory of fibrillogenesis of amyloid β-protein. Proc. Natl Acad. Sci.
USA 94, 7942–7947 (1997).

61. Dear, A. J. et al. Kinetic diversity of amyloid oligomers. Proc. Natl
Acad. Sci. USA 117, 12087–12094 (2020).

62. Lu, M. M. et al. Atomic-resolution structure of HIV-1 capsid tubes by
magic-angle spinning NMR. Nat. Struct. Mol. Biol. 27, 863–869
(2020).

63. Martin, E. W. et al. A multi-step nucleation process determines the
kinetics of prion-like domain phase separation. Nat. Commun. 12,
4513 (2021).

64. Wilson, C. B. & Tycko, R. Millisecond time-resolved solid-state NMR
initiated by rapid inverse temperature jumps. J. Am. Chem. Soc.
144, 9920–9925 (2022).

65. Debelouchina, G. T. & Muir, T. W. A molecular engineering toolbox
for the structural biologist. Q. Rev. Biophys. 50, e7 (2017).

66. Yang, J. et al. Application of REDOR subtraction for filtered MAS
observation of labeled backbone carbons of membrane-bound
fusion peptides. J. Magn. Reson. 159, 101–110 (2002).

67. Kawamura, I. et al. Solid-state NMR studies of two backbone con-
formations at Tyr185 as a function of retinal configurations in the
dark, light, and pressure adapted bacteriorhodopsins. J. Am. Chem.
Soc. 129, 1016–1017 (2007).

68. Ghosh, U., Yau,W.M., Collinge, J. & Tycko, R. Structural differences
in amyloid-β fibrils from brains of nondemented elderly individuals
and Alzheimer’s disease patients. Proc. Natl Acad. Sci. USA 118,
e2111863118 (2021).

69. Thurber, K. R. & Tycko, R. Measurement of sample temperatures
under magic-angle spinning from the chemical shift and spin-
lattice relaxation rate of 79Br in KBr powder. J. Magn. Reson. 196,
84–87 (2009).

70. Bennett, A. E. et al. Heteronuclear decoupling in rotating solids. J.
Chem. Phys. 103, 6951–6958 (1995).

71. Delaglio, F. et al. NMRpipe: a multidimensional spectral processing
system based on Unix pipes. J. Biomol. NMR 6, 277–293 (1995).

72. Helmus, J. J. & Jaroniec, C. P. NMRglue: an open source python
package for the analysis of multidimensional NMR data. J. Biomol.
NMR 55, 355–367 (2013).

Acknowledgements
This work was supported by the Intramural Research Program of the
National Institute of Diabetes and Digestive and Kidney Diseases,
National Institutes ofHealth. Supportwasprovided toRTunderproject 1-
ZIA-DK029029. We thank Dr. Kiyoshi Mizuuchi for assistance with time-
resolved light scattering and fluorescence measurements.

Author contributions
J.J. designed the research, prepared samples, performed measure-
ments, analyzed data, and wrote the paper; W.-M.Y. synthesized and
purified isotopically labeled peptide samples and triradical compounds;
R.T. designed the research, analyzed data, performed simulations, and
wrote the paper.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-38494-6.

Correspondence and requests for materials should be addressed to
Robert Tycko.

Peer review information Nature Communications thanks Jeffery Kelly,
and the other, anonymous, reviewer(s) for their contribution to the peer
review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Article https://doi.org/10.1038/s41467-023-38494-6

Nature Communications |         (2023) 14:2964 14

https://doi.org/10.1038/s41467-023-38494-6
http://www.nature.com/reprints


Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

This is aU.S.Governmentwork andnot under copyright protection in the
US; foreign copyright protection may apply 2023

Article https://doi.org/10.1038/s41467-023-38494-6

Nature Communications |         (2023) 14:2964 15

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Early events in amyloid-β self-assembly probed�by time-resolved solid state NMR�and�light scattering
	Results
	Initiation of Aβ40 self-assembly by a rapid pH drop
	Evolution of secondary structure from time-resolved 2D solid state NMR
	Evolution of oligomer sizes from time-resolved light scattering
	Modeling of oligomer growth as a coagulation process
	Evolution of thioflavin T fluorescence intensity
	Evolution of inter-residue contacts from time-resolved ssNMR

	Discussion
	Methods
	Sample preparation
	Rapid mixing and freezing for time-resolved ssNMR
	DNP-enhanced ssNMR measurements
	Time-resolved light scattering
	Stopped flow ThT fluorescence
	Circular dichroism spectroscopy
	Reporting summary

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




