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ABSTRACT: Amyloid β peptides form fibrils that are
commonly assumed to have a dry, homogeneous, and static
internal structure. To examine these assumptions, fibrils under
various conditions and different ages have been examined with
multidimensional infrared spectroscopy. Each peptide in the
fibril had a 13C18O label in the backbone of one residue to
disinguish the amide I′ absorption due to that residue from the
amide I′ absorption of other residues. Fibrils examined soon
after they formed, and reexamined after 1 year in the dry state,
exhibited spectral changes confirming that structurally
significant water molecules were present in the freshly formed fibrils. Results from fibrils incubated in solution for 4 years
indicate that water molecules remained trapped within fibrils and mobile over the 4 year time span. These water molecules are
structurally significant because they perturb the parallel β-sheet hydrogen bonding pattern at frequent intervals and at multiple
points within individual fibrils, creating structural heterogeneity along the length of a fibril. These results show that the interface
between β-sheets in an amyloid fibril is not a “dry zipper”, and that the internal structure of a fibril evolves while it remains in a
fibrillar state. These features, water trapping, structural heterogeneity, and structural evolution within a fibril over time, must be
accommodated in models of amyloid fibril structure and formation.

KEYWORDS: Stable isotopes, 18O, 13C, spectral crosspeaks, linear excitons, ultrafast vibrational laser spectroscopy,
2D infrared photon echo experiment

The internal structure of amyloid beta (Aβ) fibrils (Figure
1) that accumulate in Alzheimer’s disease (AD) remains

largely unknown despite extensive study. Early X-ray diffraction
studies of fibrils isolated from diseased human brain tissue
elicited reflections at 4.75 and 9.8−10.6 Å,1,2 which are
characteristic of the cross-β structure that is found in other
fibril-forming proteins.3 Solid-state NMR (ssNMR),4−6 hydro-
gen exchange,7−10 and EPR11 studies indicate that Aβ fibrils do
indeed contain two in-register parallel β-sheets, most likely
spanning residues 12−24 and 30−40. The distance between
strands in a parallel β-sheet accounts for the 4.75 Å reflection
from X-ray diffraction, while the distance between the two β-
sheets is thought to account for the 9.8−10.6 Å reflection. In
contrast to the full length peptides, X-ray crystallographic
studies of short fibril-forming hexameric segments of Aβ12,13

reveal interstrand distances of 4.79−4.88 Å that are reasonably
close to the diffraction result from naturally occurring fibrils,

but these crystals are narrower by one-to-several angstroms
than the 9.8−10.6 Å spacing observed in full-length Aβ
peptides, due to close packing of side chains into a “dry steric
zipper.”
The net result of these data is that the secondary structure in

an Aβ fibril is rather well-defined, but little is known about its
tertiary and quaternary structure. Moreover, there is a
significant degree of structural polymorphism among and
within fibrils that is evident within a filament, in the number of
filaments that comprise a fibril, in the morphology of fibrils by
electron microscopy, and in the thermodynamic stability of
fibrils (a filament consists of the Aβ peptide monomers that are
hydrogen bonded to each other in the same β-sheet; there
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appear to be at least two filaments per fibril).14−25 This
polymorphism makes biophysical characterization difficult,
leaving broad questions about how the two β-sheets are packed
against each other, the conformation of segments not involved
in β-structure, the number and arrangement of individual
filaments within a fibril, and the reason for their 10 nm width.
Answers to these questions, and better understanding of
polymorphism, are needed to develop therapeutic small
molecules and antibodies that target amyloid fibrils for the
treatment of AD.
Two-dimensional infrared (2D-IR) spectroscopy is a

relatively new technology that is well poised to answer some
of these questions. Compared to linear or Fourier transform
infrared (FTIR) spectroscopy, 2D-IR has an inherently higher
resolution and ability to discriminate between transitions with
high and low extinction coefficients because signal strength in
linear IR spectroscopy is proportional to the second power of
the vibrational transition dipole, whereas signal strength in 2D-
IR is proportional to the fourth power. Better resolution and
sensitivity facilitates the identification of signals arising from
isotope labels, so that 2D-IR can yield bond-specific
information.26 In a manner that is analogous to 2D NMR
spectroscopy, 2D-IR spectroscopy may be performed with a
variety of pulse sequences to characterize events that evolve in

time. Physical proximity may be revealed by off-diagonal peaks,
and the technique may be expanded to three or more
dimensions. However, 2D-IR also has several advantages over
2D NMR, such as much smaller sample requirements, much
shorter data collection times, access to a second excited
quantum state, variably polarized pulses, and a molecular
instead of laboratory frame of reference. The short femto-
second pulses employed in 2D-IR permit time-resolved studies
of ultrafast events such as electron transfer and solvent
dynamics, or they may be applied in a “snapshot” mode over
arbitrarily long time-scales. The studies reported herein
represent the latter type of application.
2D-IR spectroscopy has been applied previously in two

preliminary studies of Aβ fibrils with 13C18O isotopes in the
backbone carbonyl group of various residues. The first study
showed that these labels were aligned in residues A21, G29,
G33, and G38, forming a linear exciton as if in a one-
dimensional crystal, while the label in residue G25 was
disordered.27 The chief spectral characteristics of such an
exciton are a red-shift of up to 30 cm−1, and a narrow well-
defined absorption band. These results reported in this study
confirmed the aforementioned secondary structure assign-
ments, but they also revealed that fibrils have a strong internal
electrostatic field gradient, arising from amino acid side chains

Figure 1. Amino acid sequence of Aβ40. The six residues examined in this work are denoted with their sequence numbers. Residues 1−11 are
assumed to be random coil. Residues 12−24 and 30−40 are arranged to indicate that they are involved in β-sheets, and that the odd-numbered
residue side chains in the two sheets are apposed to each other.

Figure 2. 2D-IR spectra of 4-week-old L34* fibrils exposed to dry environment for different times. (a, b) 2D-IR spectra at T = 0 for the sample at (a)
0 day and (b) 1 year after solid fibril preparation. (c, d) 2D-IR spectra at T = 1 ps for the sample at (c) 0 day and (d) 1 year after solid fibril
preparation. The pump frequencies (ωτ axis) span the range of the isotope labeled amide I′ transition (1560−1610 cm−1). The probe frequencies (ωt
axis) span the range of 1550−1610 cm−1 to emphasize the weak isotope labeled amide I′ transition from L34 residue. The spectra are plotted with 60
evenly spaced contour lines. The intensities are shown with different colors from red (positive) to blue (negative). Note that the color bar scales are
absolute values.
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of residues 30−40, and increasing in strength from residues
G38 < G33 < G29.
The second 2D-IR study of Aβ fibrils involved the placement

of 13C18O labels in 18 out of 40 residues in Aβ, and revealed
that several residues in ostensibly “dry” fibrils were perturbed
by mobile water molecules trapped in cavities or channels in
between the β-sheets.28 The perturbation pattern indicated that
residue n in the N-terminal β-sheet (residues 12−24) was
approximately apposed to residue 53-n in the slightly shorter C-
terminal sheet (residues 30−40). The presence of trapped
water in channels may also explain why the intersheet spacing
of 9.8−10.6 Å in Aβ fibrils is larger than the intersheet spacing
of dry steric zippers formed by hexameric Aβ segment crystals.
The present study brings 2D-IR spectroscopy to bear on

questions about polymorphism and maturation in Aβ fibrils.
One fibril sample was incubated for 4 weeks and prepared as a
dry film. It was then examined shortly after being prepared and
again after one year. The spectral changes observed over this
period confirm the presence of structurally significant water
molecules in the original fibrils. Other fibrils were examined
after being allowed to form in solution for 10 weeks and again
after being allowed to mature in solution for 4 years. The
presence of structural heterogeneity in both young and old
fibrils, and the evolution of this heterogeneity over time, has
important implications for the design of therapeutic inter-
ventions aimed at preventing fibril formation.

■ RESULTS

Fibrils after 1 Year in a Dry State. Aβ40 fibrils with
13C18O labels in L34 were allowed to fibrillize in solution for
4 weeks, and then samples of this solution were evaporated
onto a CaF2 window. Following the notation used in earlier
papers, Aβ40 peptides containing such labels will be designated
by the labeled residue identifier followed by an asterisk (i.e.,
L34*).27,28 The samples were examined shortly after
evaporation, stored on the CaF2 window at room temperature
(20 °C) in 2% relative humidity, and then examined after 1
year. 2D-IR spectra before and after this 1 year interval are
shown in Figure 2.
The spectral regions shown in all 2D-IR figures have been

chosen to highlight the relatively weak amide I′ transitions
(primes indicate that the sample was in D2O), and they exclude
the much larger main amide I′ band from the unlabeled
residues (e.g., Figure 3a). Amide I′ absorptions due to the
labeled residues are shifted to 1550−1600 cm−1. The frequency
shifts are due to the greater mass of the 13C18O group, and
their alignment in in-register parallel β-sheets. The alignment
facilitates through-space coupling of the vibrational transition
dipoles, and the formation of a linear exciton.27,28 The local
electrostatic environment of 13C18O and through-bond
effects may also cause small shifts.
There are three bands arising from the labeled group

centered at 1592, 1583, and 1574 cm−1, most clearly observed
in spectra with a 1 ps waiting time (the waiting time, T, is the
interval between the second and third pulses) and among the
negative (blue) contours to the left of the diagonal (Figure
2c,d). The diagonal anharmonicity (i.e., roughly the horizontal
separation between the red and the blue peaks) of the 1574
cm−1 band is conspicuously smaller than that of the other two
bands. The smaller anharmonicity and relatively low frequency
of this band both indicate that it arises from an exciton
spanning more or better-aligned residues. After 1 year, the

intensity of this band has increased in magnitude, whereas the
other two bands have decreased.
Altogether, these changes indicate that L34 residues become

better aligned after 1 year in the dry state. The simplest
explanation for improved alignment is that trapped water
molecules near residue L34 on day 0 escaped over the course of
1 year and ceased interfering with β-sheet structure. It has been
suggested that amyloid formation may involve a structural
annealing process,29 and it is possible that the trapped water
molecules evinced by spectral diffusion facilitate this process, at
least on a relatively long time scale.

Ten week versus 4 Year Comparison. A linear FTIR
spectrum for L17* is shown in upper panel of Figure 3a. The
corresponding spectrum for V36* is shown in the lower panel.
The dominant feature between 1610 and 1640 cm−1 in both
spectra is the amide I′ absorption band arising from the 39
unlabeled residues.
Of the 18 samples described in 2009,28 six of the solutions

remained clear, retained their volume, and contained a normal
number of Aβ fibrils with the same characteristic morphology
by electron microscopy (EM; Supporting Information Figure
S4). The 2D-IR spectra collected in 2009 for these six samples
are reproduced in Figure 3b. Only the spectral region showing
absorption due to 13C18O labels is shown, and this region
corresponds to the red boxes in Figure 3a. Spectra in Figure 3c
were collected from fresh aliquots from the same samples that
had been incubating at 20 °C in the interim. As is typical for
2D-IR spectra, absorption bands due to the isotope labels are
well-resolved from the unlabeled bands (off-scale in these
spectra), and they exhibit a signal/noise ratio that facilitates a
detailed examination of band shapes.
A comparison of the spectra in Figure 3b and c indicates that

L17* underwent a significant structural change between 10
weeks and 4 years, with a marked increase in the magnitude of
the 1574 cm−1 band in the 4-year-old fibrils. Changes in V18*
and F19* were relatively minor. G29* is not believed to take
part in either of the parallel β-sheets of an Aβ fibril, and its
absorption band is considerably broader after 4 years,
suggesting greater heterogeneity at this location. V36* exhibits
a similar absorption band shape after 4 years, but it has blue-
shifted by 4 cm−1. This shift suggests that there has been a
change in the alignment of the backbone of residue V36 in the
older fibrils. Altogether, these changes indicate that portions of
the fibril undergo slow structural change even when they are in
the midst of the parallel β-sheets.

Four-Year-Old Samples at Various Waiting Times. 2D-
IR spectra of 4-year-old fibrils at selected waiting times are
shown in Figure 3c−f. In general, absorption bands tend to
become more circular with longer waiting times due to spectral
diffusion, that is, the averaging of transient effects that
otherwise cause inhomogeneous broadening of the spectral
bands (e.g., forming and breaking hydrogen bonds). To
characterize the rate of spectral diffusion, values for the inverse
slope (IS) were calculated as a function of waiting time T for
various transitions in each sample (Table 1, Figure 3h, and
Supporting Information Figure S2).30,31

Earlier studies have suggested that spectral diffusion on a
picosecond time scale is due to mobile water molecules in the
immediate environment of the isotope label.28,32,33 Spectral
diffusion due to side chain conformational changes or backbone
motions is markedly slower. Other mechanisms may contribute
to waiting-time-dependent spectral shape changes. For example,
different conformations may exhibit different excited vibrational
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state lifetimes due to hydration.34 A change in shape with
waiting time may ensue, therefore, if the absorption bands from
two conformations overlap, but decay at different rates. In the
present study, all samples consisted of dry films on a CaF2
window. Therefore, differences in conformation and hydration
of the films are unlikely to reflect differences in vibrational
excited state lifetimes due to different hydration levels in the
bulk solution.
For L17* at 10 weeks, we previously reported a spectral

diffusion rate of ∼1 ps for the 1583 cm−1 band.28 After 4 years,
the 1583 cm−1 band still exhibits a diffusion rate of ∼1.4 ps,
while a new band at 1574 cm−1 exhibits little or no spectral
diffusion on the picosecond time scale. At waiting times of
250−3000 fs, transitions are evident at 1592, 1583, and 1574
cm−1.35 Simple linear exciton theory suggests that these bands
arise from isolated (i.e., infinitely diluted and unperturbed),
dimeric, and multimeric units of labeled L17 residues,
respectively.33,35,36 There is a distinct crosspeak between the
1574 and 1583 cm−1 bands at T = 3000 fs (Figure 3g), which
indicates that these bands arise from within the same fibril (see
Discussion and Supporting Information Figure S3).28

The various spectra of L17* present a self-consistent picture:
mobile water molecules trapped near residue L17 occasionally
perturb the alignment of 13C18O groups in 10-week-old
fibrils, giving rise to a 1583 cm−1 band and spectral diffusion.
After 4 years, some of these water molecules are lost from near
the residue, resulting in less perturbation in the excitonic
structure and a red-shifted 1574 cm−1 band that exhibits no
spectral diffusion.
V18* also exhibits at least three transitions at waiting times

of 250−2500 fs, at similar frequencies. The lowest-frequency
transition in V18* increased to a certain degree in the 4-year-
old spectra, where the change pattern is similar to that of L17*.
For V18* at 10 weeks, we previously reported a spectral

diffusion rate of 1.03 ps for the 1581 cm−1 band,28 indicating
trapped water in close proximity to the residue. Four-year-old
V18* fibrils have similar properties. A subpopulation with
slightly lower frequency, evident at T = 250 and 1500 fs, shows
by contrast that most of the 13C18O groups in V18* are still
perturbed by mobile water molecules. The subpopulation
indicates that mobile-water-free excitonic structure of residue
V18 start to form, but the relative population is smaller than
that of residue L17 after 4 years.
The broad band arising from 10-week-old F19* fibrils at

1578 cm−1 persists after 4 years. However, this band evolves
into a pair of distinct bands at 1573 and 1581 cm−1 at T = 2 ps
with no evidence of a crosspeak. The proximity of these two
bands makes it difficult to evaluate spectral diffusion, but the
evolution of band shape with T may be due to spectral

diffusion, and consistent with the presence of trapped mobile
water molecules near residues V18 and L17. However, the
absence of a crosspeak suggests that structural heterogeneity in
F19* is not necessarily present within the same fibril. One
possibility is that structural distortions are induced by the way
that residue F19 side chains pack in between the β-sheets.
Four-year-old G29* fibrils at T = 0 exhibits a single broad

transition at 1569 cm−1. Compared to the 10 week sample, the
transition frequency remain unchanged, but the width of the
transition increased. The nodal line slope for the 1569 cm−1

transition shows no evidence of spectral diffusion, indicating
that this residue is not sensed by mobile water molecules. The
broader width of the transition at this residue may be attributed
to a more disordered structure near this residue after 4 years.
Ten-week-old A30* fibrils exhibited a dominant band at

1570 cm−1 and a weak band at 1583 cm−1. After 4 years, the
bands and their shapes are essentially unchanged, although the
grow-in crosspeak is clearly shown at T = 3000 fs. The 1583
cm−1 band exhibits a spectral diffusion rate of 1.29 ps, while the
1570 cm−1 band exhibits no discernible decay. These results
indicate that most 13C18O groups in A30* are well-aligned
and form a low-energy exciton, while a relatively small number
(relative population ∼5−15%) are perturbed by mobile water
molecules.
V36* fibrils at both 10 weeks and 4 years exhibited a broad

inhomogeneous absorption band at ∼1590 cm−1. Two sharp
transitions which are assumed to originate from liner-chain-
exciton bands are observed at 1567 and 1574 cm−1, which
indicates that there are two major allignment of V36 in a fibril.
The broad band shown at T = 0 separates into two transitions
located at 1592 and 1584 cm−1 at T = 2000 fs. The apparent
blue shift of peak center by 4 cm−1 observed in the 4-year-old
sample is caused by the decrease of the magnitude of 1584
cm−1 transition and increase in the magnitude of the a lower-
frequency transition at 1567 cm−1, whereas the magnitude of
the transitions at 1592 and 1574 cm−1 are unchanged. This
observation suggests that the density of water molecules in the
vicinity of V36 in a specific type of alignment decreased. At 10
weeks and after 4 years these fibrils both exhibited fast spectral
diffusion (the 1592 cm−1 transition) caused by nearby mobile
water.
It is unlikely that the changes observed after 4 years were a

consequence of sample deterioration because the presence of
the isotope peaks at these frequencies in each case indicates a
high degree of sample order; the changes indicate only that the
extent of this order has changed. Spectra in which labeled
residues are diluted with unlabeled residues (i.e., nonadjacent)
absorb in the vicinity of 1600 cm−1, with relatively small
residue-dependent shifts.27 It is also unlikely that these fibrils
disaggregated and then reaggregated into a different structure
over the span of 4 years because the equilibrium monomer
concentrations for these samples were measured and found to
be undetectable.25 Chemical changes such as deamidation are
possible, and may alter the pathways and kinetics of fibril
formation.37 However, the excitonic structure and morpho-
logical appearance of the 4-year-old fibrils in this study are
unchanged, and the changes observed are often associated with
fast spectral diffusion suggesting that they are due to the
presence of mobile water molecules.

■ DISCUSSION
These results provide three key insights into Aβ40 fibril
structure. First, they indicate that water molecules are a

Table 1. IS decay Constants for the High Frequency
13C18O Absorption Bandsa

low frequency band
(cm−1)

high frequency band
(cm−1)

time constant
(ps)

L17* 1570 1584 1.4 ± 0.3
V18* 1573 1581 1.0 ± 0.1
F19* 1573 1581 1.9 ± 0.5
G29* 1569 − −
A30* 1570 1583 1.3 ± 0.3
V36* − 1592 0.8 ± 0.4

aDashes indicate not present, not significant, or that only one
frequency was observed for the residue.
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significant structural component in amyloid fibrils. Isolated
residues containing 13C18O labels exhibit absorption bands
∼1600 cm−1. When 13C18O groups are part of an in-register
parallel β-sheet within an amyloid fibril, vibrational transition
dipole coupling results in the formation of narrow excitonic
absorption bands with fundamental frequencies of 1575 cm−1

or lower. When water molecules are present, however, they can
perturb dipolar coupling and cause the absorption band to
occur at intermediate frequencies (i.e., between 1575 and 1600
cm−1). The inhomogeneities in Aβ fibrils due to such
perturbations (measured as an IS) tend to decay on a time
scale that can only be explained by water molecules that are
mobile and that are perturbing the alignment of residues in the
β-sheets of the fibril. The results from 1-year-old dry fibrils
confirm that water molecules were trapped inside the fibril and
that they slowly escaped over the span of a year. The pattern of
perturbation and IS decays previously observed in 10-week-old
fibrils suggested that the side chains of odd-numbered residues
were trapped between the two β-sheets, and that residues n and
53-n were apposed to each other in different parallel β-sheets.
These new results from 4-year-old fibrils indicate that these
water molecules may be lost or may migrate to other locations
in the fibril. The spectra documenting these changes yield a
self-consistent picture that underscores the value of 2D-IR
spectroscopy for characterizing these structures.
An important implication of these results is that efforts to

model the structure or formation of Aβ40 fibrils must
incorporate these water molecules into the interface between
β-sheets, and not force the formation of a dry zipper interface
as found in crystals of short Aβ peptide segments. The
incorporation of water into the interface should facilitate the
creation of models with the 9.8−10.6 Å intersheet spacing
observed by X-ray diffraction.
The second key insight afforded by these spectra is that Aβ40

peptides undergo slow structural changes, spanning years, while
remaining in a fibrillar state. This result was not obvious
because a structure that appears so regular by EM might be
expected to exhibit a high degree of structural cooperativity.
These slow changes, coupled with picosecond-scale fast
changes due to trapped mobile waters, challenges the notion
that fibrils (even their core secondary structure) are static
structures. Investigators using fluorescent dyes to report on the
internal structure of amyloid fibrils over a ∼22 month span in
animal models of Alzheimer’s disease have concluded that an
unspecified type of structural maturation also occurs in vivo.38

Therefore, it is becoming clear that efforts to target theranostic
agents that bind to fibrils or inhibit their formation must hit a
moving target.
The third key insight is that structural heterogeneity exists

within single fibrils. The presence of two or more distinct bands
in the 1550−1600 cm−1 region is evidence of two or more
exciton structures within a fibril. The grow-in crosspeak (Figure
3g and Supporting Information Figure S3) at nonzero waiting
times between two transitions in the 2D-IR spectrum may arise
from either fast chemical exchange between two conforma-
tions39,40 or energy transfer between coupled transitions.28,41

However, chemical exchange would imply changes in the
chemical structure of the fibril, and would be too slow for a
picosecond experiment to capture. Therefore, the grow-in
crosspeak most likely arises from transition dipole coupling and
the transfer of energy between two adjacent excitonic bands
within the same fibril.

Even under ideal circumstances, this coupling is weak
compared to the absorption bands involved. When present,
however, it constitutes strong evidence for end-to-end
relationships among the 13C18O groups that participate in
the exciton, that is, a linear chain. Coupling might also occur
within the excitonic vibrational band structure. However, the
complexity of the excitonic band in these fibrils will cause such
cross-peaks to overlap and obscure each other. Therefore, the
contribution of couplings within excitonic bands is likely to be
negligible.
Ordinary electron microscopy with negative staining gives no

indication of such heterogeneity (Supporting Information
Figure S4), but measurements of mass-per-length from off-
axis dark field electron microscopy suggest that morphological
homogeneity is an illusion, at least with respect to the number
of filaments per fibril.25 The 2D-IR measurements reported
herein now indicate that there are heterogeneities and mobile
water molecules within Aβ fibril filaments, and that they lead to
an evolution of secondary internal fibril structure over long
times. These conclusions are significant to molecular modeling
efforts aimed at understanding the formation of amyloid fibrils,
and at the design of diagnostic or therapeutic agents that target
amyloid fibrils.

■ METHODS
Sample Preparation. Synthetic 13C18O labeled Aβ40 peptides

(DAEFRHDSGY EVHHQKLVFF AEDVGSNKGA IIGLMVGGVV)
were synthesized by the Small Scale Peptide Synthesis facility in the
Keck Biotechnology Resource Laboratory at Yale University, and
prepared as described previously. The presence of extra mass units due
to the isotope labels, an overall isotopic purity of ≥95%, and in some
cases the position of the isotope labels was confirmed for each peptide
by mass spectrometry.28 The 4-year-old fibrils described in this paper
were obtained from the same solutions described in 2009, which had
been incubating at room temperature in the interim.27,28 Fresh aliquots
of these solutions (∼5 μL) were evaporated on a CaF2 window,
yielding dry films that required no further processing for spectroscopic
study. The L34* sample was incubated for 4 weeks, evaporated on a
CaF2 window, and stored for 1 year at room temperature with a
desiccant.

2D-IR Spectroscopy. Spectra were collected in the same manner
and on the same instrument as previously described.27,28 Three
femtosecond IR pulses (k1, k2, and k3) were focused on the sample to
induce a third order response (photon echo), which was heterodyned
with a fourth IR pulse (the local oscillator), dispersed by a
monochromator, and detected with a 64-pixel array detector.
Rephasing and nonrephasing data were collected by scanning the
time delay (τ) between k1 and k2 from −4 to +4 ps at 2 fs intervals.
The waiting time (T) between k1/k2 and k3 pulses was zero except as
indicated. Choppers were applied to the k3 and local oscillator pulses
with a fixed phase difference to minimize scattering noise from the
sample. The final spectrum, S(ωτ, T, ωt), was obtained from Fourier
transforms of S(τ, T, λ), and only the real term from the transform
result is shown. It has been reported that the arginine side chain has an
absorption band that can overlap with that of 13C18O, especially at
longer waiting times.41 However, spectra collected from unlabeled
fibrils do not reveal an absorption band with enough intensity to
interfere with the analyses reported herein (Supporting Information
Figure S1). These spectra also demonstrate the absence of interference
due to natural abundance 13CO groups.

Electron Microscopy. Aliquots of Aβ40-containing solutions were
diluted by a factor of 10−20 and then adsorbed onto 300-mesh
carbon-coated nickel grids, stained with 1% ammonium molybdate at
pH 7.4, and visualized with a JEOL 1010 transmission electron
microscope.
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