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The 2D IR spectra of the amide-I vibrations of amyloid fibrils from
A�40 were obtained. The matured fibrils formed from strands
having isotopic substitution by 13CA18O at Gly-38, Gly-33, Gly-29,
or Ala-21 show vibrational exciton spectra having reduced dimen-
sionality. Indeed, linear chain excitons of amide units are seen, for
which the interamide vibrational coupling is measured in fibrils
grown from 50% and 5% mixtures of labeled and unlabeled
strands. The data prove that the 1D excitons are formed from
parallel in-register sheets. The coupling constants show that for
each of the indicated residues the amide carbonyls in the chains are
separated by 0.5 � 0.05 nm. The isotope replacement of Gly-25
does not reveal linear excitons, consistent with the region of the
strand having a different structure distribution. The vibrational
frequencies of the amide-I modes, freed from effects of amide
vibrational excitation exchange by 5% dilution experiments, point
to there being a component of an electric field along the fibril axis
that increases through the sequence Gly-38, Gly-33, Gly-29. The
field is dominated by side chains of neighboring residues.

�-amyloid 40 � exciton � two-dimensional infrared spectroscopy

Amyloid fibrils are found in the brain tissue of persons with
Alzheimer’s disease, where they accumulate as plaques

surrounded by regions of neuronal death. Although it remains
unclear whether fibril formation is a cause of the neuronal loss
in Alzheimer’s disease, or a byproduct of another neurotoxic
process, the formation and structure of amyloid fibrils is of
intense interest.

Fibrils are composed primarily of �-amyloid (A�) proteins
that range in length from 39 to 42 residues. They diffract x-rays
with a characteristic ‘‘cross-�’’ pattern (1–3), indicating that the
polypeptide strands lie transverse to the fibril axis, with an
interstrand spacing that is typical of a �-sheet. Solid-state NMR
(4) and EPR (5) studies have shown that the �-sheet configu-
ration is parallel and in register. Based on information from
NMR, supplemented with information from atomic force mi-
croscopy, electron microscopy, and cross-linking studies, Tycko
and coworkers (6, 7) have developed detailed models of the
fibrils formed by 40-residue (A�40) proteins. These models
feature parallel in-register �-sheets involving residues 9–24 and
30–40 and a loop region, 23–29, that can vary with fibrillization
conditions. A monofilament is formed by folding of each
polypeptide chain such that the two sheets are apposed to each
other, and two such monofilaments comprise the fibril (Fig. 1A).
There is significant plasticity in the structural features of amyloid
fibrils (8), and alternative models have been proposed (9).

In the current work the structure and internal dynamics of
amyloid fibrils are examined by 2D IR spectroscopy (10–12).
There has been a considerable amount of experimental work
relating the 2D IR spectra of small peptide aggregates to their
structure (13–17), and the recent experimental and theoretical
applications of 2D IR have involved macromolecular systems
such as folding proteins (18) and fibrils (19, 20).

Vibrational states within fibrils would be expected to resemble
those of molecular crystals more so than small molecules or
globular proteins. Accordingly, ideas introduced some time ago

to investigate excitations in solids by means of isotope dilution
or replacement (21) should be useful in characterizing amyloid
fibrils. This approach is in contrast to isotope editing of smaller
molecules where the goal is to isolate the spectra of individual
group vibrations. Amide-I IR spectra of parallel �-sheets are
dominated by motions in backbone CAO groups, but they are
strongly influenced by intrastrand coupling and, to a lesser
extent, interstrand coupling (14, 22–25). The coupling between
the two apposing �-sheets of the fibril is expected to be relatively
weak, rendering excitons in a �-sheet to be effectively delocal-
ized in only two dimensions. Their spatial extent is limited by site
energy fluctuations and static imperfections (26–29).
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Fig. 1. Diagrams of A�40 fibrils. (A) A cross section of two laterally displaced
molecular layers of the A�40 fibril according to Petkova et al. (6). Residues
9–40 are shown. (B) Idealized structure of a portion of the parallel �-sheet.
The strands are indicated by s, and the residue number in a given strand is
indicated by n. The asterisk denotes the carbonyl group of a 13CA18O doubly
labeled amide group. Dotted lines represent hydrogen bonds.
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The vibrational excitations can be radically altered when the
atoms of an amide unit in an extended system are isotopically
replaced. The energy shifts can result in the effective isolation of
arrays having reduced dimensionality (21). When an amyloid
fibril is formed from A�40 proteins in which one of the residues
involved in a �-sheet has a single 13CA18O substitution, the
substituted groups form a linear array along the fibril axis (Fig.
1B). The substituted groups along this dimension have strong
resonance coupling, whereas the interactions with unsubstituted
groups are reduced by the ratio of the coupling magnitude to the
isotope shift. Thus, the transport of vibrational excitations into
the direction perpendicular to the fibril axis is greatly dimin-
ished, causing the vibrational exciton topology for the isotope
region to be reduced to a nearly 1D situation. Under these
conditions a quantitative analysis of the spectra–structure rela-
tionships can be obtained. The 2D IR spectra of amyloid fibrils
with 13CA18O substitutions exhibit novel manifestations of the
extended 3D structure of the fibrils, including the spatial ar-
rangement of the coupled amide units and the presence of both
static and fluctuating electric fields.

Results
The formation of fibrils was compared at pD 7.4 and pD 2.0, and
low pD was found to offer several significant advantages. One
advantage was a much-reduced rate of fibril formation at the
protein concentrations used, which permitted the examination of
samples before they had formed fibrils. A second advantage was
that fibril morphology at low pD much more closely resembled
the long straight fibrils found in diseased brain tissue, including
an �50-nm periodic narrowing that suggests the twisting of
paired filaments (30, 31). [EM images are provided in supporting

information (SI) Figs. S1 and S2.] At pD 7.4, the fibrils that
formed were short and curvilinear. Fibrils formed at pD 7.4 also
exhibited an additional absorbance band, attributed to amino
acid side chains, that overlapped with that of 13CA18O. This
absorbance could be recorded in a background spectrum and
subtracted from the spectra of labeled proteins. However, its
intensity was negligible at pD 2.0, and such manipulations were
obviated.

FTIR and 2D IR spectra of fibrils formed from A�40 labeled
with 13CA18O at Gly-38 (G38*), and from a 1:1 mixture of
labeled and unlabeled A�40 (G38*/G38), are shown in Fig. 2.
The isotopomers G38*, G33*, and A21* of A�40 all yielded
similar spectra, so only the spectra for G38* are illustrated. The
six linear spectra each have a prominent peak with maximum at
�1,625 cm�1. At earlier maturation times, and in solutions
before fibril formation, the maxima are in the region 1,645–1,650
cm�1 (data not shown) (32, 33). The reason for this shift in the
linear IR spectra is presumed to be the transition to �-structure
and fibril formation, and this inference is supported by the EM
images of A�40 fibrils (see SI Figs. S1 and S2). The 1,625-cm�1

peaks for both G38* and G38*/G38 vary in width from day 6 to
day 12: the widths (measured at two-thirds of the peak height)
were 27.1 cm�1 (day 6) and 20.0 cm�1 (day 12) for G38* and 26.5
(day 6) and 20.9 cm�1 (day 12) for G38*/G38. This decrease in
peak widths, evident from visual inspection of Fig. 2, indicates
that a more homogeneous fibril is formed during this period.
There was no further decrease in 1,625-cm�1 peak widths
between days 12 and 70. Other than these small differences in
peak widths, the FTIR spectra of G38* and G38*/G38 are
extremely similar to each other at different maturation times
(compare Fig. 2 A–C with D–F). Isotope editing of an amide
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Fig. 2. Linear and 2D IR spectra of A�40 doubly labeled with 13CA18O at Gly-38 (G38*) and a 1:1 mixture of G38* and unlabeled A�40 (G38*/G38) at different
maturation times. (A–C) Linear IR spectra and 2D IR spectra at T � 0 of G38* at maturation times of 6 days (A), 12 days (B), and 19 days (C). (D–F) Linear IR spectra
and 2D IR spectra at T � 0 of G38*/G38 at maturation times of 6 days (D), 12 days (E), and 19 days (F). The Inset in each 2D spectrum is an enlarged and
four-times-intensified view of the area enclosed by the outlined region. The dotted circles in the linear spectra of A–C highlight the isotope-labeled amide-I
transition regions. The magnitude of each 2D spectrum was scaled to have the same difference of maximum and minimum values.
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group with 13CA18O lowers the absorption frequency of that
specific amide-I mode by �60 cm�1. Peaks arising from these
amide-I modes are just barely discernable in the linear spectra of
G38* on days 12 and 19 (Fig. 2 B and C).

The 2D IR spectra of Fig. 2 display the 0–1 and 1–2 transitions
of the amide modes in the (��, �t) plane. These transitions
involve the fundamentals (shown in red in Fig. 2) and two-
quantum regions (blue in Fig. 2) of the vibrational excitations.
All of these spectra correspond to a waiting time of T � 0, where
the effects of spectral diffusion and energy redistribution (see
below) are not expected to be prominent. The six 2D IR spectra
shown in Fig. 2 below their corresponding linear spectra clearly
show that the amide-I transitions in the labeled amide groups of
G38* evolve as maturation time increases. In each panel, the
isotope transition spectral region is highlighted by a rectangle,
and an expanded scale version is shown in the Inset. In Fig. 2 B
and C, sharp peaks from fundamentals and excited-state tran-
sitions were observed at �� � 1,586.5 cm�1; they are split by 9
cm�1, which is determined by the mode anharmonicity. In
comparison, the 13CA18O transitions at 6 days (Fig. 2 A) are
red-shifted, broader, and weaker. The peaks at 1,625 cm�1 from
unlabeled 12CA16O are considerably less sensitive to maturation.

The pronounced difference between the G38* and G38*/G38
in the isotope region of the 2D IR spectra is seen in Fig. 2 C Inset
and F Inset. The effect of dilution by 50% unlabeled peptide on
the 2D IR spectra is shown in Fig. 3, which gives the traces of the
2D IR spectra of G38, G33, and A21 along a line �t � �� � 2
cm�1 close to the diagonals. The main result, common to all
samples, is that the sharp isotope peak is no longer present in the
50% diluted sample: the spectrum becomes broader and is
shifted to higher frequency. The shift between the lowest energy
peak of the 50% isotopically diluted system and the neat fibril is
4.6 cm�1 for G38, 5.9 cm�1 for G33, and 5.2 cm�1 for A21: the
error bars are noted in Fig. 3. On isotope dilution other bands
appear at even higher frequency, closer to the 12CA16O bands,
but they were partially obscured by overlap with these stronger
transitions and so are not used in the analysis given here.

An experiment was also carried out on fibrils formed from
G33 in which only 5% of the proteins contained isotope labels.
The purpose was to locate the vibrational transition frequency of
an isolated isotopically substituted amide group. The 13CA18O

peak for the 5% sample of G33 was located at 1,594 cm�1, which
is shifted up in frequency by 19 cm�1 from the 100% G33*
sample, whose peak signal is shown in Fig. 3B.

The spectra of G25* and G29* differed significantly from
those of G38*, G33*, and A21*. The 2D IR signal for G29*
showed two sharp bands separated by 12 cm�1 in the isotope
region as shown in Fig. 4 Insets. On 50% isotope dilution of G29*
the stronger component of the pair, which is at lower frequency,
broadened and shifted by 6.3 cm�1. There is a cross peak
between these two bands in the 2D IR evidenced by the nearly
vertical appearance of the 1–2 transition region, indicating that
they represent modes that are coupled to one another. Fig. 4 also
shows the G25* signal. The peak intensity of the G25* isotope
band near 1,576 cm�1 falls much closer to the signal detection
limit than in the other cases. The observed peak signal for G25*
has only 12 � 3% of the magnitude of the signals seen for the
other isotopomers, suggesting that a different structure prevails
in the region of this residue.

The sharp spectra of the fibrils enabled accurate measurement
of the isotope-labeled residue peak positions for G38*, G33*,
G29* (lower-frequency band), G25*, and A21*. The results were
1,586.5 (9.5) cm�1, 1,575 (8.5) cm�1, 1,568 (10.5) cm�1, 1,576
(11.0) cm�1, and 1,581 (10.5) cm�1, respectively, where the 2D
IR line widths are given in parentheses. The spectral shifts
between the labeled amide-I modes of fibrils formed from
different A�40 isotopomers are indicative of a heterogeneous
structural environment for these residues.

The 2D IR data also exhibit cross peaks between the isotope-
labeled residue and the main bands. For example, Fig. 4A for
G25* shows a cross peak close to �t � 1,620 cm�1 that stretches
over a broad range of ��. This result is consistent with there being
a broad isotope peak in the 1,560- to 1,590 cm�1 region for G25*
that is too weak to be seen above background. Such cross peaks
were not present in unlabeled A�40. Very weak transitions, not
seen in FTIR, can be exposed by their cross peaks with strong
transitions in the 2D IR because the cross peak signal is
approximately proportional to their geometric mean.

The 2D IR spectra at different waiting times for G38*, G33*,
G29*, and A21* showed some dependence on waiting time (data
not shown). In the case of G38* and G33* the changes were
slight. However, for G29* and A21* significant evolution of the
2D IR spectral shapes in the neighborhood of the 13CA18O
transition were seen. In both cases the diagonal peaks tilt toward
the vertical and cross peaks develop as T increases into the
picosecond regime, indicating that the transition frequencies are
time-dependent and that energy redistribution is occurring on
the time scale of the experiment. This article focuses entirely on
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the T � 0 signals, before the occurrence of any of this relaxation,
which is not considered further here.

Discussion
The results are explained by properties of amide-I modes
associated with parallel �-sheets. In Fig. 1B the strands of an
ideal �-sheet are labeled by s and the carbonyls on a strand are
labeled by n. The coupling between the relevant H-bonded
amide modes containing the sn and (s � 1)n carbonyls in
adjacent strands of a parallel sheet is generally agreed to be in
the range of �9 to �11 cm�1, while for the next-to-nearest
neighbor strands sn and (s � 2)n the coupling is �1 to �2 cm�1

(34). These results are consistent with a transition dipole–dipole
interaction being important in the physical origin of the coupling.
The couplings of nearest s(n � 1) and next-to-nearest s(n � 2)
neighbors along the strand containing sn are in the range of
�0.5–2.0 cm�1. The isotope substitution decouples the transi-
tions of the 13CA18O Glys from their neighbors except along the
fibril axis, and linear chains are formed. The results are confirma-
tory of fibril structure models (6, 7), but the 2D IR spectra reveal
heterogeneity in the frequencies and equilibrium dynamics.

Linear Chain Excitons. The spectra of perfect linear-chain vibra-
tional excitons have qualitatively similar characteristics for near-
est neighbor coupling and dipole–dipole interactions but can be
best illustrated for the former case where the frequencies are
EK/hco � �K � �o � 2a cosK with K � �k/(N � 1) and k � 1 to
N. The coupling is denoted by � (cm�1). The transition dipole
moment squared from the vibrational ground state to the Kth
state of the perfect lattice, �k

2, is dominated by the state with k �
1. When N �� 1 this domination amounts to �80% (21, 35, 36).
In that case the frequency-integrated absorption coefficient of
the chain of N residues is �0.8N times that of a single amide unit.
The photon echo signal varies as the fourth power of the
transition dipole moment (37), so its peak signal scales approx-
imately as N2. The k � 1 state is the lowest-energy state of the
linear band when the nearest neighbor coupling constant dom-
inates and is negative. Therefore, the approximate linear chains
created by isotope substitution at a strand residue are each
expected to exhibit an intense, narrow vibrational transition in
2D IR that is shifted to lower frequency by �2� from �o.

The transition to �o is seen at infinite isotope dilution when the
spectrum consists of isolated 13CA18O molecules that do not
resonantly couple to any neighboring amide groups. The most
dilute system we have been able to examine is 5% 13CA18O in
12CA16O. The 5% spectrum should consist mainly of monomers
at approximately �o � 2�2/��� iso, where ��� iso (cm�1) is the
13CA18O isotope shift. The situation is significantly altered when
higher percentages of 13CA18O substitution are used. The
relevant system then becomes a linear chain that is disordered by
intermittent energy-mismatched sites.

The eigenstates, ��� with energies E�, of a disordered linear
chain are linear combinations 	k�1

N c�k�k� of the perfect aggre-
gate excitons �k�. These energies and wave functions depend on
the microscopic disorder and the isotope doping. For N �� 1 the
spectrum of a particular disordered chain is approximately

S
E� 	 �
��1

N � �
k�1

N

c�k�k�2



E � E��

The spectrum of an ensemble for a particular doping level
involves an average, �S(E)�, over many disordered chains.

The eigenvalues of such a disordered chain were simulated by
replacing a percentage of the diagonal elements of the exciton
matrix by the 12CA16O vibrational transition at �o � 60. The
simulations were carried out on a model of the parallel �-sheet
consisting of the isotopically replaced residue flanked by its

neighbors (Fig. 1B). The non-nearest neighbor interactions
along the chains and the nearest neighbor interactions across the
chain fixed were fixed at �1.0 cm�1 and �1.5 cm�1, respectively
(34). Because of the isotope shift, the cross-chain coupling did
not influence the simulated frequency shifts to any significant
extent, thus verifying that the linear-chain spectral concept is
robust. A Gaussian distribution of amide-I transition frequencies
with a deviation of 4.0 cm�1 was introduced. Each transition was
ascribed a population decay of 1.1 ps. and a 5.5-cm�1 homoge-
neous dephasing width. A Voigt profile line shape (37) was used
for each amide unit. The simulated shifts of the transitions at
different isotope dilutions were insensitive to the choices of these
damping parameters, which mainly affected the relative inten-
sities. The mean fraction of isotopically replaced residues on the
chain was controlled numerically by constraints and random
number generation. As an example, for the simulations of the
fibrils grown from a 50% mixture of labeled and unlabeled
strands we used 400 contracted strands with each having either
one or zero isotope replacement. In the simulations the labeled
strands were considered to have 92% isotopic purity of 13CA18O
and 7% of 13CA16O (see Materials and Methods). The random
number generation led to an average doping level of 0.5 � 0.025.
To obtain simulated spectra an average over �1,000 such
disordered chains was performed. Finally, the linear-chain near-
est neighbor coupling was varied to obtain the best agreement
between the experimental traces along the 2D IR diagonals and
the simulation. The main prediction of the effect of isotopic
dilution of a linear chain exciton by 50% is a broadening and a
shift of �5 cm�1 to higher frequency as the k � 1 amplitude
becomes redistributed over a wider frequency range. There is
also a drop in the cross section on dilution, which is larger than
the number density effect of 50%.

The transition for the 5% sample of G33 at 1,594 cm�1, which
when compared with the 100% transition frequency yields � �
�9.5 cm�1. The 5% peak is shifted from �o because of coupling
of an isolated 13CA18O substituted residue with two nearest
neighbor 12CA16O residues at 60 cm�1 to higher frequency. This
down-shift can be visualized to reasonable accuracy from per-
turbation theory as 2�2/60 � 3.0 cm�1. The 5% simulation is also
shown in Fig. 3D. The solid vertical line in that figure marks the
transition frequency �o used in the simulation before any cou-
pling is introduced. The 13CA18O isotope shift of 60 cm�1 is an
estimate, but the results are not sensitive to �10% changes in
that quantity.

The observed linear-chain excitons must arise from parallel
in-register �-sheets, and even without a quantitative analysis the
isotopic dilution results of Fig. 3 are consistent with those for
parallel sheets having an interstrand coupling in the range of
�10 cm�1. Similar results are seen for G33, G29, and A21. Fig.
3 shows the comparisons of the experimental and simulated 2D
IR spectra at 50% dilution for G38*, G33*, G29*, and A21*. The
�o values used for the simulations in Fig. 3D for G33 were 1,597
and 1,657 cm�1, respectively, for 13CA18O and 12CA16O amide-I
modes, with the former being measured from the 5% experiment
and the latter having 60 cm�1 added to account for the isotope
shift. By matching the 50% dilution shifts with simulations,
linear-chain coupling constants were deduced as follows: �8.5 �
1.6 cm�1 (A21), �10.0 � 1.8 cm�1 (G29), �9.5 � 1.6 cm�1

(G33), and �7.5 � 2.3 cm�1 (G38). The 50% experiments yield
values of the linear chain coupling that are within experimental
error of those obtained from the difference between the band
center �o, measured in the 5% experiment, and the bottom of the
linear chain exciton band, measured in the 100% experiment.

The experimental shifts provided estimates of the interstack
distances assuming a point dipole–dipole potential with the
dipole of an amide group directed at 20° to the carbonyl groups
(38) and in the plane of the sheets. The separations between the
point dipoles were found to be 0.51 � 0.04 nm (A21*), 0.48 �
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0.04 nm (G29*), 0.49 � 0.03 nm (G33*), and 0.53 � 0.06 nm
(G38*). These results compare extremely well with results from
NMR that indicated a 0.48 � 0.05-nm repeat distance between
the backbone carbonyl carbons in the parallel in-register regions
of the fibrils (39). If the transition dipoles were tilted out of the
plane of the sheet by as much as 20°, there would be a 7% decrease
of the 2D IR predicted repeat distances based on 0° tilt. The small
variations found in the coupling between stacks may reflect vari-
ations in this angle, but this remains as an open question.

Regions That Do Not Show Linear Chain Excitons. The results for G25*
are quite different from those described above, so the presence of
linear chains on isotope dilution of that region of the fibril is not
indicated: a peak having �12% of the intensity of the other
examples is observed. This indication is consistent with the NMR
chemical shifts in the loop region of residues 25–29, which differ
from those expected for a �-strand (6). The 2D IR signal for G29*
showed two sharp bands in the isotope region (Fig. 4), and the
stronger component at lower frequency displayed the broadening
and shifting behavior already shown for G38*, G33*, and A21*.
The presence of the two bands indicates that the structure of a fibril
is not uniform in this region. The cross peaks between the two G29*
bands indicate that both the vibrations are a property of each fibril.
The 2D IR results suggest that two structural types are adopted in
the G29 region and that the persistence length of one of them is
sufficient to support linear-chain spectral characteristics.

Spectral Shifts. The variability of the spectral shifts of the
amide-I modes for different residues reveals a structural
and/or environmental heterogeneity of the fibrils. The analysis
has shown clearly that the vibrational excitation exchange
couplings are similar at each of the sites that were examined.
Therefore, these large frequency variations of as much as 18
cm�1 are attributed to changes in �o. The shifts are suggested
to be dominated by the variations of the electric field directed
roughly along the carbonyl groups in the linear chains. Based
on theoretical predictions of the importance of the electric
field and its gradients in determining the amide-I mode
frequency (40–43), the frequencies of isotopically substituted
transitions in a �-hairpin were shown to be very sensitive to the
field at the particular amide group (44) from other residues of
the backbone and from the surrounding water molecules. In
the present case the field may arise from partial charges of
other residues, from side chains, and from included water and
ions. It is expected that the frequency of the amide-I mode will
decrease as the magnitude of the electric field along the
carbonyl group increases; therefore, the component along the
fibril axis must increase from G38* to G33* to G29* (lowest-
frequency band). The field projection onto the in-register
carbonyls on the other side of the bend at A21* is similar to
that for G38*. These experimental features were consistent
with estimates of the electric field based on the APBS software
package for the numerical solution of the Poisson–Boltzmann
equation, a continuum model for describing electrostatic
interactions (45). The partial charges on the residues neigh-
boring the linear chains, for example, the charged lysine
neighboring G29*, are important. Both G38* and G33* have
neighboring residues that have nonpolar side chains. The field
differences between residues found in the simulation are �24
MV/cm, which are known (40–43) to cause shifts of �20 cm�1,
similar to those observed. A more complete computation will
need to treat the inf luence of water molecules and ions
that may be occluded in the fibril near the region between G29
and A21.

The excitations are delocalized over �15 residues based on
computations of the participation ratio (27). This delocaliza-
tion averages the inhomogeneous broadening and sharpens the
spectra (17).

Conclusions
The 2D IR spectra of the fibrils from A�40 formed from strands
with 13CA18O at Gly-38, Gly-33, Gly-29, or Ala-21 show 1D exciton
spectra that are formed by the isotope dilution of parallel in-register
�-sheets. The couplings indicate a repeat distance of 0.5 � 0.05 nm.
The Gly-25 substitution does not reveal linear excitons, consistent
with the loop region of the strand having a different structure
distribution. The vibrational frequencies of the amide-I modes,
freed from effects of excitation exchange, manifest an electric field
along the fibril axis, which increases through the sequence Gly-38,
Gly-33, Gly-29. The field is dominated by side chains of neighboring
residues and may involve included water and ions.

Materials and Methods
Protein Synthesis. A�40 with the sequence DAEFRHDSGY EVHHQKLVFF AED-
VGSNKGA IIGLMVGGVV was synthesized by using standard solid phase tech-
niques and purified to �95% purity by reversed-phase HPLC at the Keck
Biotechnology Resource Laboratory at Yale University (New Haven, CT). 13C1-
glycine, 13C1-alanine, and 18O-water were obtained from Cambridge Isotope
Laboratories. The two 13C-labeled amino acids underwent acid-catalyzed
exchange in 18O-water to produce �13C18O18OH groups and in situ silylation
to produce Fmoc-protected residues for solid-phase protein synthesis. An
isotopic purity of �90% was confirmed by ESI mass spectrometry. Isotopically
labeled forms of A�40 were synthesized with 13CA18O labels in residues G25*,
G29*, G33*, G38*, and A21*, with the asterisk indicating the presence of one
double label in each protein.

Sample Preparation. Lyophilized proteins were dissolved in 40% hexafluoroiso-
propanol with 5 mM HCl for 30 min to remove residual trifluoroacetic acid. The
hexafluoroisopropanol was added to prevent A�40 aggregation. The proteins
were then relyophilized, dissolved at a concentration of 200 �M in D2O contain-
ing10mMDCl (pD�2.0)and0.04%sodiumazide,andincubatedat37°Cwithout
any agitation. Under these conditions, fibrils formed slowly over the course of
several weeks. At selected times, 5-�l aliquots of these solutions were placed on
aCaF2 windowandallowedtoevaporate, yieldingfilmssuitable for linearand2D
IR experiments. These aliquots produced films �7 mm in diameter, i.e., smaller
than the 1-cm beam in the linear IR instrument but much larger than the
150-�m-diameter region probed in 2D IR experiments.

Linear IR. Spectra were collected in rapid-scanning mode as 1,024 coadded
interferograms by using a Bio-Rad FTS-60A spectrometer, a liquid-nitrogen-
cooled MCT detector, a resolution of 2 cm�1, a scanning speed of 20 MHz, and an
undersampling ratio of 2. The instrument was continuously purged with dry
CO2-free air. Spectra were processed with one level of zero filling and triangular
apodization, but no smoothing, deconvolution, vapor subtraction, or non-level
baseline correction.

The 2D IR. The 2D IR experimental schemes and data-processing procedures
have been described in detail elsewhere (46). Briefly, three 400-nJ transform-
limited 75-fs pulses having the same polarization and with wave vectors k1, k2,
and k3 at time interval � between the first and second, and T between the
second and third, were used to generate the photon echo in a phase-matched
direction of �k1 � k2 � k3. The signal and a heterodyning pulse preceding it
by an interval of �700 fs were combined at the focal plane of a monochro-
mator combined with a 64-element MCT array detector (IR Associates), en-
abling the signal to be measured as a function of detection time, t. The range
of � scanned was �3 to 4.5 ps in 2-fs steps, where negative and positive values
represent nonrephasing and rephasing schemes, respectively. The IR pulses
were centered at 1,600 cm�1 for all of the samples. All 2D IR spectra were
collected at 22°C and represent the real part of the absorptive (correlation)
spectra. The 2D spectra are displayed as the double Fourier transforms of the
(�, t) data set with frequency arguments (��, �t).

Electron Microscopy. For EM details see SI Materials and Methods: Electron
Microscopy and SI Figs. S1 and S2.
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