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ABSTRACT: The infrared optical response of amyloid fibrils
Aβ1−40 is investigated. Simulations of two models corresponding
to different protonation states are compared with experiment.
The simulations reveal that vibrational frequency distributions
inside the fibrils are dominated by side chain fluctuations. We
further confirm earlier suggestions based on 2D-IR measurements
that water molecules can be trapped inside the fibrils.

■

INTRODUCTION
The formation and deposition of amyloid fibrils is associated
with more than 20 neurodegenerative diseases. These include
Alzheimer’s, Parkinson’s, and Huntington’s diseases, the
transmissible spongiform encephalopathies, and type II
diabetes.1−5 Oligomeric or other prefibrillar precursors of the
fibrils are believed to be the main toxic species, but the
mechanism of cell and tissue damage in amyloid-related
diseases is not well understood.6 In the case of Alzheimer’s
disease, fibrils are composed of β-amyloid (Aβ) peptides
ranging from 39 to 42 residues rich in β-sheet secondary
structure. Aβ fibrils are characterized by cross-β structural
motifs, indicating that they are composed of β-strand segments
nearly perpendicular to the long axes of the fibrils.4,7 In the case
of 40-residue β-amyloid (Aβ1−40), Tycko and co-workers used
solid-state NMR data to build detailed molecular models, which
are in agreement with atomic force microscopy and electron
microscopy.8−12 These models show that residues 1−9 are
structurally disordered, residues 10−24 and 30−40 form βstrands leading to in-register, parallel β-sheets, and residues
25−29 form a bend or a loop.8−11 Depending on the
experimental conditions, various morphologies of amyloid
fibrils, which differ mainly by their overall symmetry and
quaternary structure, are observed.12 A 2-fold symmetry
structure associated with untwisted, “striated ribbon” morphologies10 and a 3-fold symmetry structure associated with
“twisted pair” morphologies12 were built.
This study focuses on the 2-fold symmetry structure. Such
structures have been studied by Hummer and co-workers using
molecular dynamics (MD).13,14 They found that all models are
© 2012 American Chemical Society

stable at room temperature, and converge toward an
interdigitated side chain packing for intermolecular contacts
within and between the two-peptide units of the protofilaments.
Femtosecond nonlinear two-dimensional infrared (2D-IR)
spectroscopy has proven to be a very powerful tool for probing
the properties of biological systems, particularly peptides,
proteins, membranes, and amyloid fibrils in the amide-I or
amide-A frequency range.15−35 In a 2D-IR photon echo
experiment, three femtosecond pulses interact with the
molecule to generate a signal that depends on two coherences.
The signal is recorded as a function of the two time intervals
over which these coherences are allowed to evolve. 2D-IR is
therefore more powerful than classical linear techniques that
involved only one coherence. It has femtosecond resolution
and can bring new insights on the fast biological processes. It is
also sensitive to the linear and nonlinear couplings between
vibrational modes, which can bring additional information on
the structure and dynamics. Finally, photon-echo spectra are
usually spectrally narrower, much freer from background, and
better resolved than linear spectra.
Isotope editing techniques allow a simplification of complex
and overlapping features. For example, the substitution of
12
C16O by 13C18O of a specific residue of a protein shifts
the amide-I transition of the selected peptide bond away from
the main amide-I band where vibrations are strongly coupled
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a 1 ps damping coefficient were used to achieve a constant
temperature. A constant 1 atm pressure was maintained using a
Nose−Hoover Langevin piston40,41 with a decay period of 200
fs and a 100 fs damping time.
To obtain minimized structures, a set of restraints on
interpeptide hydrogen bonds length, backbone torsion angle,
and side chain distances was used in ref 10. However, these
restraints did not include the periodic boundary conditions.
The drawback of using periodic boundary conditions on a small
aggregate (six monomers along the fibril axis) is that it induces
the loss of torsion, which has been observed experimentally and
simulated as well.13 However, to ensure the stability of the
molecular structure during our simulation, the use of periodic
boundary conditions is necessary. In a first step we have used
the same hydrogen bond length and backbone torsion angle
restraints used in ref 10 and run a 200 ps simulation to obtain a
proper periodic structure (see Figure 2b). During this
simulation, only the box size along the z0 axis (fibrils axis, see
Figure 1) is allowed to vary. Restraints are implemented using
the colvars module, part of the NAMD 2.7 program, and
include backbone torsion angle for residues 10−12, 15−21,
30−32, 34−36, and 39 (Φ = −150°, Ψ = 150°, 0.01 kcal/
mol·deg2 force constants) and backbone hydrogen bond
distance for residues 10−24 and 30−40 (2.15 Å oxygen−
hydrogen distances, 10.0 kcal/mol·Å2 force constants).
For both S1 and S2, the amyloid is included in a TIP3 water
box42 containing 9309 and 9266 water molecules, respectively
(see Figure 2c). Water molecules were allowed to penetrate
into the fibrils. For system S2, 36 chloride ions were added to
neutralize the box. Water and ions were equilibrated for 1 ns,
while the fibril atoms were held fixed by harmonic restraints
resulting in a box size of approximately 105 × 95 × 32 Å3. After
equilibration, all restraints were released and the systems were
simulated for 25 ns at constant pressure and temperature.
During the first 1 ns, the systems relax and tend to get more
compact. As a result, the box size along the fibril axis reduces to
approximately 30 Å. This value indicates an interpeptide
distance of 5 Å, typical of β-sheets. The box size of the system
after 1 ns is approximately 110 × 100 × 30 Å3.
The average Cα root-mean-square deviation (rmsd) is shown
as a function of time in Figure 3 from the time t = 0 where all
constraints were released. The rmsd value was computed for
each time by comparing the fluctuating structure to the initial
structure taken from ref 10 (Figure 3). At each time step, the
structure was aligned and reoriented to adjust to the reference
structure. At t = 0, the Cα rmsd is 2.5 Å for S1 and 2.8 Å for S2.
The nonvanishing Cα rmsd is due the periodic boundary
conditions imposed on our system, and the system is already
modified at t = 0. For S2, the Cα rmsd increases, reaching an
average value of 3.5 Å. For S1, the rmsd keeps increasing slowly
over the range of our simulation; however, no strong
perturbation in the structure was observed (see Figure 2d).
This indicates that while S2 is stable over our simulation, S1 is
slowly changing. To save computational cost and to better
compare systems S1 and S2, we assumed that the slow variation
over system S1 does not strongly modify the amide-I
vibrational dynamics, and it was neglected.

and delocalized. This protocol provides a particularly useful
approach for probing the local properties of a system.
Extensive isotope-edited 2D-IR photon-echo of Aβ40 mature
fibrils were reported recently.19−21 Isotope labeling of a specific
residue shifts the corresponding amide-I transitions for all
strands. The assembly of strands forms a linear exciton chain of
labeled amide units, which has an absorption frequency that is
red-shifted by the intermolecular coupling.20 The 2D-IR spectra
of these linear chains have been measured for 18 residues
located between Val12 and Val39.19 This extensive data set
provides local information on the amide-I vibrational dynamics
inside the amyloid fibrils. The experiment was realized on
amyloid fibrils with a morphology slightly different from the
morphology of those studied by Tycko and co-workers.10
Nevertheless, in the present study we will use the molecular
model of Tycko to interpret the 2D-IR measurements. The goal
of our study is to connect the 2D-IR measurements to the
molecular structure. In section 2 we describe the MD
simulations. Simulations of the frequency distributions are
described in section 3. Finally, 2D-IR experimental and
simulated spectra are reported in section 4.

■

MOLECULAR DYNAMICS SIMULATIONS
We have used the fragment Aβ9−40 of Aβ1−40 since it is known
that residues 1−8 are structurally disordered and are not
important for fibril growth.11,13 Moreover, due to its disordered
geometry, we assumed that it does not strongly influence the
absorption properties of the rest of the monomer. To avoid a
positive charge near the N-terminal side, which could influence
the absorption spectra, we have added an acetamide group
CH3−CO, before the residue Gly9.
To reveal the influence of the side chain protonation state on
the spectra, we have studied two systems. S1 is Aβ9−40 with side
chains Glu11, Glu22, and Asp23 negatively charged, and S2 is
Aβ9−40 with side chains Asp and Glu neutral. Both systems were
generated from the 2-fold symmetry NMR minimized structure
Aβ9−40 computed in ref 10 and displayed in Figure 1. Using the

Figure 1. Aβ1−40 sequence and Aβ9−40 molecular model described in
ref 10. The fibril axis is along z0.

notation introduced in ref 10, our simulations were started from
the STAG(+2) structure composed of 12 Aβ9−40 monomers
(see Figure 2a). All simulations were performed using the
NAMD 2.7 program36 with the CHARMM27 force field.37
Periodic boundary conditions with a 1 fs time step were used.
Long-range electrostatic interactions were computed using
particle-mesh Ewald (PME),38,39 and a real space cutoff of 12 Å
was used for nonbonded interactions. Langevin dynamics with

■

FREQUENCY CALCULATIONS
Each peptide bond along the amyloid fibrils contains an amide-I
vibration. In this section, we provide a detailed description of
the calculation of the amide-I vibrational frequencies and their
corresponding fluctuations. Several models have been used in
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Figure 2. (a) Initial structure of Aβ9−40 taken from ref 10. (b) System S1: modified constrained structure using periodic boundary conditions. (c)
System S1: solvated structure at t = 0 when constraints are released. (d) System S1: solvated structure at t = 10 ns.

of monomer α is expressed as the sum of different
contributions
backbone(t ) + ϕside chains(t )
ϕα, n , s(t ) = ϕαwater
, n , s (t ) + ϕα, n , s
α, n , s
(2)
water
ϕα,n,s
(t)

corresponds to the electrostatic potential generated by
the surrounding water molecules and is computed using the
TIP342 point charges.
qi
1
ϕαwater
, n , s (t ) = 4πε ∑ |r (t ) − r
0
i
α, n , s(t )|
(3)

Figure 3. Backbone Cα rmsd's from the initial structure (ref 10).

i∈W

the past to accomplish this goal. In order to establish a link
between structure fluctuations and the frequencies, DFT maps
were recently introduced by combining ab initio calculations
and MD simulated trajectories.43−55 Several parametrization
schemes have been employed for the amide I mode in
peptides.43−49,51,52 We have used the CHO4 parametrization.43−45 This is based on the expansion of the vibrational
frequency as a linear combination of the electrostatic potential
computed at the 4 coordinates of the atoms C, O, N, and H of
each amide bond. The amide-I vibrational frequency of the nth
peptide bond located between residue r and r + 1 of the
monomer α is written as
ℏωα, n = ℏω0 +

where ri(t) are the coordinates of the charge i. The sum is
backbone
performed over all water point charges W. ϕα,n,s
(t)
corresponds to the contribution generated by the amyloid
fibril backbone atoms. In the backbone we include the atoms C,
O, N, H, Cα, and Hα, and its contribution can be written as
qi
1
(t ) =
ϕαbackbone
∑
,n,s
4πε0
|ri(t ) − rα, n , s(t )|
(4)
i∈B

where the sum is performed over the set of point charges B. We
have used two models for the backbone contribution. In the
first model denoted B1, we considered the point charges taken
from the CHARMM27 force field outside a certain range of the
peptide bond. The excluded atoms of peptide bond n located
between residue r and r + 1 are all the backbone charges of
residue r and atoms N, H, Cα, and Hα of residue r + 1 (see
Figure 4). This model has previously been used to model the
absorption of an α-helix with a different parametrization based
on the electrostatic field and several derivatives.51 The second
model B2 follows the work of Ham et al.,44,45 who compared ab
initio and map frequency shift. The effective partial charges of

∑ lsϕα, n , s(t )
s

(1)

The sum is performed over the C, O, N, and H atoms of the
peptide bond n. The coefficients ls are given by lC = −0.00554e,
lO = 0.00160e, lN = 0.00479e, lH = −0.00086e, where e is the
electronic charge. The electrostatic potential ϕα,n,s(t) calculated
at the rα,n,s(t) coordinate of the atom s of the nth peptide bond
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Figure 5 depicts the average frequency shift and the
corresponding standard deviation due to the water molecules

Figure 4. Excluded atoms for backbone contribution calculation of
model B1. R designates the side chains.

the C, O, N, and H atoms of each peptide bond seen by the
others were fitted to reproduce the ab initio calculations. No
effectives charges are assigned to the Cα and Hα atoms. That
study had found a good agreement between ab initio
calculations and map if the following charge were used: qC =
0.419, qO = −0.871, qN = 0.793, qH = −0.341. Finally
side chains
ϕα,n,s
(t) correspond to the side chains contribution and can
be written as
chains(t ) =
ϕside
α, n , s

1
4πε0

∑
i∈S

Figure 5. Average frequency shift (a) and corresponding standard
deviation (b) due to the water molecules for all amide-I local modes
along the peptide. (red line) system S1; (blue line) system S2.

qi
|ri(t ) − rα, n , s(t )|

for models S1 and S2. We first notice that the two curves S1
and S2 have a vanishing average frequency shift and standard
deviation between the residues Ala30 and Val36. This can be
explained by the fact that these residues are confined inside the
2-fold symmetry of the amyloid fibrils isolated from any water
molecules (see Figure 2). ⟨Δω⟩ is smaller in the “protected”
areas of the amyloid fibrils, ca. in the β-sheets between residues
His13 and Ala21 and between residues Ala30 and Val36.
Stronger fluctuations and average frequency shift are observed
in the regions between residues Gly9 to Val12, Glu22 to Gly29,
and Gly37 to Val39. These areas correspond to the tip of the
monomers and the loop region.
In Figure 6 we display ⟨Δω⟩ and σ due to the backbone only
for S1 and S2 using models B1 and B2. All frequency shifts have

(5)

where the sum i is performed over all the side chains charges
given by the CHARMM27 force field. Since the vibrational
frequencies are proportional to the electrostatic potential, each
contribution described previously induce a independent
frequency shift whose sum gives the total frequency shift
compared to the bare frequency ω0 so that ωα,n(t) can be
written as
backbone
ωα, n(t ) = ω0 + Δωαwater
(t )
, n (t ) + Δωα, n
chains
+ Δωside
(t )
α, n

(6)

To properly account for periodic boundary conditions and the
long-range interactions, we have used the PME method of
Essmann and co-workers38 to compute the electrostatic
potential. The sum of the Coulombic interactions is split into
two parts: short-range and long-range. The short-range is
treated with a sum in Cartesian space and the long-range is
treated with a reciprocal sum in Fourier space. In PME, the
reciprocal sum is approximated by a discrete convolution on an
interpolating grid using the fast Fourier transform. In our
simulation, we used a cutoff of 16 Å to split long-range and
short-range interactions. For the reciprocal sum, we use a sixth
order B-spline interpolation and a mesh grid smaller than 1 Å.
This allowed for full convergence of the electrostatic properties.
Vibrational frequencies were computed every 10 ps for a total
of 1000 snapshots using the last 10 ns of our MD simulation.
This yields the fluctuating shift created by each contribution:
backbone, side chains, and water for each peptide bond of each
residue. To analyze this extended data set we have computed
the average frequency shift and standard deviation of each
residue:
⟨Δωn⟩ = ⟨Δωα, n(t )⟩α, t

σ(Δωn) =

⟨Δω2α, n(t )⟩α, t − ⟨Δωα, n(t )⟩2α, t

Figure 6. Average frequency shift (a) and corresponding standard
deviation (b) due to the backbone only for all amide-I local modes
along the peptide. (black line) system S1 and model B, (red line)
system S1 and model B2, (green line) system S2 and model B1, (blue
line) system S2 and model B2.

a similar behavior: ⟨Δω⟩ is rather flat in the β-sheet areas (≈
−20 cm−1) with small fluctuations (≈ 10 cm−1), while in the
loop region the fluctuations of the frequency shift are much
larger (≈ 20−40 cm−1). On the N-terminal side, the frequency
shift tends to vanish and on both end, the standard deviation
increases. The differences between S1 and S2 (for both B1 and
B2) are observed in the loop region. This indicates some
significant structural differences between the two systems in
this area. In general, the shift computed from model B1 is larger
than the shift computed from model B2. However, the general

(7)

(8)

where ⟨...⟩α,t denotes a time average and an average over the
different monomers resulting in a total of 12 000 samples. This
amount of samples is enough to converge the first two
moments: the average and the standard deviation.
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to what has been observed in experiment and simulation on
similar amyloid fibrils.29 By comparing the side chain to the
peptide contribution in Figure 8, we find that both curves have
a similar behavior. This indicates that most of the
inhomogeneity of the frequency distribution inside the fibril
is due to the side chains and that the backbone mainly induces
an overall shift of the band. Since both side chain and backbone
contributions to the shift are correlated, the standard deviation
of the frequency shift due to the monomers is not a simple sum
of both contributions. In a similar fashion as for the average
shift, the inhomogeneity is dominated by the side chain
contribution. Consequently, Figure 8 shows that the frequency
distribution heavily depends on the side chains.

behavior remains the same. We also notice a lower average shift
on the C-terminal side for model B1. This is due to the negative
charge of the surrounding monomers, which is not included in
model B2.
Figure 7 shows the average frequency shift and corresponding standard deviation due to the side chain only for S1 and S2.

■

2D-IR MEASUREMENTS AND SIMULATIONS
Details of the 2D-IR experimental setup, sample preparation,
and methodology are described in refs 19−21. The grown
fibrils were allowed to dry, and the final sample contained
approximately 1.2 water molecules per strand.21 Since the
experimental conditions correspond to a low level of hydration,
as a first step we compare the experimental measurements with
our solvated Aβ40 model but excluding the water contribution
to the spectral shift. Figure 9 depicts the semidiagonal traces of
2D-IR spectra of various isotopomers as described in ref 20.
These traces directly characterize the absorption of each residue
inside the fibrils.
The central frequency and line shape of a 2D-IR spectrum
depend on the frequency distribution, the fluctuations time
scale via the motional narrowing effect, and the dipole−dipole
coupling. However, to compare the quality of models S1 and
S2, we only focus on the frequency distribution and its
inhomogeneity. Figure 9 shows the frequency distribution of
model S1 and S2 using a central band of 1600 cm−1 and
including the backbone contribution to the spectral shift using
model B2 and the side chain contribution. In each spectrum we
have adjusted the norm of the frequency distribution to
compare with the semidiagonal traces.
Figure 9 shows that the frequency distribution of residues
G29, I31, I32, G33, L34, and V36 for S1 and S2 are similar and
in agreement with the experimental absorption. For G37, a
strong experimental absorption is observed in the range 1575−
1600 cm−1. The calculation shows a band in the 1550−1600
cm−1 frequency range for S2 and a 1530−1570 cm−1 band for
S1. This result indicates that most likely the experimental
protonation state of side chains close to G37 should be neutral.
For G25 we find a series of small peaks between 1540 cm−1 and
1580 cm−1. It is remarkable that our S2 calculation reproduces
this broad absorption. For F20, model S2 with a frequency
distribution centered around 1570 cm−1 appears to be in a
better agreement with experiment than model S1 with a
frequency distribution centered around 1550 cm−1. For the
other residues, our model fails to reproduce the measured
absorption band frequencies. Figure 9 shows that model S2 is in
better agreement than S1 with experiment. Note that during
the fibril growth, the amyloid is placed into a low pH
environment before evaporation. This could suggest that the
side chains are protonated, as in model S2.
On the basis of this result, we have simulated 2D-IR spectra
of Aβ40 using S2. We have used the nonlinear exciton
propagation formalism developed in ref 55 and based on the
vibrational exciton picture. We have limited our calculation to
the subspace of isotope labeled amide-I vibration and neglected
their coupling with the main nonisotope labeled amide-I band.

Figure 7. Average frequency shift (a) and corresponding standard
deviation (b) due to the side chains only for all amide-I local modes
along the peptide. (red line) system S1, (blue line) system S2.

Except in the region between residues K28 and V36, strong
differences appear between systems S1 and S2. The region
K28−V36 is located in the interior of the fibril and does not
have any nearby Asp or Glu residues. We also notice that the
standard deviation of system S2 in the loop region is much
stronger than for system S1.
⟨Δω⟩ and σ due to the peptide are shown in Figure 8. They
are computed as the sum of the backbone contribution using
model B2 and the side chain contribution for both S1 (Figure
8a,c) and S2 (Figure 8b,d). Overall, the standard deviation of
the frequency shift due to the peptide has a “W” pattern similar

Figure 8. Average frequency shift (a,b) and corresponding standard
deviation (c,d) for system S1 (a,c) and for system S2 (b,d) due to the
peptide (black line), side chains (blue line), and backbone (red line).
The backbone contribution is computed using the model B2.
3326
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N = 12. The coupling with the electric field E(t) of the laser
pulses is
H′ =

∑ μi(t )·E(t )(Bi + Bi†)
i

where μi(t) is the transition dipole moment of the amide-I
mode of ith monomer. The coupling coefficients Jij(t) are
calculated using the transition dipole coupling (TDC) model56
and periodic boundary conditions. The geometry and the
amplitude (2.73 D.Å−1.amu−1/2) of the transition dipole
moment of amide-I vibrational modes are taken from ref 56.
The amide-I vibration anharmonicity is fixed to the value of 16
cm−1 typical for peptides.57 To compute the spectra from this
Hamiltonian, 300 trajectories of 10 ps length were harvested in
the last 10 ns range of our MD simulation using a 1 fs time step.
For each trajectory, the signal was generated following the
simulation protocol in ref 55. The signal S(t1,t2,t3) was
computed for t2 = 0 and t1 and t3, varying from 0 to 10 ps.
An ad hoc vibrational lifetime of 1.5 ps is included in our
simulations. The final signal was computed as the average of the
300 trajectories. Orientational averaging was performed by
summing the signal of 21 orientations following the procedure
described in ref 58. Both the experiment and simulations used
laser pulses with polarization in the same directions.
Figure 10 compares the experimental 2D-IR (left column)
and corresponding simulations for various isotopomers. We
report the signal without (central column) and with the water
contribution (right column). For L17 and V18, our simulations
both with and without water show a line shape considerably
narrower than experiment. Our frequency distribution (see
Figure 9) was much broader than in the 2D-IR spectra. This
variation is due to the fast time scale of the fluctuations, which
induce motional narrowing of the band. The experimental
spectra show a strong inhomogeneous broadening that is
missed by the structural assumptions in our simulation. For
F20, the experimental 2D-IR has a main band near 1575 cm−1,
which tails off the high frequency side of the band. A similar
shape is observed in our simulation without the water
contribution. This asymmetric shape is typical for disordered
one-dimensional excitons. Indeed, the simulation with water
shows several distinct peaks in the high frequency region,
suggesting that the peptide linkages are strongly disordered.
For residue A21, the simulation with the water shows two
separate bands, while the simulation without the water shows a
single band similar to the experimental spectra. This suggests
that residues F20 and A21 are isolated from any water
molecules. For residues V24, the experimental spectrum shows
a single narrow band near 1585 cm−1 with a high frequency tail.
Our simulations show a broader spectrum both with and
without the water contribution. For G25, the experimental 2DIR shows a broad absorption with multiple peaks between 1540
cm−1 and 1580 cm−1. The simulation yields a similar broad
band between 1560 cm−1 and 1590 cm−1. For residue G29, a
good agreement is found between experiment and the
simulation without the water contribution. Both spectra show
a band around 1565 cm−1, again with a tail in the high
frequency side, typical of a quasi-linear exciton. As for F20 and
A21, this suggests that no water molecules are close to the
amide-I mode of G29. A similar conclusion holds for residues
A30 and I31. However for residues I32, G33, L34, and V36, the
theoretical spectra with and without the water are very similar
and show a single and very narrow homogeneous band. Note

Figure 9. Semidiagonal traces of experimental 2D-IR spectra (black)
of various isotopomers. Theoretical frequency distribution for systems
S1 (red) and S2 (blue) using a central band of 1600 cm−1 and
including the backbone contribution to the spectral shift using model
B2 as well as the side chain contributions.

Each monomer contains one isotope-labeled amide-I vibration.
Using the bosonic creation and annihilation operator of a vibrational exciton Bi† and Bi on the monomer i, the model
Hamiltonian is
N

N

H (t ) =

∑ ℏωi(t )Bi†Bi + ∑
i=1
N

−

∑ℏ
i=1

ℏJij (t )Bi†Bj

i,j=1

Δi † 2 2
B Bi
2 i

(10)

(9)

where ωi(t) is the fundamental frequency of the local isotopelabeled amide-I vibration of monomer i computed in the
previous section, Jij(t) is the coupling between the amide-I
mode of monomer i with the amide-I mode of monomer j, and
Δi is the anharmonicity of each local mode. The sums in eq 9
run over the total number of monomers, ca. in our simulation
3327
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Figure 10. 2D-IR spectra of various isotopomers. Left column: experiment. Central column: simulation without the water contribution in the
frequency shift. Right column: simulation including the water contribution. All simulations used a central band of 1610 cm−1.

distribution along the fibril using a frequency map developed by
Cho and co-workers. By decomposing the frequency shift into
three contributionswater, backbone, and side chainswe
found that the vibrational frequency distributions inside the
fibrils are dominated by the side chain fluctuations. It has been
recognized for some time that inhomogeneous fluctuations of
the amide-I frequency are related to the close environment. For
example, in membrane peptide bundles, inhomogeneous IR line
widths are larger near the edge of the membrane because of the
presence of lipid head groups and water molecules.25−28
Similarly, in our simulation we found that the side chain
inhomogeneity is a main contributor to the frequency
fluctuations. A set of 2D-IR semidiagonal traces were measured
experimentally for 18 isotopomers following the procedure
described in refs 19−21 and compared with simulated
frequency distributions. The simulations based on the S2
structure are in good agreement with the experimental
semidiagonal traces for residues G25, G29, I31, I32, G33,
L34, V36, and G37. Using the same model, we have performed
simulation of 2D-IR spectra using the excitonic picture and the

that during our simulation no water molecules were found close
to these residues. The experimental spectra for I32 and G33
correspond to such situations. However L17, V18, L34, and
V36 all show strong inhomogeneous contributions that must
correspond to slow fluctuations between multiple structures.
For residue G37, the experimental 2D-IR shows a series of
peaks between 1580 cm−1 and 1595 cm−1. The simulations,
both with and without water, also show multiple peaks that
must arise from structural distortions of the linear array of
amide-I transitions.

■

CONCLUSION
We have constructed two molecular models for amyloid fibrils
Aβ1−40 based on the 2-fold symmetry NMR minimized
structure of Tycko and co-workers. System S1 was built using
the ionized protonation state of residue Asp and Glu, while
system S2 was built with the neutral states. Our MD
simulations performed without any constraints show a stable
structure for S2 on the simulation time scale (25 ns). We have
used these trajectories to compute the amide-I frequency
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nonlinear exciton propagation protocol.55 Comparing simulations with and without the water contribution to the
frequency fluctuations, we find that interaction with the water
molecules strongly modify the 2D-IR spectra. The most
homogeneous transitions in the simulated 2D-IR have the
smallest effect of water, as is clearly shown in Figure 10 from
the simulations for residues L17, I32, G33, and L34. The
splitting of some isotopologue spectra is seen in both theory
and experiment. For example, G25, G29, A30, I31, and G37
show multiple peaks in the frequency distributions in both the
experiment and the simulation. In the simulations, these peaks
appear whether or not water is present. Further investigations,
which correlate structure and frequency, need to be performed
to assign these peaks to specific structural features. In the
simulation, water molecules were unable to penetrate into the
fibrils in the regions of L17, V18, L34, and V36 (see Figure 2d),
and the simulated 2D-IR spectra show homogeneous
broadened peaks for these residues. By contrast, the experiment
shows inhomogeneously broadened peaks for this group of
residues. Although the experiment was performed on dry
amyloid fibrils, evidence of trapped water molecules inside the
fibrils near the residues L17, V18, L34, and V36 was deduced
from ultrafast decay of the frequency correlation function.21
Even though our MD simulation did not allow water molecules
near these residues, the strong difference in shape between the
simulated and the measured 2D-IR reinforces the suggestion
that water molecules have somehow penetrated these regions.
The regions where the experiments indicated the presence of
mobile water molecules were recognized to consist of
hydrophobic residues, and therefore it was suggested that the
water may have been trapped during the formation of the
fibrils. By construction, our MD simulation excludes the
presence of water molecules in equilibrium in the neighborhood of these residues, supporting the conjecture of there being
nonequilibrium water configurations. A recent MD study59 on
the Aβ37−42 fibril formation, modeled by two β-sheets
approaching each other, concluded that the expulsion of
water molecules from the region between the sheets occurs
simultaneously with the association of the two sheets, on the
nanosecond time scale. However, it is conceivable that water
molecules might become trapped in between or inside the βsheets of the much larger structure of Aβ1−40, thereby causing
local deformations in the hydrogen bond network. Appropriate
modifications of the amyloid model and simulation procedure
that allows for the presence of long-term water molecules inside
the fibril will form the subject of future work.
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