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Abstract

Neurodegenerative diseases are usually characterized by plaques made of well-ordered

aggregates of distinct amyloid proteins. Dissociating these very stable amyloid plaques is

a critical clinical issue. In this study, we present a joint mid-infrared free electron laser

experiment/non-equilibrium molecular dynamics simulation to understand the dissociation

process of a representative example GNNQQNY fibril. By tuning the laser frequency to the

amide I band of the fibril, the resonance takes place and dissociation is occurred. The calcu-

lated and observed wide-angle X-ray scattering profiles and secondary structures before and

after laser irradiation being identical, we can propose a dissociation mechanism with high

confidence from our simulations. We find that dissociation starts in the core of the fibrils by

fragmenting the intermolecular hydrogen bonds and separating the peptides and then propa-

gates to the fibril extremities leading to the formation of unstructured expanded oligomers. We

suggest that this should be a generic mechanism of the laser-induced dissociation of amyloid

fibrils.

Introduction

The self-assembly of amyloid proteins into amyloid fibrils is a major hallmark of neurodegenera-

tive diseases such as Alzheimer’s and Parkinson disease.1,2 Amyloid fibrils in vitro and in vivo dis-

play a cross β -structure with β -sheets stabilized by intermolecular backbone hydrogen bonds.3,4

Their characteristics make them insoluble and extremely stable.5,6 A large variety of experimental

techniques have been used to reveal the aggregation process. Atomic force microscopy7,8 and

ultrasonic force microscopic9 can record the assembly process by time-lapse imaging. Two-
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dimensional infrared spectroscopy with site-specific isotope labelling can monitor the amyloid

formation pathways at a residue-specific resolution and real timescales.10–12

In spite of extensive research, many small molecules or antibodies targeting the Aβ protein

of 39-43 amino acids retard aggregation kinetics, all clinical trials have had negative outcomes

for Alzheimer’s disease (AD).13–15 Whether the encouraging phase 1 clinical data using the adu-

canumab antibody binding to monomers and small oligomers of amyloid-β protein are further sup-

ported remains to be determined.16 All these molecules target one specific molecular event: small

oligomers, primary nucleation process, fibril elongation and fragmentation, and surface-catalyzed

mechanism,17 and each of these events can induce toxicity by amyloid-oligomers interactions with

cellular membrane and proteins or unknown mechanisms.18

Albeit there is no correlation between the number of amyloid deposits and the severity of

Alzheimer’s disease, limiting secondary nucleation by destabilizing the highly stable amyloid

plaques is an important issue and several methods are possible.19Chemicals such as guanidine

hydrochloride or dimethyl sulfoxide20 cannot be used as they are very toxic. In vitro experiments

have shown that protein modification by including a molecular photoswitch, such as azobenzene

chromophore, followed by light excitation can switch the system from favorable to unfavorable

aggregates, resulting in protein disassembly.21–27 Goto and colleagues have shown that ultrasoni-

cation accelerates the depolymerization of fibrils into monomers in vitro.28,29 Leinenga et al. were

able to remove cerebral amyloid deposition in the mouse brain by using repeated scanning ultra-

sound.30 On the theoretical side, Okumura and colleagues have demonstrated that under ultrasoni-

cation the formation of empty space around the hydrophilic residues causes collapse of the fibril.31

We demonstrated that the cavitation of bubbles under ultrasound also induces fibril dissociation.32

Another approach to disassembly amyloid fibrils is to use a free-electron laser (FEL) tuned

to the amide I band (1600 - 1700 cm−1). Using FEL with specific oscillation characteristics of

a picosecond pulse structure, a tunable wavelength within infrared frequencies and a high photon

density, Kawasaki et al. were able to dissociate amyloid fibrils of lysozyme, insulin and short

peptide fragments of the thyroid and calcitonin hormones.33–37 To obtain an appropriate theoret-
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ical description of the FEL-induced experiments, we developed a laser-induced non-equilibrium

molecular dynamics (NEMD) simulation method38–41 and applied it to the dissociation of fibrils

made of 5-mers of the U-shape Aβ17-42 peptide and 5-mers of the left-handed β solenoid 79-

residue HET-s protein.42 Samples containing amyloid fibrils, DNA duplexes and globular proteins

(such as prion and acylphosphatase) were also considered and the NEMD simulations showed

that the surrounding protein and DNA molecules were hardly affected, demonstrating therefore

frequency laser selectivity for dissociation.

While FEL coupled to various microscopy methods can provide morphology and secondary

structure evolution after a given time of laser irradiation, these experiments have limited spatial

and temporal resolutions preventing a full understanding of the molecular mechanism of amyloid

fibril dissociation. On the other hand, this information can be obtained from all-atom NEMD simu-

lations, but the laser intensity and irradiation time used in simulations are much higher and shorter,

respectively than the values used in experiment. It is therefore important to determine whether the

process of the laser-induced conformational dissociation of the fibril obtained by experiments and

simulations is similar.

To address this issue, we present a joint experimental/computational study on the laser-induced

dissociation of the amyloid fibril made of the 7-residue GNNQQNY peptide, a fragment of the

N-terminal of the yeast prion protein Sup35 known to form amyloid fibrils by its own.43–45 The

structural characteristics of the fibril and the irradiated fibril are analyzed by several experimental

techniques, including Thioflavine T (ThT) binding assay, scanning electron microscopy (SEM),

synchrotron radiation-based X-ray scattering, that is wide angle X-ray scattering (WAXS), and FT-

infrared microscopy. The conformational conversion upon laser excitation is followed by atomistic

NEMD simulations in explicit solvent. It is important to note that the present NEMD simulation

based on a sample of 200 peptides and an irradiation time of 500 ps goes one step ahead of our

early NEMD study on the same peptide using a 32-mer and 50 ps.42 Overall, this work shows the

high complementary of mid-infrared FEL and all-atom NEMD simulation to provide an amyloid

fibril dissociation mechanism at an atomistic level.
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Methodologies

Experiments

Materials

The GNNQQNY peptide (freeze dried sample after chromatographic preparation, more than 85%

purity) was purchased from PH Japan (Hiroshima). Thioflavine T was purchased from Nacalai

Tesque (Kyoto, Japan).

Preparation of the fibril

The peptide was dissolved in 20% acetic acid (pH 3−4) and stocked at –30◦C (concentration: 10

mg/mL). For the fibrillation, the stock solution (100 µL) was incubated at 37◦C for 20 h. The

solution (about 10 µL) containing the aggregate was applied to the irradiation experiments.

IR-FEL experiment

The irradiation was performed by using mid-infrared FEL oscillation system at Tokyo University

of Science.46 The experimental setup is schematically shown in Figure 1. The time structure of the

laser is composed of micro-pulse and macro-pulse, in which micro-pulse has a duration of 2 pico-

second (ps), and its interval is 350 ps, and macro-pulse has several thousands of micro-pulses, and

its duration is 2 µs. The oscillation frequency of macro-pulse is 5 Hz. The irradiation power was

as usual 9-10 mJ per one macro-pulse, and the beam diameter was focused to about 0.4 mm using

BaF2 lens for the irradiation, and the irradiation time was set to 3 min (about 900 macro-pulses).

Thioflavine T (ThT) binding assay

The peptide solution is added to the reagent solution (25 µM) to total 100 µL volume, and the flu-

orescent intensity is measured at 492 nm using an excitation wavelength of 450 nm on a microplate

reader Varioskan Flash (Thermo Fisher Scientific). The measurement was performed 10 times and

the plot data was described as mean.
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SR-based X-ray scattering

The X-ray scattering experiments are performed using the beamline BL8S3 at the Aichi Syn-

chrotron Radiation Center, Aichi, Japan. The wavelength of X-ray was 0.15 nm and the sample-

to-specimen length is 45 cm for measurements. The scattering patterns are recorded by the use

of R-AXIS imaging plate (Rigaku, Japan). Each exposure time of X-ray was 600 s. The peptide

sample (approximately 1 mg) dried after the FEL irradiation is incorporated into a glass capillary

tube of 1mm in diameter, and the capillary is set in the vertical direction for the X-ray scattering

experiments.

Infrared microscopy

The FT-IR measurement is performed using an infrared microscope (IRT-7000, Jasco Co., Tokyo)

equipped with Fourier transform infrared spectrometer (FT/IR-6100, Jasco Co., Tokyo). The pep-

tide solution of ten micro litre is added on the stainless-steel slide base and dried under atmosphere.

The resulting powder adsorbed on the metal surface is observed by the infrared microscopy with

16x Cassegrain lens. Infrared absorption spectra from 1000 to 4000 cm−1 are acquired from 12 or

14 square fields (100 x 100 µm each) on the deposited powder by reflection mode. Those spectra

are averaged, and the averaged absorption intensities are used for the analysis of the secondary

structures. The proportion of secondary structures is estimated by measuring the peak intensity

from 1600 to 1700 cm−1 after the deconvolution of the amide I band.

Scanning-electron microscopy (SEM)

We used FE-SEM Supra40 scanning electron microscope (Carl Zeiss) and the procedure for anal-

ysis is described in Ref.37 In brief, the suspension of the amyloid fibril was added on a glass slide

base and dried under atmosphere. The sample spot of ca. 5 mm in diameter was surrounded by thin

conductive copper tapes. The surface of the sample was observed using an acceleration voltage of

5.0 kV.
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Molecular dynamics simulation

Modeling the fibril state

Our initial model was taken from the micro-crystal unit cell structure of the GNNQQNY fibril

(PDB entry 1YJP),44 consisting of 8 β -sheets, each sheet of 18 GNNQQNY peptides (Figure 2A).

This structure of 136 peptides is solvated into an octahedral box with a volume of 2257 nm3,

containing 67565 water molecules, resulting in 224 095 atoms. We use the AMBER-F99SB-ILDN

force field47 to model the peptide and the TIP3P water model48 to describe the solvent. This force

field was found to provide a good balance in terms of structures, thermodynamics and kinetics for

other amyloid peptides.49,50 The system was neutralized by adding Na + cations. Starting from

this structure, a short simulation of 1 ns is carried out in the NPT ensemble followed by a 100

ns NVT simulation at 310 K, employing the GROMACS program.51 Here, the bond lengths with

hydrogen atoms are fixed with the SHAKE algorithm52 and the equations of motion are integrated

with a time step of 2 fs using the leapfrog algorithm. The electrostatic interactions are calculated

using the particle mesh Ewald method and a cutoff of 1.1 nm.53 A cutoff of 1.2 nm is used for the

van der Waals interactions. The nonbonded pair lists are updated every 10 fs. Temperatures are

controlled by the Berendsen thermostat.54

Taking the last structure of the trajectory, we calculated the secondary structures using the

STRIDE program.55 Here, the eight STRIDE structures are grouped into four structures: β -sheet

= extended + bridge, helix = α-helix + 310-helix, turn = turn + bend, and coil = coil + PII-helix. The

populations from MD are 72% of β -sheet and 28% of coil. These values are, however, different

from the FT-IR populations of our sample prior to FEL experiment consisting of 68% of β -sheet,

14% of turn, 18% of coil and no helix (see below). This is not surprising as we know that the

experimental sample must contain fibrils with a low concentration of free monomers. As a result,

we place randomly 68 disordered GNNQQNY peptides around the 136-mer fibril structure, and

equilibrate the system of 200 peptides for 200 ns at 310 K in the NVT ensemble. The final structure

is shown in Figure 2 A. A total of 100 conformations were selected statistically from this MD for
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our NEMD simulations.

Laser-induced NEMD simulation

A total of 100 independent NEMD simulations are performed for each laser property. It is useful

to recall some aspects. In the NEMD simulation, a time-dependent electric field

E(t) = E0 exp[−
(t − t0)

2

2σ 2
]cos[2πcω(t − t0)], (1)

is applied to mimic a laser micro-pulse. Here, E0 represents the amplitude of the electric field, σ

is the pulse width, t is the time after the pulse maximum t0, c is the speed of light and ω is the

frequency. In our NEMD simulations, σ is set to 2 ps, and t0 to 5 ps as used in FEL experiments,

and only waters are coupled to the heat bath in order to maintain the temperature of 310 K with

a coupling constant of 0.1 ps. This also mimics the experiment conditions, in which water is

added periodically to the suspension during the irradiation process in order to prevent excessive

evaporating. The equations of motion are integrated with a short time step of 0.2 fs to ensure the

stability of the simulation. For each NEMD simulation of 500 ps we use 10 laser pulses with a

pulse duration of 25 ps (Figure 2B and Figure 2C).

Simulation data analysis

The secondary structures are calculated using STRIDE.55 A contact is defined if the distance be-

tween two heavy-atoms is less than 0.45 nm. A hydrogen bond (H-bond) was considered formed

when the acceptor-donor distance is not more than 0.35 nm, and the acceptor-donor-hydrogen angle

is not more than 30 degrees. The aggregates are also characterized by their solvent-accessible sur-

face areas (SASA) using GROMACS tools and WAXS spectra using the Pepsi-SAXS program.56

Unless specified, our data are averaged over 100 NEMD simulations for a given set of laser param-

eters.
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Results and Discussion

Experimental results

Our method relying on the resonance between the laser frequency and the frequency of the amide

I band of the fibril, thus determination of this wavelength is essential. The FT-IR spectra of the

GNNQQNY peptide prior to fibrillation (pre-fibril state or oligomers) and after fibrillation (mature

fibril state) are shown in Figure 3. Doublet structure of the amide I peaks from 1600 to 1700 cm−1

are common features of peptides. The FT-IR spectrum of the pre-fibril state exhibits a dominant

peak (P1) at 1650 cm−1, and a weaker peak (P2) at 1631 cm−1. Upon fibrillation, the absorbance

of the P2 peak increases and its intensity is similar to that of the P1 peak, reflecting the formation

of β -sheet structure in the mature fibril. This observation has already been discussed for other

amyloid fibrils.33–36 The amide I peak at lower wavenumber is associated with the vibration of

the C=O bonds in β -sheet stacked structure. Therefore, in what follows, the experimental FEL

wawelength is set to 1631 cm−1. For comparison, another experiment with a wavelength of 2000

cm−1, where no peak exist, is also performed.

Thioflavin T (ThT) is a commonly used probe to monitor in vitro amyloid fibril formation. It

is accepted that ThT binds to the side chain along the long axis of amyloid fibrils with a minimal

binding site on the fibril surface spanned by four β -strands.57,58 Figure 4 shows the ThT fluores-

cence intensity of the fibril with a concentration of 25 µM before irradiation, and after irradiation

using the amide-I band specific laser frequency of 1631 cm−1 and the non-specific frequency of

2000 cm−1. As seen, the fluorescence signal obtained by using the non-specific wavelength is very

similar to that of the fibril, even at high laser power (≤ 10 mJ per one macro-pulse), suggesting that

the overall fibril structure is maintained. In contrast, the specific amide I specific irradiation at 1631

cm−1 results in a decrease of ∼ 85% of the fluorescence signal, demonstrating full destabilization

of the fibril.

To get insights into the conformational change upon FEL irradiation, SEM analysis is per-

formed. As seen from the SEM images in Figure 5A, the peptide forms fibrils composed of nu-
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merous silk-like filaments, whose lengths are longer than 10 µm. After irradiation at 1631 cm−1,

the filaments have disappeared, indicating conversion to other conformations.

Having shown that the fibril structure is dissociated after FEL irradiation, we now wish to

investigate the conformational change employing X-ray scattering experiment and FT-IR micro

spectroscopy. For the organization of peptides, we perform WAXS experiments, and the spectra

are shown in Figure 5B. The WAXS spectrum of the pre-fibril displays one main Bragg reflection

at q = 13.5 nm−1, corresponding to random peptides in the oligomers. Prior to FEL, the WAXS

spectrum of the fibril shows a dominant peak at q = 12.8 nm−1 and a weaker peak at q = 13.5

nm−1. The dominant peak corresponds to intermolecular Cα -Cα distances of 0.49 nm between the

strands in the cross-β structure, while the second peak can be assigned to the random peptides in

solution. Upon FEL irradiation at a frequency of 1631 cm−1, the spectrum shows one single peak

at q = 13.5 nm−1, confirming full dissociation of the fibril.

To determine secondary structure composition, we performed FT-IR analysis of the fibril be-

fore and after irradiation with the laser frequency of 1631 cm−1. The content of each secondary

structure is calculated based on the peak intensity of amide I band: 1625-1640 cm−1 for β -sheet,

1650-1655 cm−1 for coil, 1645-1650 cm−1 for other, and 1655-1675 cm−1 for turn, and a total of

14 spectra was obtained for each system. The resulting secondary structure composition is shown

in Figure 5C. In the amyloid fibrils, the population of β -sheet, coil, turn and helix is 68, 18, 14 and

0%, respectively. Upon FEL irradiation, these populations shift to 11, 30, 31 and 28%, indicating

that the fibril has been converted to oligomers with dominant coil/turn structures.

Simulation results

To identify the amide I bands, we first calculate the IR spectrum of 100 structures, statistically

selected from the equilibrium trajectory, by using the normal mode analysis as described in Ref.42

The averaged IR spectrum in Figure 6 displays a dominant amide I band around 1675 cm−1 asso-

ciated with the C=O stretching vibration in the cross-β structure, and a band around 1690 cm−1

associated with the C=O stretching vibrations in the turn, coil and helical structures. To identify
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the resonance frequency between the amide I modes in the fibril and the laser field, we scan the

frequency of the laser field, Eq. (1), in the range ω ∈ [1600 · · ·1700] cm−1 with a step of 2 cm−1,

and for each value we carried out one single NEMD simulation of 25 ps duration. We find that

the most significant fibril deformation after one single laser pulse occurs at 1675 cm−1 based on

the variations of root-mean-square -deviation (RMSD), number of intermolecular H-bonds, Rg and

SASA, (data not shown). This indicates that the resonance between the laser and the amide I mode

associated with the C=O stretching vibration in the cross-β structure causes dissociation of the

fibril. We should note that the dominant peak of the calculated amide I band is blue-shifted by ∼

40 cm−1 compared to experiment, and this deviation is expected from molecular mechanics force

fields in contrast to spectroscopic force fields.59,60

Having identified the resonance frequency, we carry out NEMD simulations of 500 ps on the

full system. To understand the molecular response to the laser intensity, we performed 100 sim-

ulations, each for three laser intensities E0 = 1.5,2.0 and 2.5 V/nm at the specific amide I band

frequency of 1675 cm−1. For comparison, we also use the off-resonant frequency ω = 2000 cm−1

with E0 = 2 V/nm, and perform 100 NEMD simulations.

As a first step towards characterizing the laser-induced structural change, we show in Figure 7A

snapshots of the system at 500 ps. Because the laser with frequency ω = 1675 cm−1 is in resonance

with the amide I mode of the system, the dissociation is observed in all cases after 500 ps, but the

fibril is partially dissociated for E0 = 1.5 V/nm, whereas the fibril is fully dissociated with E0 = 2.0

and 2.5 V/nm. Clearly, full dissociation with 1.5 V/nm would occur at much longer time scale. As

expected, with the off-resonant frequency ω = 2000 cm−1, the fibril is unaffected despite the high

laser intensity E0 = 2.0 V/nm.

To make a connection with experiment, we calculate the secondary structure of the sample after

irradiation and the WAXS spectra during the NEMD simulations for E0 = 2 V/nm and ω = 1675

cm−1. Averaged over all simulations between 490 and 500 ps using E0 = 2 V/nm, the calculated

β -sheet, coil, turn and helix are 5, 40, 40 and 15%, respectively. These results are in agreement

with FT-IR experiments after irradiation, though small deviations are observed (Figure 8).
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Looking at the time-evolution of the WASX spectrum (Figure 7B), the fibril structure is well-

maintained within the first 20 ps, the peak of the spectrum being located at q = 13.3 nm−1, very

close to the peak at 12.8 nm−1 of the experimental spectrum (Figure 5B). Both peaks correspond

to the interchain distances of 0.47 and 0.49 nm in the simulated and experimental structures, re-

spectively. The position of the peak is shifted to q = 11.5 nm−1 at 24 ps, revealing destabilization

of the core (middle) of the fibrils, and this destabilization of the β -sheets progresses towards the

extremity of the fibrils (see snapshots at 26, 30 and 50 ps in Figure 7B). After 50 ps, the spectrum

basically does not exhibit any specific peak, and is similar to the experimental spectrum obtained

after laser irradiation, confirming full destabilization of the fibril.

The dissociation process as a function of the laser parameters is examined, and Figure 9 shows

the time evolution of secondary structures obtained from the simulations using different laser inten-

sities and frequencies. As expected, with ω = 2000 cm−1 the secondary structures only fluctuate

around their initial values. With the resonant frequency ω = 1675 cm−1 and E0 = 1.5 V/nm, the

β -sheet content decays from 65% to 40%, the turn content is almost unchanged (Figure 9C), and

the coil content increases from 15% to 30% during the simulations. With E0 = 2.0 V/nm, the β -

sheet decays from 65% to 20% within the first 50 ps (Figure 9B), and then to 10% at 500 ps. This

is accompanied by a rapid increase of coil from 15% to 50% within the first 50 ps (Figure 9D) that

stabilizes to 40% after 500 ps, and an increase of turn from 20% to 42% after 500 ps. At the higher

laser intensity, E0 = 2.5 V/nm, the coil, turn and β -sheet contents almost reach their final values

after 150 ps. For the three laser intensities, the helix content (310 helix) starts to increase after

250 ps and reaches a final value of 7%. These results indicate that the time evolution of secondary

structure, the exception being helix, is very sensitive to the laser intensity. It is not surprising

that the calculated secondary structure varies by a few percents between the two simulations and

between the simulations and the FTIR experiments as each simulation reach different oligomeric

structures and cannot capture all transient oligomer states present in solution.

We show in Figure 10 the time evolution of the total number of inter- and intra-molecular

hydrogen bonds, SASA and Rg. Again, the off-resonant laser ω = 2000 cm−1 does not induce
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any significant changes in those quantities. With ω = 1675 cm−1 and E0 = 1.5 V/nm, the number

of intermolecular H-bonds decays from 800 to 500 (Figure 10A) and both SASA and Rg increase

by 30% after the first pulse (25 ps), and then these values fluctuate for the rest of the simulation.

Because only the middle of the fibril is partially destabilized at 500 ps (see Figure 7A), the number

intramolecular of H-bonds (Figure 10B) remains nearly constant during the simulation.

Time evolutions of the intermolecular H-bonds, SASA and Rg obtained with the higher laser

intensities of 2 and 2.5 V/nm are similar, though more pronounced with the highest intensity. With

time, the number of intermolecular H-bonds decreases to 25% of its initial value, SASA augments

by a factor of 2−3 (Figure 10C), Rg augments by a factor of 1.4−1.5 (Figure 10D), and the number

of intramolecular H-bonds reaches 300−400 (Figure 10B), indicating progressive formation of

disordered and expanded oligomers. This formation is characterized by oscillatory fluctuations as

a response to the laser field. After each pulse, all structures tend to reassembly partially because

of the competition between the van der Waals and Coulombic interactions prior to the application

of the next pulse. This reflects the high plasticity of amyloid fibrils and explains why fibrils are

so difficult to dissociate. It is interesting that the dissociation processes for both E0=2 Vnm−1

and E0=2.5 Vnm−1 are very similar. This suggests that the dissociation mechanism of the fibril

induced by the resonance with the laser does not depend much on the power of the laser.

To examine the dissociation process at the residue level, we show in Figure 11 the inter-peptide

H-bond maps for the case E0 = 2 V/nm and ω = 1675 cm−1. At t = 0 ps, the parallel β -sheets

are stabilized by five strong interchain pairs; N-N, Q-N, N-Q, Q-Q and N-Y, and six other pairs

with lower populations. Upon laser irradiation, the number of contacts between the five dominant

pairs is continuously reduced from its initial value of ∼ 140 to ∼ 20− 40 contacts after 50 ps,

but the contact pattern is maintained. This result conjointly with the snapshot at 50 ps shown

in Figure 7B indicates that the early-induced laser effect is to increase the separation between

peptides, but the peptides do not undergo any large conformational reorientation and translation,

otherwise new contact pairs would be formed. Identical results are obtained with E0 = 2.5 V/nm,

further supporting that the dissociation mechanism does not depend on the laser intensity.
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Finally, it is of interest to know how much the system is heated by the laser irradiation. To this

end, we calculate the temperatures of the fibril and the solvent, and results are shown in Figure 12

for the laser intensity of 2 V/nm. Initially, the system is in equilibrium and the temperatures of

both fibril and solvent are 310 K. After 16 ps, the intensity of the laser increases and reaches

the maximum value at 20 ps (Figure 2C). As a consequence, the temperatures of the fibril and

solvent increase and reach the maximum values of ∼ 1489 K and ∼ 317 K, respectively. Then, the

intensity of the laser decreases and vanishes at 24 ps. Because the solvent is thermostated, thus its

temperature quickly decreases to the equilibrium temperature of 310 K, and is maintained at this

value until the next excitation at 50 ps. The temperature of the fibril decreases from 1489 K to

1000 K at 24 ps. This fast decrease is due to the fast energy redistribution within the fibril, which

is on the picosecond timescale.61–66 However, because the fibril is not coupled to the heat bath, so

its temperature continues to drop but slowly through the coupling to the solvent, and this process

takes place in a nanosecond timescale.61–66 Indeed, at 50 ps, the temperature of the fibril is still

about 500 K.

To understand whether the dissociation is induced by thermal excitation, in our previous work,

we carried out an equilibrium MD simulation where amide I band of the fibril was coupled to the

heat bath at high temperature of 1360 K.42 We observed that the fibril was immediately heated,

leading to the dissociation, but the conformational changes take place slowly as compared to the

those obtained from laser-excitation. From this result, together with the fact that the maximum

temperature of the fibril in the current work is ∼ 1489 K, we suggest that the laser-induced fibril

dissociation process observed in the current NEMD simulations is also not due to just thermal

effects but primarily due to the excitation of the amide I band vibration.

Conclusions

We have presented a joint experimental/simulation study to characterize the dissociation of the

GNNQQNY amyloid fibril upon laser excitation of the amide I band of the fibril. First, we con-
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struct the fibril so that its 2D and 3D structures are similar to those of experiment before FEL

irradiation. Second, the intensity of the laser in the simulation is adjusted so that the simulated

WAXS spectra and 2D structure are similar to those of the experiment after laser irradiation. Then,

the molecular details of the transient dissociation process are revealed by the simulation.

The NEMD simulations show that the strong resonance between the laser field and the amide

I vibrational band of the fibril is the cause of the dissociation. The resonance disrupts locally the

intermolecular H-bond network, leading to increases in some interpeptide separations, but these

peptides do not undergo large translational and orientational motions. These early perturbations

that fragment a few H-bonds occur in the core of the fibrils and then propagate to the fibril extremi-

ties resulting in unstructured expanded oligomers. In this context, this mechanism is quite different

from that obtained by using other methods such as ultrasound, drugs or graphene nano-sheet, where

the peptides on the surface of the fibril are detached first.28,29,67,68

As shown above, the timescale in experiment is minutes and the length scale of the fibril is

micrometers. We knowledge that we cannot perform NEMD simulations with these time and

length scales due to the limitation of the current computer power. Our NEMD simulation can only

capture nanosecond-time processes of nanometer-sized systems. So the main question is whether

the dissociation mechanism that occurs in the simulation is the same mechanism that we observed

in the experiment? We note that in the fibril dissociation mechanism caused by resonance, the two

most important quantities that determine the dissociation process are the frequency of the fibril

and the intensity of the laser. First, it is clear that the frequency of the fibril amide I band is

almost independent of the size of the fibril. Indeed, as shown above, the frequency of the amide I

band of experimental fibril is 1631 cm−1, and this frequency of the fibril in the simulation is 1675

cm−1, even though the size of the two fibrils is completely different. This indicates that the size

of fibril should not affect the dissociation mechanism. We should stress again that the discrepancy

between these two frequencies is simply due to the inaccuracy of the classical force fields in the

modelling of high frequency vibrational modes. Second, if the laser intensity is high, as used in the

simulation, then the amplitude of the amide I band oscillation is large, thus the H-bond network is
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strongly destabilised, and therefore the fibril dissociation time is fast. Indeed, as shown above, with

the intensities of 2.5 V/nm and 2.0 V/nm, the dissociation in the simulation is basically completed

within 150 ps and 500 ps, respectively (Figure 9). In contrast, if the laser intensity is low then the

amplitude of the amide I band is small, and therefore it will take a long time, say, on the minute

timescale as used experimentally to excite the H-bond network and subsequently to dissociate the

fibril. Taken together, our qualitative argument suggests that the main characteristics of the fibril

dissociation mechanism that occur in experiments and simulations should be similar, and only the

dissociation timescales are different.

In view of the inability of drugs to slow or reverse the cognitive impairment of AD thus far,

developing non-pharmaceutical approaches against AD is now highly desirable. The ability of

FEL to dissociate fibril opens up a promising approach to treating AD. Our long-term goal is to

establish a method which combines FEL experiment with NEMD simulation into a framework to

study the process of fibril dissociation at the molecular level. In the present study we are only able

to establish a link between experiment and simulation at the beginning and the end of the process.

In the next study, we plan to use the IR pump-proble method to obtain 1D and 2D transient spectra.

The direct comparison between the experimental spectra and the simulation spectra will allow us

to understand in detail the structural changes of fibril during the dissociation process. This work is

underway.
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Figure 1: Schematic of the FEL experiment. The FEL pulses are generated using an electronic gun

and accelerated to 40 MeV by a linear accelerator. The peptide sample was spotted on the slide

base, and the laser beam was irradiated onto the sample from the vertical way by reflecting on the

gold-coated mirror.
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Figure 2: (A) The initial fibril structure of the simulation viewed from different angles (left), and

that obtained after 200 ns of an equilibration simulation (right). Here, the β , coil, turn and 310-

helix residues are shown in orange, green, blue and purple, respectively. (B) Time evolution of a

chain of 10 laser pulses separated by 25 ps. (C) Time evolution of a single pulse with a duration of

25 ps.
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Figure 3: Infrared spectra of the pre-fibril (red) and mature-fibril (blue) of the GNNQQNY peptide

system. The FEL irradiation wavelengths of 6.13 µm and 5.0 µm used in this study were marked

as dotted lines.
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Figure 4: The ThT binding assay results of the system before irradiation and after irradiation using

specific and non-specific wavelengths of 6.13 and 5.0 µm, respectively.
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Figure 5: (A) The SEM images of the system obtained before (left) and after (right) laser irradi-

ation. (B) The experimental WAXS spectra of the pre-fibril (blue), mature-fibril (red) and final

irradiated fibril (green). (C) The population of various secondary structures of the initial fibril and

final irradiated fibril. Shown are results obtained using the laser frequency of 1631 cm−1.
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Figure 6: The averaged amide I band of the sample obtained by normal mode analysis of 100

equilibrium selected structures. The AMBER-F99SB-ILDN force field is used for the calculation.
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Figure 7: (A) The final snapshots at 500 ps of a NEMD trajectory simulated by using different laser

intensities and frequencies. (B) The time evolution of WAXS spectra of various structures during

a NEMD simulation using the laser with intensity E0 = 2.0 V/nm and frequency 1675 cm−1.
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Figure 8: The populations of various secondary structures of the initial fibril (left) and final irradi-

ated fibril (right) obtained from experiment using laser frequency of 1631 cm−1 (green) and from

NEMD simulation using laser frequency of 1675 cm−1 (blue).
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Figure 9: Time evolution of the population of various secondary structures during the NEMD

simulations using different laser intensities and frequencies.
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Figure 10: Time evolution of various structural quantities, including the inter- and intra-molecular

H-bonds, SASA and radius of gyration (Rg) during the NEMD simulations using different laser

intensities and frequencies. The colour codes are the same as in Figure 9
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Figure 11: The intermolecular Hbond contact maps at selected times during the NEMD simulations

using the laser intensity E0 = 2.0 V/nm and frequency ω = 1675 cm−1. The colour code indicates

the number of contacts.
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Figure 12: Time evolution of the temperature of the solvent (A) and fibril (B) during the NEMD

simulation using the laser intensity E0 = 2.0 V/nm and frequency ω = 1675 cm−1.
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