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Dissociation of Protein Aggregates by Mid-infrared Laser
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Review Article

Abstract

Amyloid fibrils are insoluble fibrillar deposits
consisting of beta sheet proteins that accumulate in
various tissues. The pathogenesis of some forms of
amyloidosis is closely related to amyloid fibrils. For
example, amyloid beta protein fibrils are mainly found
as extracellular deposits in the brains of individuals
with Alzheimer’s disease, which lead to neuronal cell
death. Therefore, reducing the fibrils is a major target
for treating amyloidosis. Currently, there are no
effective drugs for amyloidosis, yet treatments have
been explored using other biomedical approaches.

In addition to biomedical approaches, engineering
techniques have also been applied to this problem.
Among them, recent papers have suggested a Free-
Electron Laser (FEL) with a wavelength set in the mid-
infrared region could dissociate protein aggregates.
The FEL is effective for dissociating aggregates rich
in a-helix and B-sheet structures. This approach
might lead to novel therapies for amyloidosis.
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1. Introduction

The protein aggregation process often induces
a reduction of normal protein functions, such as
enzymatic activities, accompanied by a decrease in
water-solubility. As a result, protein aggregates are
closely associated with several serious diseases.
In amyloidosis, amyloid fibrils are formed by
multiple proteins and are deposited in the tissues
of various organs [1]. In the brain, aggregation
of amyloid B, tau and polyglutamine-containing
proteins are the primary cause of Alzheimer’s
disease and polyglutamine diseases [2,3]. Also,
a-synuclein and prions can form aggregates in the
brain [4,5]. In tissues outside of the brain, lysozyme,
insulin, calcitonin, lactoferrin, ,-microglobulin, and
immunoglobulin light and heavy chains can also form
aggregates [6-11]. These fibrils are commonly rich in
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B-sheet structures and are insoluble in physiological
solutions, whereas the primary structure of each fibril
is different. On the other hand, keratin protein, which
is a major structural component of the cytoskeleton
in dermal tissues, is known to be a different kind
of aggregate-forming protein [12]. Keratin tends to
form non-covalent assemblies during aging, and
the aggregation process causes hair damage and
several skin diseases. Keratin is comparatively
large at approximately 50 kDa, and the aggregate is
typically rich in a-helix [13].

The detailed mechanism by which aggregates form
is not fully understood, and therefore treatments
for aggregate-associated diseases have not been
established yet. Theoretically, cellular dysfunctions
caused by the aggregates should be ameliorated
by reducing the amount of protein aggregates found
in pathological tissues. However, synthetic protein
aggregates are robust structures under physiological
conditions and can be disaggregated in the presence
of denaturants, such as guanidine hydrochloride and
organic solvents (e.g. dimethyl sulfoxide). These
reagents are usually toxic for cells and are therefore
not suitable for the treatment of diseases.

A polypeptide generally consists of several amide
bonds that connect an amino acid to the next amino
acids by releasing one molecule of water. The amide
bond is composed of C=0, N-H, and C-N bonds,
and each chemical bond exhibits a specific vibration
mode, including amide | (C=0O stretch), amide II
(N-H bending), and amide IlI (C-N stretch). A strong
infrared absorption is especially observed at the
amide | band [14,15].

We have recently discovered that several protein
aggregates can absorb most photon energy at the
amide | band, and the aggregate structure of proteins
can be deformed by a Free-Electron Laser (FEL)
tuned to the amide bands [16-20]. The FEL in our
facility is a high-peak powered and pico-second
pulsed laser and has a tunable wavelength within the
mid-infrared region (5-10 ym). The oscillation system
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Figure 1. FEL irradiation system.

The electronic beam was generated by a high-frequency
electronic gun and accelerated to 40 MeV through the
linear accelerator. The periodic length of the undulator was
tuned to set the oscillation wavelength. In the undulator,
the strong interaction between the electron beam and the
synchrotron radiation light led to the production of the FEL.
The FEL beam was transported to the laboratory though a
vacuum tube.

by a high-frequency RF electron gun (2,856 MHz)
was injected into an undulator (a periodic magnetic
field) through an a-magnet and a linear accelerator
to generate Synchrotron Radiation (SR). The SR
was amplified between a pair of mirrors positioned
at both sides of the undulator through interaction with
the electron beam, which produced a coherent laser
light. The power density of the FEL was estimated
to be 3545 mJ/cm?, and the time structure of the
FEL was composed of macro- and micro-pulses in
which one micro-pulse of 2 ps width was separated
by a 350 ps interval and one macro-pulse of 2 us
duration was structured by about six thousands of
micro-pulses.

In this study, we present examples in which a non-
amyloid aggregate (keratin) and an amyloid fibril
(insulin) were efficiently converted to their non-
aggregate forms by FEL irradiation. Furthermore, we
discuss a possible mechanism underlying the effect.

1.1 Irradiation effect on non-amyloid protein
aggregates

We sought to test the usefulness of the FEL to
dissociate non-amyloid aggregates. To this end, we
chose a keratin aggregate [20]. Scanning-Electron
Microscopy (SEM) observations showed that many
particles that were approximately one hundred
nanometers in diameter were keratin monomer
samples, whereas a larger solid was the aggregate
(Figure 2). The irradiation by FEL at wavelength
6.06 pm (amide I) changed the angular solid to a
non-ordered assembly consisting of a number of
small particles. In contrast, at wavelength 5.60 ym,
the aggregate solid remained although its angular
surface changed to a smooth surface. These
observations indicated that the aggregate structure
was dissociated by FEL irradiation at the amide |
band. Secondary structure analysis indicated that the
a-helix content in the aggregate structure decreased
to a level almost comparable to the level in the
monomer state after irradiation at 6.06 ym, whereas
the keratin aggregate before irradiation was rich in
a-helix [20]. Both irradiations at 6.51 yum (amide Il
band) and 8.06 um (amide Il band) were partially
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Figure 2. Effect of the FEL on non-amyloid aggregates.
Scanning-electron microscopy observation. Scale bar, 200
nm. Keratin powder was purchased from the company
(Nacalai tesque, Kyoto, Japan). The powder concentration
was approx. 100% and free of impurities as well as
stabilizing additives.

effective but were effective to a lesser extent than
irradiation at the amide | band.

1.2 Irradiation effect on amyloid fibrils

Similar to the dissociation of a-helix structures,
B-sheet structures were also dissociated by the
same wavelength from the FEL [17]. Amyloid fibrils of
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Figure 3. Effect of the FEL on amyloid fibrils.

3a. Transmission-electron microscopy analysis. Phospho-
tungstic acid was used for negative staining. Scale bar, 200
nm.

3b.FT-IR spectroscopy observation. The protein sample
was mixed with the KBr pellet, and a thin plate was
prepared. The measurements were performed using 16
scans at a 4 cm™ resolution.
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insulin peptides were prepared in an acidic solution
(20% acetic acid). The resulting fibrils were spotted
on the slide base and subjected to irradiation. After
irradiation by the FEL, the fibril structure was analyzed
using transmission-electron microscopy (Figure 3a)
and FT-IR spectroscopy (Figure 3b). The insulin
fibrils were observed as tiny strings, and the lengths
of the fibrils ranged from one hundred nanometers to
two hundred nanometers. These strings decreased
substantially after irradiation at 6.17 ym (1620 cm-
"), which corresponded to the amide | band. FT-IR
spectra of the fibrils showed a broad peak (1,630—
1,660 cm) at the amide | band (solid line), although
the main peak appeared at 1,656 cm™ in the native
state (dashed line). The B-sheet content in the fibrils
was quantified at around 40%, whereas it was about
10% in the native state, as shown in secondary
structure analysis of absorbance intensity at the
amide | band. After 1 h of irradiation, the broad peak
of the fibrils converted approximately to a single peak
at 1,652 cm™ (dotted line) and the B-sheet content
was reduced to 25%. These results indicate that a
conformational change occurred in the insulin fibrils
and that B-sheet rich structures can be reduced by
FEL irradiation at the amide | band.

1.3 Insight into the mechanism of dissociating
aggregates with an IR laser

For amyloid fibrils, the aggregation reaction is caused
by ionic amino acid residues, such as lysine and
glutamic acid, and hydrophobic interactions between
aromatic amino acids prompt fibril formation via T—1r
interactions. Similarly, keratin aggregates are formed
by non-covalent bonds, such as hydrogen bonds,
and ionic bonds between peptide chains. These
non-covalent bonds are easily influenced by heating,
and the aggregate structure can be melted by
external heating at >80°C [21]. Because we kept the
aggregates at 37°C and the increase in temperature
of the sample was small during FEL irradiation, the
energy accumulation by the FEL likely occurred at
the amide bonds of the aggregated protein. This
accumulation would be able to drive dissociation of
the aggregate structure into a non-aggregate form.
In general, thermal diffusion from protein matrices to
surrounding water molecules can occur within a 10—
100 ns time scale during the laser ablation of tissue
materials. Therefore, successive resonant excitation at
amide bonds by pico-second pulses of FEL irradiation
may be enough for thermal confinement within the
aggregate structure, which led to dissociation of the
aggregate. Moreover, we observed that vaporization
of water was substantially promoted by FEL irradiation
at 6 um compared to 5 um. Overall; it can be proposed
that FEL irradiation at 6 um heated both the protein
aggregate and surrounding water molecules, which
induced dissociation of the aggregate into a non-
aggregate form.

1.4 Future perspectives
Although the FEL has mainly been used for physical
chemistry and material technology development, it
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could be also applied to the field of medicine. Laser-
mediated surgical therapy has been recognized as
an effective strategy for tissue ablation and selective
removal of injured areas. Using naked proteins,
the FEL proved to correct not only non-amyloid
aggregated protein but also amyloid fibrils into
non-aggregated fibrils. The next step would be to
demonstrate the capability of the FEL for reducing
aggregates in cells.
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