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ABSTRACT: Michler’s hydrol blue (MHB) is investigated with
respect to photophysical properties in varied solvent environ-
ment and when bound to insulin and lysozyme fibrils. The
MHB chromophore is shown to act like a molecular rotor and
bind well to amyloid fibrils, where it exhibits a characteristic red-
shift in its excitation spectrum and an increase in the emission
quantum yield upon binding. MHB is more sensitive to
environmental changes than Thioflavin T (ThT) and further-
more, in contrast to the latter amyloid probe, can differentiate
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between insulin and lysozyme fibrils by a more red-shifted excitation spectrum for insulin fibrils. To support the experimental
observations, time-dependent density functional theory (TDDFT) calculations were performed on MHB at several levels of theory.
The predicted changes of spectral properties as a function of the environment are in good agreement with the experimental results.
Linear dichroism (LD) is used to determine the orientation of the MHB within the fibrils. It was shown through LD and molecular
modeling that MHB aligns itself preferentially parallel with the amyloid fiber at an angle of 14°—22° to the fibril axis and along the

grooves of the 3-sheet.

myloid fibrils are peptide or polypeptide aggregates that have
A.been extensively studied due to their association with a
variety of neurodegenerative diseases, the most famous being
Alzheimer’s disease.'” Such conformational disorders are
caused when native proteins misfold and form self-assembled,
insoluble aggregates,s’9 which accumulate in different organs or
tissues. The structure of amyloid fibrils has been found to be
composed of antiparallel 3-sheets, which are oriented perpendi-
cular to the long fibril axis.**'°~'* The fibrils themselves are
nonbranching and can be up to several micrometers long with a
width between 8 and 10 nm.'"*"> Although amyloid fibrils are
mainly associated with neurodegenerative diseases, other pro-
teins not related to such diseases have been found to form fibrils,
too.” It is only recently becoming widely accepted that poten-
tially any protein could form amyloid fibrils under specific
conditions™ " and that fibril formation is an intrinsic property
of the polypeptide backbone.” Extensive characterization of
amyloid fibrils has been made using various spectroscopy and
microscopy techniques.M’w_21
An often exploited method for spectroscopic determination of
amyloid fibril formation is to use one of two histological dyes,
Congo Red (CR) or Thioflavin T (ThT). These dyes are of
particular interest because of their distinct spectral changes when
bound to the amyloid fibrils. CR’s absorbance spectrum exhibits a
red-shift upon binding**** along with an apple-§reen birefrin-
gence when viewed through crossed polarizers.”> >* However,
CR has been found to not be amyloid specific and can bind to
proteins also in their native state.2® ThT, on the other hand,
shows a red-shift in its excitation spectrum®*® along with an
enhancement in its fluorescence intensity upon binding to
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fibrils.">**~*° In particular, ThT belongs to a class of molecular
rotors that have been shown to be sensitive to changes in
environmental conditions such as viscosity.”* Numerous studies
have been devoted to the photophysical properties of ThT acting
as a molecular rotor in various media as well as bound to amyloid
fibrils, 31343640

Molecular rotors are particularly interesting for use as amyloid
binding agents due to their distinct spectral changes depending
on environmental factors and an increase in quantum efficiency
upon being geometrically confined.*' They are comprised of an
electron donor system in conjugation with an electron acceptor
and connected generally with a single bond. Upon photoexcita-
tion of these molecules, they can enter a fluorescent locally
excited state (LE) or then, through internal rotation around the
single bond to 90° which breaks the conjugation of the molecule,
relax into a nonfluorescent twisted internal charge transfer
(TICT) state.*”*® The interconversion of both these states is
dependent on the viscosity of the surrounding environ-
ment.*"**** In Jow-viscosity media, the internal rotation of a
molecular rotor encounters little hindrance and the main emis-
sion pathway is nonradiative. However, increasing the viscosity of
the solvent medium hinders the internal rotation, causing the
molecule to become more rigid. This prevents the molecule from
entering into a TICT state; the molecule then remains in its LE
state and loses its energy through radiative decay. This phenom-
enon is usually observed in the form of an increased fluorescence
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intensity and high quantum yield. "> These unique properties
make molecular rotors attractive as probes for amyloid fibril
structure determination. Although, ThT has been used exten-
sively for amyloid fibril characterization, researchers are synthe-
sizing analogues in search for more efficient dyes that can be used
for in vitro and in vivo imaging, in particular dyes that may cross
the blood brain barrier.””

One particular molecular rotor that in preliminary studies has
shown promise as an amyloid fibril binding analogue is Michler’s
hydrol blue (MHB). Although MHB has been known for over 50
years it has not been used for amyloid fibril detection, probably
because of the popularity of ThT, CR, and their analogues. MHB
is a small, symmetric molecule that has two dimethylaminophe-
nyl groups attached to a central carbon atom with a positive
charge. MHB is related to triphenylmethane dyes like Crystal
Violet and Methyl Green, both of which have been found to bind
to amyloid fibrils (unpublished results). Theoretical calculations
have shown that MHB is a nearly planar molecule with its
positive charge delocalized over the entire 77-system.*** How-
ever, the conjugation can be broken upon the rotation of one
of its phenyl rings around the central carbon atom to a 90°
geometry relative to the other ring. MHB'’s size, similar in length
to ThT and amino groups at the ends, makes it an ideal candidate
for amyloid fibril detection.

In this paper, we will demonstrate that MHB is indeed an
excellent amyloid fibril probe. The photophysical properties of
MHB, alone in solution and in the presence of amyloid fibrils, will
be discussed against theoretical calculations that plot ground and
excited state energy barriers as a function of rotation of phenyl
rings and in different environments. In addition, to interpret the
experimentally observed spectral changes, sheet models with
bound MHB are built and optimized using ONIOM* calcula-
tions with a dispersion-corrected density functional, in order to
estimate how the MHB molecule is incorporated into the
amyloid 3-sheet. The optical properties of MHB as a molecular
rotor were explored in various ethanol/glycerol solutions ranging
from low to high viscosity with absorbance and fluorescence
spectroscopy. Absorbance and fluorescence spectroscopy were
also used to probe MHB free in solution and in the presence of
amyloid fibrils made from insulin or lysozyme. Upon binding,
MHB, a molecular rotor that has its internal rotation restricted,
should exhibit a red-shift in absorbance spectrum and an increase
in quantum efficiency.

Flow linear dichroism (LD) was also used to determine
MHB’s orientation within the amyloid fibrils. LD is a differential
polarized-light absorption spectroscopy technique that exploits a
Couette flow cell to align macromolecules parallel to the flow
direction,*”** and previous studies have shown that the fibrils can
easily be oriented this way.*”>' The sample is illuminated with
light polarized in the vertical (4) and horizontal direction (A )
with respect to the sample orientation. The LD is then calculated
by subtracting the perpendicular absorbance from the parallel
absorbance:

LD = A — AL (1)

The resulting LD spectrum gives structural information on how
the fibrils are oriented and about any associated molecules, such
as MHB. The fibrils being long filaments can be easily aligned in
the flow direction. Insulin was the main protein used in this study
because it is well characterized, readily forms amyloid fibrils, and
only has one aromatic amino acid, tyrosine, which absorbs light in

the UV region. Another protein, lysozyme, was used for
comparison.

B EXPERIMENTAL PROCEDURES

Materials. Michler’s hydrol blue (MHB) was a gift from the
late Dr. Gosta Bengtsson, University of Lund (for synthesis see
ref 52), and its purity was confirmed by "H NMR and GC—mass
spectrometry. Thioflavin T (ThT), insulin from bovine pancreas,
lysozyme from chicken egg white, and glycerol were used as
purchased from Sigma-Aldrich with no further purification.

Insulin fibrils and lysozyme fibrils were prepared by dissolving
the protein in pH 2 water (0.01 M HCI) (S mg/mL for insulin
and 10 mg/mL for lysozyme). The solutions were filtered
through a 0.2 um filter. Insulin fibril solutions were heated at
60 °C for 24 h, while lysozyme fibril solutions were heated at
60 °C for 6 days. After heating, the solutions were cooled and
then centrifuged (Jouan SA Al4 centrifuge) at 3000 rpm for 3
min to remove any globular particulates. The supernatant liquid
containing the fibrils was removed and stored at 10 °C until
needed; this was used as the stock fibril solution. Fibril solutions
were not used past 1 week.

Michler’s hydrol blue stock solution was made by dissolving
MHB in a 10 mM citrate buffer (pH 4) to a concentration of 0.8
mg/mL (1.134 mM). Solutions for absorbance and fluorescence
spectroscopy containing only MHB were made by diluting an
aliquot of MHB stock solution with pH 4 buffer to give the
desired concentration. Solutions containing insulin or lysozyme
fibrils and MHB were prepared by diluting 100 #L of the stock
fibril solution and an aliquot of the MHB stock solution with pH
4 buffer. A solution composed of insulin (S mg/mL) or lysozyme
(10 mg/mL) protein in pH 2 water was also prepared, but not
fibrillized. An aliquot of this solution was combined with a
portion of the MHB stock solution and diluted with pH 4 buffer
solution to yield the same MHB concentration as above. ThT
stock solution was made by dissolving ThT in Milli-Q water to
give a concentration of 0.8 mg/mL (2.5 mM). ThT solutions
alone and with fibrils were prepared in a similar fashion as above.
Solutions used for viscosity studies were prepared in the follow-
ing way. MHB was dissolved in ethanol (0.4 mg/mL) to use as a
stock solution. An aliquot of the MHB stock solution in ethanol
was dissolved in solutions with different ratios of EtOH:glycerol
(100:0, 80:20, 50:50, 40:60, 30:70, 20:80, 10:90, 6:94), while
maintaining a constant MHB concentration. Solutions used
for LD were made by diluting a portion of the stock fibril solu-
tion and an aliquot of 0.8 mg/mL MHB in pH 4 buffer with
additional buffer to a final volume of 1.80 mL; LD solutions
containing ThT were made in a similar fashion, but diluted with
pH S citrate buffer.

Methods. Absorbance spectra were collected on a Varian Cary
4000 UV —vis spectrophotometer. Spectra were collected using a
1.4 mL volume Hellma quartz cuvette with a path length of 1 cm,
except for the linear dichroism solutions, which absorbance
spectra were collected using a cuvette with a path length of
0.1 cm (same path length as Couette cell). Excitation and
emission spectra were collected on a Jobin Yvon-Spex Fluorolog
fluorometer.

Time-resolved emission measurements were performed using
a pulsed LED (600 nm) from PicoQuant as excitation source,
with a PDL 800-B driver operated at 10 MHz. The pulse width of
the LED is ~1 ns. The emission polarizer was set at magic angle,
and the light was detected perpendicular to the excitation source,
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Scheme 1. Michler’s Hydrol Blue and Dihedral Angles ¢ and
(p/

using a monochromator and a LifeSpec II detection system from
Edinburgh instruments. The monochromator was set to the
maximum emission wavelength. The iris was used to adjust the
number of counts to never exceed 10 000 cps.

Linear dichroism (LD) spectra were collected on an Applied
Photo Physics Chirascan in LD mode, using a quartz Couette
flow cell with path length of 0.1 cm. LD samples were ultra-
centrifuged using a Beckman LE 80 ultracentrifuge.

The calculations were performed using the Gaussian 09 soft-
ware package.*® Excited state energies as well as UV-vis spectra
were calculated using time-dependent density functional theory
(TDDFT), which can accurately determine spectral properties of
larger organic dyes*” at a relatively low computational cost®® by
using the B3LYP functional®®>” and a medium-sized basis set,
6-314-G(d). Unfortunately, for MHB and similar cationic cya-
nine and polymethine dyes, TDDFT shows a systematic error by
overestimating excitation energies, which results in markedly
shorter absorption wavelengths than obtained by experimental
measurements.”>*>%® However, because of the systematic nature
of the latter error, the relative effects of various solvents can be
accurately characterized. Thus, solvent effects of water, ethanol,
and glycol were considered by using the integral equation
formalism polarizable continuum solvent model (IEFPCM),*
as implemented in Gaussian 09. Glycol was compared to the
experimental shifts observed in glycerol as parameters for the
latter solvent are not implemented in the used software package.
To estimate the Boltzmann distribution of the different con-
formations of MHB and its effect on excitation wavelength, a
stepwise geometry scan was performed along ¢ (2-1-C*-1') in
the range of 0—180° with 10° resolution at the B3LYP/6-31G
level of theory (Scheme 1). This resulted in a full rotation of the
two aromatic planes with respect to each other. The obtained
structures were submitted to TDDFT calculations at the
TDDFT (B3LYP)/6-31+G(d) level of theory. To model
MHB bound on the sheet surface formed by the amyloid fibrils,
a five-stranded antiparallel sheet model, [HCO-Alas-NH, ], was
obtained based on structures reported by Perczel et al.®" (Figure
S4). The orientation of MHB was based on previously reported
dye—fibril interactions by using molecular dynamics simula-
tions®>®® with using ThT as the dye molecule. Final optimization
on the position of MHB on the sheet model with two possible
orientations was performed by using a two-layered ONIOM
setup, @B97X-D/6-31G(d):PM3, with MHB and the closer
residues on the sheet in the high layer. The optimized geometries
were submitted to TDDFT calculations with an ONIOM-
TDDFT(B3LYP/6-31+G(d)):PM3 setup using the IEFPCM
model to represent the aqueous environment. Recently, several
new functionals were considered to be superior with lower

deviation from experimental values over the standard B3LYP
functional.**®> To validate these for MHB, we performed
TDDFT calculations using several functionals with different
basis sets, which showed excellent correlation with those ob-
tained by B3LYP/6-314+G(d), thus confirming our method of
choice for MHB. For more computational details, setup of the
ONIOM layers, and reference calculations on the protein models
with ThT, see the Supporting Information.

B RESULTS AND DISCUSSION

MHB Spectral Properties. Michler’s hydrol blue (MHB)
belongs to a class of dyes that behave as molecular rotors, and
as such its photophysical properties were explored as a function
of polarity and viscosity. Molecular rotors are very sensitive to
changes in viscosity that hinders rotation around the central
atom. Therefore, solutions containing varying amounts of etha-
nol and glycerol were used to demonstrate how viscosity affects
MHB’s spectral properties. The concentration of glycerol was
varied from 0% glycerol (100% ethanol) to 94% glycerol (6%
ethanol), and absorbance and emission spectra were collected for
each solution. Figure 1A shows the normalized absorbance
spectra for each of the ethanol:glycerol solutions. The absor-
bance spectra show a clear red-shift with increasing glycerol
concentration and decrease in polarity. When the absorbance
maximum is plotted versus percent glycerol, the graph shows a
linear characteristic with increasing viscosity/decrease in polar-
ity. The reason for the blue-shift with increasing polarity is due to
the stabilization of the ground state by the polar solvents. In
MHB, the positive charge is evenly distributed over the molecule,
and polar solvents stabilize this localization, leading to the
observed blue-shift. However, with more nonpolar solvents, this
stabilization is reduced leading to a red-shift in the absorbance
spectrum. The emission spectra of MHB in the same solutions
show an exponential increase in fluorescence intensity with
increasing viscosity (Figure 1B). The low quantum efficiency
of MHB in 100% EtOH is an effect of the torsional relaxation of
the molecule in the excited state. Upon excitation in EtOH, MHB
goes from a locally excited state to a nonfluorescent TICT state
upon internal rotation around the central carbon by one of the
phenyl rings. The TICT state geometry is 90° relative to the two
rings, which is the lowest energy in the excited state, thus
breaking the conjugation of the ring system and giving off its
energy in the form of nonradiative decay. This internal rotation is
much faster than the fluorescence decay, which is why MHB free
in solution has such a weak fluorescence signal. However, upon
increasing the viscosity of the solution, MHB’s rotation becomes
restricted to the ground state planar conformation, and no
internal rotation is possible. Therefore, when MHB is in a
high-viscosity solvent, it cannot relax into the TICT state but
remains in the LE state and gives off its energy in the form of
fluorescence. This accounts for the increase in the quantum
efficiency of MHB with increase in viscosity.

Michler’s hydrol blue was studied using absorption and
fluorescence spectroscopy in order to determine whether
MHB would bind to amyloid fibrils and characterize its spectral
properties. Since MHB behaves as a molecular rotor, it is
expected that, upon confinement in the fibrils, distinct spectral
changes should be observed similar to those with thioflavin T
(ThT). Absorption, emission, and excitation spectra were taken
of MHB alone in pH 4 buffer. Figure 2 shows the normalized
absorbance and emission spectra (red lines). The absorption of
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Figure 1. (A) Normalized absorbance spectra of MHB in different ratios of ethanol:glycerol (only the top section of the peaks are shown). (B) Emission
spectra of MHB in different ratios of ethanol:glycerol. 100:0 (black), 80:20 (red), 50:50 (blue), 40:60 (green), 30:70 (magenta), 20:80 (yellow), 10:90
(orange), and 6:94 (violet). Inset: plot of the emission intensity for each solution versus percentage glycerol present.
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Figure 2. (A) Normalized absorbance and emission spectra of MHB alone in solution (red) and the normalized excitation and emission spectra of MHB
bound to insulin fibrils (black). (B) Original emission spectra of MHB alone (red) and bound (black).

MHB alone in pH 4 buffer had a maximum peak at 605 nm with a
small shoulder at ~560 nm. The fluorescence emission spec-
trum, acquired with an excitation of 590 nm, showed a single
peak at ~625 nm. The excitation spectrum had a similar shape to
the absorbance spectrum with maximum at 605 nm as well (data
not shown). When insulin fibrils were introduced into the
solution with MHB, distinct spectral changes were observed.
Figure 2 (black lines) shows the normalized spectra of MHB in
the presence of insulin fibrils. When the spectra of MHB alone in
solution were compared with the spectra of MHB in the presence
of insulin fibrils, a dramatic difference was observed (Figure 2).
First, there is a distinct red-shift to 623 nm in the excitation
spectrum when MHB is in the presence of fibrils. Second, the
normalized emission spectra show only a slight red-shift to
637 nm; however, when the two un-normalized spectra were
compared, a significant increase in the fluorescence intensity was
observed. The fluorescence intensity for MHB in the presence of
insulin fibrils was ~2 orders of magnitude more fluorescent than
when MHB was alone in solution (Figure 2B). These distinct
spectral changes indicate that MHB binds to the insulin fibrils
much in the same way as ThT dye. To ensure that MHB is
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binding specifically to insulin fibrils and not to the native protein,
absorbance and fluorescence spectra were collected for MHB
solutions containing insulin in its native confirmation (data not
shown). There was no difference in the spectra containing MHB
alone and when native insulin was present; thus, it was concluded
that MHB binds specifically to the [(-sheet structure of the
amyloid fibrils. This behavior of a red-shift in the excitation
spectrum and an increase in the quantum efficiency of MHB
when bound to fibrils is classic behavior of MHB acting as a
molecular rotor.

The differences in the excitation spectrum from the free MHB
to the bound MHB are reflected in the change of polarity
between the two systems. As discussed above, this blue-shift
with increasing polarity is associated with the stabilization of the
ground state by polar solvents. When bound to the amyloid
fibrils, the MHB experiences a more rigid, nonpolar environment
than when free in water. In the emission spectrum, MHB has only
a very small change in the emission peaks upon binding to the
fibrils. However, the largest difference is in the emission intensity
upon incorporation MHB into the fibrils. The increase in
fluorescence intensity corresponds with the restriction of the
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Figure 3. (A) Normalized excitation and emission of MHB bound to insulin fibrils (black) and lysozyme fibrils (red). (B) Normalized excitation and

emission of ThT bound to insulin fibrils (black) and lysozyme fibrils (red).

MHB’s internal rotation. When MHB is confined to the fibrils, its
internal rotation becomes hindered and it cannot relax to the
TICT state, but instead remains in the LE state. The character-
istic increase in fluorescence intensity when MHB is bound to
amyloid fibrils is similar to that of when MHB is in a high-
viscosity solvent, which shows that the increase in fluorescence
intensity is due to the restricted internal rotation of the MHB.
This accounts for the significant increase in quantum efficiency of
MHB upon binding to the amyloid fibrils. Michler’s hydrol blue’s
behavior when bound to amyloid fibrils shows similar spectral
changes as the extensively studied ThT.

Michler’s hydrol blue was also investigated in the presence of
lysozyme amyloid fibrils. Absorption, excitation, and emission
spectra were collected when MHB was in the presence of
lysozyme fibrils (Figure 3A, red lines). MHB exhibited the same
spectral behavior as when bound to insulin amyloid fibrils: red-
shift in the excitation spectrum and increase in fluorescence
intensity. However, when the excitation and emission spectra
were compared between MHB bound to insulin fibrils and
lysozyme fibrils, differences between the spectra were observed
(Figure 3A). The excitation spectrum of MHB bound to
lysozyme fibrils was blue-shifted to 615 nm relative to the
excitation maximum of MHB bound to insulin fibrils (A, =
623 nm). The emission maximum is also blue-shifted to 630 nm
from that of MHB bound to insulin fibrils (4, = 637 nm). As
discussed above, MHB is sensitive to different environments,
where its absorption maximum red-shifts with decreasing polar-
ity. Since MHB’s excitation spectrum differs between lysozyme
fibrils and insulin fibrils, this would indicate that the environment
MHB experiences are different between the two fibrils. This
suggests that where MHB binds on insulin fibrils is a more
nonpolar environment than where MHB binds on the Iysozyme
fibrils, which is mostly likely due to the displacement of water
molecules upon binding. In order to determine if MHB’s
sensitivity to the different fibrils was unique to this dye, excitation
and emission spectra were taken of ThT bound to insulin fibrils
and lysozyme fibrils to see if it also had spectral shifts between the
two fibrils. The excitation and emission spectra shown in
Figure 3B showed no spectral shifts between the two different
fibrils. Thus, while ThT cannot distinguish between lysozyme
fibrils and insulin fibrils, we conclude that MHB is a much more
sensitive dye to environmental changes even between different
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Figure 4. (A) Corresponding absorption spectra of the original
MHB—insulin fibril solution (black), after solution was ultracentrifuged
(red), and resultant spectrum when supernatant spectrum subtracted
from the original spectrum resulting in the absorbance spectrum of
bound MHB (blue). (B) Linear dichroism spectrum of MHB bound to
insulin fibrils.

amyloid fibrils, making MHB a better dye to use for character-
ization of amyloid fibrils.

Lifetime data were also collected for MHB in insulin fibrils and
lysozyme fibrils. The time-resolved fluorescence decays of MHB
bound to insulin fibrils and lysozyme fibrils were both repre-
sented by a double-exponential fit (Figure S1). The MHB bound
to insulin fibrils had a lifetime of 0.31 ns (A; = 0.89) and a slower
component with a lifetime of 1.11 ns (A, = 1.00), while the
lifetime of MHB bound to lysozyme fibrils had a lifetime of 0.32
ns (A; = 0.87) and a slower component with a lifetime of 1.28 ns
(A, = 1.00). The lifetime of MHB in glycerol was also collected
and had a faster lifetime than MHB bound to fibrils; however, the
lifetimes could not be calculated accurately because the IRF was
approximately the same width as the lifetime of MHB in glycerol

dx.doi.org/10.1021/bi102016p |Biochemistry 2011, 50, 3451-3461
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Scheme 2. Transition Moments of Tyrosine

Ly

and could not be convoluted with sufficient accuracy. The
increase of MHB’s lifetime from when it is in glycerol to being
bound to the fibrils is indicative of MHB being in a more rigid
environment. The increase in the rigidity of the environment
leads to a decrease in the nonradiative decay rate, which results in
a longer lifetime and higher quantum yield. Although the life-
times between the two different fibrils did not show a significant
difference, the data do give information on the decay rate of
MHB when bound.

MHB Orientation within the Fibrils. Linear dichroism (LD)
was used to determine MHB’s orientation within the fibrils. Once
the fibrils are oriented in the flow, absorbance spectra using
linearly polarized light in the parallel and perpendicular direc-
tions are taken and then subtracted from one another in order to
obtain the LD spectra (eq 1). On the basis of the sign and
strength of the resulting peaks, one may determine the orienta-
tion within the fibrils. A positive peak would indicate that MHB
transition moment’s long axis is preferentially parallel to the fibril
axis, while a negative peak would indicate that MHB is more
perpendicular to the fibril axis. Figure 4B is the LD spectrum of
MHB bound to insulin fibrils in pH 4 buffer. In the LD spectrum
there is a negative peak at 230 nm (L,) and a positive peak at
276 nm (Ly); these peaks correspond to the orthogonal transi-
tions of tyrosine (Scheme 2). The positive peak at 623 nm
corresponds to MHB bound to the insulin fibrils. Since the peak
at 623 nm is positive, this indicates that MHB aligns its long axis
preferentially parallel to the fibril axis. The reduced LD (LD") can
then be calculated in order to quantitatively determine MHB's
orientation within the fibrils using the following equation:

LD = LD _ §s(3 cos” oL — 1) (2)
Aiso 2

where Aj, is the absorption of the isotropic solution, S is the
orientation factor (this describes how the sample is oriented and
may take values between 0 and 1, S = 1 corresponding to a
perfectly oriented sample), and ot is the angle between the dye
transition moment and the amyloid fibril axis. The A, was
determined by collecting the absorption spectrum of the LD
solution in a 0.1 cm path length cuvette (which is the same path
length as the Couette cell used), followed by ultracentrifuging the
LD solution in order to pellet the fibrils. The supernatant was
then removed, and an absorption spectrum was collected. When
the absorption spectrum of the supernatant was subtracted from
the original absorption spectrum of the LD solution, the resulting
absorption spectrum was that of the MHB bound to amyloid
fibrils (Figure 4A). The absorption at 623 nm of the subtracted
spectrum was used as the A, in eq 2 in order to calculate the LD"
of MHB bound. The LD" (at maximum 623 nm) of MHB bound
to insulin fibrils was calculated to be 0.20 at pH 4. A major
problem in calculating the angle of MHB within the fibrils is
determining the S factor of the fibrils, which can vary depending
on the solvent environment and pH. A nonempirical method for
rigid rod-shaped particles in Couette flow®® was first applied, but
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Figure 5. (A) LD spectra of MHB bound to insulin (black) and
lysozyme (red) fibrils. (B) LD spectra of ThT bound to insulin
(black) and lysozyme (red) fibrils.

the S values calculated for the amyloid fibrils were found to
be unphysically high (see Supporting Information for detailed
calculations).

Therefore, in order to determine the S factor of the insulin
fibrils in an empirical way, ThT was instead used as an internal
standard to gauge the S factor of the fibrils. In a near-field optical
microscopy study, it was reported that ThT was aligned parallel
to the fibril axis and had an upper angle limit of 16°.°” Thus, using
16° as a reference angle of ThT, a series of LD experiments were
performed to determine the S factor of the fibrils and then to
calculate the angle of MHB. Four LD samples were prepared at
pH 4: (1) Solution containing only insulin fibrils, (2) solution
containing insulin fibrils and ThT, (3) solution containing
insulin fibrils and MHB, and (4) solution containing insulin
fibrils, ThT, and MHB. From the LD spectrum of insulin fibrils
and ThT, the S factor was calculated using eq 2, with the LD" of
ThT and a set at 16°. This S factor was then used to calculate the
Ly, transition angle of the tyrosines in the insulin fibril, which was
found to be ~42° The angle of the L, transition was not
calculated because the LD" of this transition was too low due
to the Aj;, at 230 nm not only being the absorption of the L,
transition, but also including contributions from other absorbing
species. It was then assumed that the tyrosine angles should be
fixed within the fibrils so the average angle could be treated as a
constant. Using this assumption, the angle of 42° for the L,
transition (276 nm) was used to calculate the S factor of the
fibrils, which in turn could then be used to calculate the angle of
MHB. The S was inserted into eq 2 along with the LD" of MHB:
LD" = 0.20 and S = 0.08, which gives a calculated angle of 22° for
MHB. The solution containing insulin fibrils, ThT, and MHB
was used to check reproducibility, and it was found that with both
dyes present the angles for the tyrosine’s L, transition and MHB
angle are consistent. However, as stated previously, 16° was
considered the upper limit angle of ThT: if we instead use 0° as
the lower limit for ThT’s angle and recalculate the L;, transition
angle of tyrosine and MHB’s angle using the same method as just
described, then the Lj, transition angle was 40° and MHB’s
transition angle becomes 14°. This shows that even if ThT’s
angle varies between 0° and 16°, the resulting MHB angle is
affected as well but remains within a reasonable limit. An angular
range of 14°—22° is a reasonable range for the MHB’s transition
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Figure 6. Energies calculated for Michler’s hydrol blue in ground S, and first excited state S, as a function of dihedral angle ¢ (second angle, ¢’ = 0; see
Scheme 1) and molecular environment. (A) Relative energy difference between Sy and S, states. (B) Stabilization effect of the investigated solvents on
the S; state: gas (black squares), water (blue triangles), ethanol (red circles), glycol (olive pentagons).

moment within the fibrils because MHB is a bent molecule and
most likely will not sit in the S-sheet grooves with its transition
dipole moment perfectly parallel to the fibril axis, but at an angle.
Therefore, we conclude that the MHB molecules also align in the
P-sheet grooves parallel to the fibril axis, like the ThT dye
does.'*¢

Linear dichroism was also used to investigate MHB’s binding
to lysozyme fibrils. An LD spectrum for MHB bound to lysozyme
fibrils is shown in Figure SA (red line). The spectrum shows a
positive peak at 280 nm, which is the protein peak, and another
positive peak at 616 nm, which corresponds to the bound MHB.
The angle of MHB bound to lysozyme fibrils could not be
calculated due to the spectral overlap of the tyrosines and
tryptophans in its amino acid sequence. This means that the
angles of tyrosine and tryptophan could not be determined and
in turn nor could the S factor be determined or the angle of MHB.
However, the LD spectra of MHB bound to insulin fibrils and
MHB bound to lysozyme fibrils can be compared. When the
spectra are overlaid, there is a red-shift in the MHB peak when
bound to insulin fibrils. This corresponds exactly to that observed
in the excitation spectra, suggesting that the insulin fibrils have a
less polar environment to which MHB binds. The LD spectra of
ThT bound to insulin fibrils and lysozyme fibrils were also
compared (Figure SB). Again, there was no shift in the ThT
peak when bound to the two different fibrils. This observation
validates what was observed in the excitation spectra and that
MHB is indeed sensitive to differences between amyloid fibrils.

B THEORETICAL CALCULATIONS

Precision and Accuracy. To investigate which theoretical
methods should be optimal for our current investigation, we
compared the Sy — S; excitation energies obtained at different
levels of theory on a single optimized conformation of MHB.
Further on, we also investigated the effect of the solvent
environment using water, ethanol, and glycol (Table S2). In
principle, as already mentioned, accurate calculation of excitation
energies is still problematic for charged cyanine dyes, as all
investigated methods show a considerable overestimation for the

So = S; excitation energies by ~0.43—0.63 eV. In our current
investigation, the TDDFT calculations using the B3LYP hybrid
functional with a middle size basis set on a geometry obtained
with a double-( quality basis set show the smallest deviation from
experimental shifts. More importantly, when comparing effects
of the investigated solvents, all methods show qualitatively
similar wavelength shifts as observed experimentally. Thus, for
our further calculations the B3LYP/6-31+G(d)//B3LYP/6-
31G level of theory was chosen to be the optimal level of
approach.

Dihedral Angle Dependence on Excitation. The depen-
dence of the excitation energy on dihedral ¢ was calculated by a
stepwise scan of the intermolecular rotation along the ¢ torsional
angle. This shows that the low-energy region for ground state, Sy,
is ¢ = ~0°—30° and ~150°—180°, where the molecule has a
slightly skewed or gauche orientation between the two aromatic
rings. In the low-energy conformations the relative energy
difference between the ground and singlet excited states is high
as it is above S5 kcal/mol (Figure 6A), having extensive
conjugation both in the HOMO and LUMO states (Figure
S3). When ¢ is close to 90°, the relative energy of the ground
state increases significantly and is accompanied by a decrease in
the energy of the S, state. At ¢ = 90° the energy gap between the
Soand the S; states is only ~30 kcal/mol. This is accompanied by
a severely reduced conjugation in the HOMO and LUMO states
(Figure S3). As expected, the character of the potential energy
curve in the S; state indicates that the lack of fluorescence in the
aqueous phase is due to an internal rotation to the conformation
with lowest S; energy, where a nonradiative decay takes place,
similarly as observed in other analogous molecular rotors.**

To characterize the effect of the different environments as well
as to support interpretation of the experimental results, the
points obtained for all conformations along the above scan were
also submitted to TDDFT calculations using water, ethanol, and
glycol continuum models (IEFPCM) as a surrounding matrix. In
general, when the environment is changed from the gas phase to
solvent phase, a relative stabilization of the S; can be observed
(Figure 6A, Table S2). As mentioned above, the calculated
absolute wavelengths are more than 100 nm away from those
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obtained experimentally; however, the relative shifts caused by
the different surrounding matrix are qualitatively reproduced for
the lowest energy conformer. The obtained conformations along
the scan of the dihedral angle ¢ allow us to consider the
Boltzmann distribution of them, which should result an average
excitation energy calculated in a particular solvent. When com-
paring the relative wavelength shifts with considering the Boltz-
mann distribution of the conformations along the scan of ¢ and
their average excitation energies, the shifts caused by the different
surrounding matrix are rather accurately reproduced (Table 1).

The theoretical description of MHB bound to the fibrils was
obtained using an antiparallel -sheet model which was based on
previous MD simulations and X-ray crystal analysis of ThT
binding to amyloid fibrils (for details see Methods and Support-
ing Information).®> Accordingly, the dye molecules bind to the
amyloid fibrils with their transition moments’ long axis oriented

Table 1. Calculated and Experimental Shifts in Various
Environments

calc exp

Agi—s, (nm) A2

0 D1

vacuum 466

water 490 0 604 0
ethanol 492 2 606 2
glycol/glycerol 502 10 614° 10
sheet model C* 493.4 34 623° 19
protein

sheet model A? 487.3 -2.7

protein

“ For the models in bulk solvent the wavelength of S, — S, excitation is
calculated considering the Boltzmann distribution of conformations
obtained along the scan of ¢ torsional angle. Relative energies of the
conformers were obtained at the B3LYP/6-31+G(d) level of theory.
"The shift (in nm) relative to absorption peak obtained in water.
“Wavelength maximum of MHB in 94% glycerol. “The sheet models
with bound MHB were obtained with geometry optimization using
ONIOM (wB97X-D/6-31G(d):PM3). Excitation wavelength was cal-
culated on the higher level layer at the B3LYP/6-31+G(d) level of
theory with the IEFPCM model to include the effect of water. For more
details on the model, see Figure S4. “ Wavelength maximum of MHB
bound to insulin fibrils.

parallel to the fibril axis, which is also supyorted by the current
LD spectra of MHB and previous studies.'>®” The sheet model
representing a fragment of the amyloid fibril was composed of 5
strands with a total of 20 alanine residues. Positioning of MHB
was considered with two possible orientations on the sheet
model: one with its C+ atom closer to the sheet (C)
(Figure 7) and one with C+ pointing away from the sheet (A)
(Figure S4B). Optimization of C and A orientations were
obtained by applying a two-layered ONIOM setup (wB97X-
D/6-31G:PM3), in which MHB and the surrounding residues
were calculated with the wB97X-D functional which has a
damped atom—atom dispersion correction included.®® Consid-
ering structural properties of the bound MHB, both C and A have
its long axis nearly parallel to the sheet plane, with C being
somewhat more tilted along its long axis with respect to the sheet
plane than A. As in the case of the single optimized conformation
of MHB calculated with implicit solvent models of water,
ethanol, and glycol (Table 1), the sheet model C and A and
the applied theoretical approaches include the main character-
istics of a B-sheet fragment and the positioning of MHB on the
sheet surface. Thus, these are feasible to qualitatively describe
environmental changes around the MHB molecule when they
are bound to the fibrils with a certain orientation. The experi-
mental absorption peak at 604 nm in water shows a ~19 nm red-
shift when MHB is bound to insulin fibrils. Model A in fact shows
a 2.7 nm blue-shift (to 487.3 nm) relative to the Boltzmann-
averaged absorption of water (490 nm). This is mainly due to the
near-planar configuration of MHB bound this way as the dihedral
angle scans showed similar wavelength shifts compared between
@ =20° and ¢ = 0°. However, in the case of model C the optimal
MHB conformation is unchanged, and we observe a 3.4 nm red-
shift in the Sg — S; excitation wavelength. The red-shift for the
model C is in qualitative agreement with the experimental data
and suggests that the majority of MHB molecules are most likely
bound with C+ approaching the sheet surface. Because of the
lack of additional environmental contributions described above,
the model C could not reproduce the magnitude of the experi-
mental red-shift as accurately as in the case of implicit solvent
models. However, a more exhaustive approach that models MHB
binding and its spectral properties in the bound state by
considering the statistical distribution of conformations of the
dye bound on a larger sheet model with varied residues is
currently beyond computational limits.

Figure 7. Sheet model C, having the C+ atom of MHB close to the sheet surface with bound MHB optimized using the ONIOM (wB97XD/6-31G(d):
PM3) approach. (A) The antiparallel sheet consisting of five peptide strands is shown by blue sticks, MHB is shown by yellow sticks, and hydrogen bonds
between the peptide strands are marked by red dotted lines. The structure of MHB is close to its lowest energy conformation with ¢ = —15.5° and
@' = —11.5°. (B) Surface model of the same sheet with the peptide strands shown by vdW spheres and MHB shown by sticks.
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To validate the above model, the same sheet model was
submitted to calculations using ThT instead of MHB. ThT was
considered with two possible orientations; of the two orienta-
tions, one showed a small blue-shift while the other had a small
red-shift in the absorption spectrum (for details see Supporting
Information). This is similar to what was observed for MHB’s
orientation. To further compare the spectral changes of the two
dyes, when changing to a more hydrophobic environment, we
used an implicit solvent model calculations on both MHB and
ThT. They both showed a 5.3 nm (ThT) and a 6.9 nm (MHB)
red-shift when changing the environment from water to a more
hydrophobic environment simulating a protein. Combined with
the above sheet model calculations, these results confirm that the
theoretical results correlate with the experiments and also point
out that the red-shifts observed upon dye binding to amyloid
fibrils are most likely due to the more hydrophobic protein
environment.

In conclusion, we have shown that MHB is an excellent
candidate for use as an amyloid fibril stain. MHB has shown to
have a greater spectral sensitivity to changes in the protein
environment than the widely used amyloid probe, ThT. The
photophysical properties of MHB demonstrate a sensitivity to
polarity along with an increased quantum yield when the rotation
of one of its phenyl rings is restricted either due to confinement
upon binding or due to high viscosity. The LD spectra and
excitation spectra of MHB bound to insulin fibrils and MHB
bound to lysozyme fibrils yield a more red-shifted peak for the
MHB bound to insulin fibrils. This observation shows that MHB
can give additional information about the environment or
amyloid fibrils formed from different proteins.

Finally, it was shown through LD and molecular modeling that
MHB aligns itself preferentially parallel with the amyloid fiber at
an angle of 14°—22° to the fibril axis and along the grooves of the
B-sheet, similar to ThT. As a result of this study, we have shown
that another class of dye molecules, MHB, can be used as an
additional biological marker for amyloid fibril detection. And we
have shown that MHB is a better alternative to ThT and CR for
spectroscopic studies due to its sensitivity to different environ-
ments and its ability to differentiate between different amyloid
fibrils.

B ASSOCIATED CONTENT

© Supporting Information. A detailed description of how
the S factor was calculated using a nonempirical method, the
extended table of quantum mechanically computed spectral
shifts in various environments using different levels of theory,
MHB’s HOMO and LUMO orbitals as a function of dihedral
angle, and original sheet models of MHB and ThT bound
calculated using ONIOM level of theory. This material is
available free of charge via the Internet at http://pubs.acs.org.
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