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Yeast prions provide self-templating protein-based mechanisms of
inheritance whose conformational changes lead to the acquisition
of diverse new phenotypes. The best studied of these is the prion
domain (NM) of Sup35, which forms an amyloid that can adopt
several distinct conformations (strains) that confer distinct pheno-
types when introduced into cells that do not carry the prion. Clas-
sic dyes, such as thioflavin T and Congo red, exhibit large increases
in fluorescence when bound to amyloids, but these dyes are not
sensitive to local structural differences that distinguish amyloid
strains. Here we describe the use of Michler's hydrol blue (MHB)
to investigate fibrils formed by the weak and strong prion fibrils
of Sup35NM and find that MHB differentiates between these two
polymorphs. Quantum mechanical time-dependent density func-
tional theory (TDDFT) calculations indicate that the fluorescence
properties of amyloid-bound MHB can be correlated to the change
of binding site polarity and that a tyrosine to phenylalanine sub-
stitution at a binding site could be detected. Through the use of
site-specific mutants, we demonstrate that MHB is a site-specific
environmentally sensitive probe that can provide structural details
about amyloid fibrils and their polymorphs.

Sup35NM | amyloid fibril | prion | amyloid dye | fluorescence spectroscopy

myloids are unbranched fibrils of protein aggregates arranged
as B-strands that run perpendicular to the fiber axis, forming a
cross B-sheet of indefinite length (1-4). They are related to several
common human diseases such as Alzheimer’s disease and type II
diabetes (4-7). Amyloids can also be beneficial, such as those
found in yeast, where they can help cells survive environmental
fluctuations (6, 8, 9). An important feature of amyloid fibrils is
their polymorphism, which refers to structural variations in fibrils
formed by a particular polypeptide chain under the same envi-
ronmental conditions (24, 6, 10-16). In yeast, as well as in other
organisms, polymorphisms are also referred to as strains because
cells that harbor them have different phenotypes (17, 18). The
yeast prion protein, Sup35, can adopt a variety of amyloid
polymorphs, of which at least two, named “weak” and “strong,”
describe the phenotypes they confer in vivo (19). The amyloid
core of the strong prion fibrils comprises the first 40 residues of
Sup35, and the amyloid core of the weak prion fibrils comprises
the first 70 residues (17, 20). These two polymorphs have tightly
packed p-sheet-rich amyloid cores with distinct molecular
structures (20, 21) that are protected from the outside environ-
ment. However, the location of the beta strands and turns for
individual monomers of Sup35 when they are assembled into any
amyloid form remains poorly defined since Sup35 amyloid fibers
have highly degenerate sequences, making them difficult to study
by solid-state NMR spectroscopy, and lack repeating structural
features, making them difficult to study using cryo-electron mi-
Croscopy.
The most commonly used probe to monitor amyloid fibril
formation is still thioflavin T (ThT), a fluorescent molecular
rotor discovered many decades ago (22-25). When bound to
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amyloid fibrils, molecular rotors become conformationally con-
fined and experience an environment with different polarity
compared to bulk water. The conformational restriction in-
creases the quantum efficiency of the molecular rotors, making
these dyes sensitive amyloid indicators and thus particularly
suitable for amyloid fibril detection. However, the spectral
properties of ThT, as well as other classic amyloid dyes such as
Congo red, are not altered by changes in polarity, and thus, they
do not distinguish between different amyloid polymorphs (26).
Some more modern amyloid dyes, such as luminescent-
conjugated polythiophenes, can distinguish between amyloid
polymorphs; however, the resulting spectral changes cannot be
directly attributed to any specific differences in the physi-
ochemical properties of the different fibril structures (27-29).
Michler’s hydrol blue (MHB), a symmetric molecular rotor,
binds to amyloid fibrils with high affinity, and the spectral
properties of MHB are sensitive to local changes in hydropho-
bicity (30). MHB aligns parallel to the fiber at an angle of 14° to
22° to the axis along the grooves of the B-sheets and preferen-
tially binds near aromatic rings (30). Quantum mechanical in-
vestigations explain this valuable property of MHB, and the
related group of cationic tri- and diarylmethane dyes (31-34);
the lowest excited state dynamics in the two lowest excited states
of MHB are sensitive to the polarity of the local environment. As
some of the features for MHB binding to amyloid fibers are
defined and the spectral properties of the dye are dependent on
the local environment, MHB could potentially be a structurally
specific fluorescent probe.

Significance

Amyloids are protein fiber aggregates that are associated with
both pathology, e.g., neurodegenerative diseases, and function-
ality, e.g., adaptation to environmental changes in yeasts. A par-
ticular property of amyloid fibrils is their ability to show structural
variations among different fibrils formed by the same polypeptide
chain, a phenomenon known as polymorphism. It is becoming
increasingly important to be able to distinguish between amyloid
polymorphs because they can cause pathologically distinct trans-
missible diseases. Here we describe a fluorescent amyloid dye that
can differentiate between amyloid polymorphs.
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In this work, we use fluorescence spectroscopy to monitor
amyloid assembly using the molecular rotor dye MHB. We use
computational simulations to determine whether and how the
change in hydrophobicity associated with a tyrosine to phenyl-
alanine mutation could alter the fluorescence properties of
MHB. We test these predictions on a series of weak and strong
prion fibrils harboring single tyrosine to phenylalanine mutations
and report the excitation and emission spectra of MHB in the
presence of Sup35NM in the weak and strong prion fibril con-
formations. We find that MHB displays different spectral shifts
when bound to the strong and weak prions. Furthermore, the
analysis of Sup35 mutants in which a tyrosine in the N-terminal
region was replaced by phenylalanine shows that the probe can
detect differences in the structure and polarity of the fibrils that
can be localized to a specific residue.

Results

MHB Does Not Impede Amyloid Formation. Sup35NM aggregation
follows a classical nucleation-dependent polymerization when
amyloid formation is monitored by ThT (35, 36). The MHB
fluorescence emission of Sup35NM assembly reactions was
measured to determine whether MHB could be used to detect
amyloid formation. Solutions of monomeric denatured Sup35NM
were incubated in the presence of MHB, ThT, or both dyes, and
the fluorescence emission was monitored. As seen for fibrils of
other proteins (30), the fluorescence of MHB in the presence of
amyloid fibril forms of the Sup35NM protein is two orders of
magnitude higher than when it is in the presence of denatured
monomeric species of Sup35NM. For unseeded reactions (Fig. 14),
the fluorescence readings for both dyes had distinct phases: a lag
phase, an elongation phase, and a saturation phase. The lag
phase can be bypassed by the addition of a small amount of
premade amyloid fibrils, and the seeded elongation phases had
different aggregation rates that depended upon the conforma-
tion and the amount of the amyloid seed that was introduced
into the reaction (Fig. 1B). The lag phase, elongation phase, and
saturation phase of Sup35NM amyloid formation were identical
for reactions monitored by ThT and MHB fluorescence. Thus,
we conclude that MHB, like ThT, does not affect the amyloid
fibril formation of Sup35NM.

MHB Distinguishes between Different Conformers of the Same
Protein. Prior work on model systems as well as computation
revealed that the exposure of MHB to less polar environments
resulted in progressively redshifted excitation and emission
profiles (30). We therefore investigated whether MHB can dis-
tinguish between different amyloid conformations of the same
protein. The excitation and emission spectra of MHB bound to
strong and weak prion fibrils were collected. The excitation
maximum of MHB in solution is centered at 605 nm, and the
emission peaks at 625 nm (30). In the presence of weak prion
fibrils, the excitation and emission maxima of MHB redshifted to
618 and 630 nm, respectively (Fig. 1C). In the presence of strong
prion fibrils, the excitation and emission maxima of MHB had
even more pronounced redshifts to 627 and 634 nm, respectively
(Fig. 1C). The full width at half maximum (FWHM) of the ex-
citation and emission spectra of MHB bound to strong prion
fibrils narrowed by 3 and 8 nm, respectively, relative to the
spectra of MHB bound to weak prion fibrils (SI Appendix, Table
S1). The more pronounced shift to higher wavelengths in the
MHB excitation spectrum and narrowing of the spectra observed
for the strong strain indicate that strong prion fibrils are less
polar than the weak prion fibrils. Differences in the excitation
and emission spectra of MHB bound to amyloid fibrils of the
same protein in different conformations demonstrate that MHB
fluorescence is sensitive to and can distinguish between distinct
polymorphs. The excitation and emission spectra of MHB acted
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Fig. 1. (A) Unseeded amyloid fibril formation of Sup35NM monitored by
fluorescence emission of ThT (orange) and MHB (purple). (B) Amyloid for-
mation of Sup35NM seeded with weak prion fibrils (red) and strong prion
fibrils (blue) monitored by ThT (dotted lines) and MHB (solid lines). Fluo-
rescence intensities are plotted as normalized values. The unnormalized in-
tensities are shown in S/ Appendix, Fig. S1. (C) Fluorescence excitation (solid
lines) and emission (dotted lines) spectra of MHB in the presence of weak
prion fibrils (red) and strong prion fibrils (blue). The excitation and emission
maxima of unbound MHB are indicated by black circles.

as an indicator of conformational differences due to differences
in polarity between weak and strong prion fibril conformations.

Theoretical Calculations Predict Redshift for Tyrosine to Phenylalanine
Mutants. Weak and strong prion fibrils have different structures,
and the fluorescence of MHB bound to the fibrils was sensitive to
these structural differences. As prior work suggested that MHB
binds to amyloid fibers near aromatic rings with defined orienta-
tions, we then analyzed whether very small, site-specific changes in
polarity could affect the MHB. Mutation of a tyrosine to a phe-
nylalanine residue replaces a hydroxyl at the para position of the
aromatic ring with a hydrogen. We calculated whether the de-
crease in polarity that accompanies a tyrosine to phenylalanine
substitution at the MHB binding site could be tracked when MHB
binding is modeled on a p-sheet plateau. Quantum mechanical
time-dependent density functional theory (TDDFT) calculations
were performed by using models based on previous data obtained
for MHB structure and orientation (30, 37) and by applying dif-
ferent levels of theory on MHB =n-stacked to either tyrosine or
phenylalanine. The resulting relative spectral properties were
compared with four different combinations of quantum mechan-
ical levels of theory (Fig. 2 and SI Appendix, Table S1). Each
theoretical model indicated a slight redshift upon changing tyro-
sine to phenylalanine, with an average redshift of +0.9 nm. Thus,
quantum mechanical TDDFT calculations predicted that a single
tyrosine to phenylalanine change at a binding site for MHB should

Xiao et al.
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Fig. 2. Surface models of MHB bound on a p-sheet n-stacked to either F (A)
or Y (B) optimized using the ONIOM [0B97X-D/6-31G(d):PM3MM] approach.
The antiparallel g-sheet is shown as van der Waals spheres, and the tyrosine
and phenylalanine side chains, as well as MHB, are shown as yellow sticks. (C)
Chemical structure and dihedral angles ¢ and ¢’ of MHB.

result in shifts in the MHB excitation spectra. For more details see
SI Appendix.

Substitution of Tyrosine by Phenylalanine Does Not Alter Templated
Fibril Conformation. Our calculations suggested that a tyrosine (YY)
to phenylalanine (F) substitution could alter the excitation and
emission spectra of MHB. Tyrosine residues are located throughout
the amyloid-forming region of Sup35NM. Therefore, specific
tyrosine residues were mutated to phenylalanine to increase the
hydrophobicity in a site-specific manner. We analyzed the ther-
mal stability of weak and strong prion fibrils to confirm that ty-
rosine to phenylalanine substitutions do not alter the structure of
fibrils (SI Appendix, Fig. S2 and Table S2). The melting tem-
peratures obtained for each strain in the presence of sodium
dodecyl sulphate confirmed that weak and strong prion fibrils
have distinct resistance to thermal denaturation and thus
markedly different physical properties. The weak prion fibrils
formed by lysate-templated wild type (WT) Sup35NM mono-
mers had a melting temperature of 74 + 3 °C, while the melting
temperature for the strong prion fibrils formed by lysate-
templated WT Sup35NM monomers was significantly lower at
57 £ 6 °C. Solutions of purified, denatured Y—F mutants of
Sup35NM were templated into the prion conformation by either
weak or strong prion fibrils made from WT Sup35NM to de-
termine whether the mutants could faithfully propagate the
strains. The resulting mutant prion fibrils were, in turn, used to
template purified denatured WT Sup35NM. The weak prion fi-
brils formed by mutant-fibril-templated WT Sup35NM mono-
mers had a melting temperature of 72 + 4 °C (average of all
cases), while the melting temperature of the strong prion fibrils
formed by mutant-fibril-templated WT Sup35NM monomers
was significantly lower at 60 + 5 °C (SI Appendix, Fig. S2). The
melting temperatures of the mutant-templated WT Sup35NM

Xiao et al.

fibrils were the same as the WT Sup35NM templated WT
Sup35NM fibrils. While similarities in the melting temperatures
cannot formally eliminate the possibility of small structural dif-
ferences in the mutant prion fibrils, the similarities indicate that
the weak and strong prion fibril conformations were faithfully
propagated in the presence of tyrosine to phenylalanine muta-
tions. Thus, any changes in the MHB excitation and emission
spectra report on site-specific changes in hydrophobicity caused
by the substitution of tyrosine with phenylalanine and not
structural alterations of the amyloid fibrils due to mutations.

MHB Detects Site-Specific Changes in Polarity. We measured the
excitation and emission spectra of MHB in the presence of weak
and strong prion fibrils that carried a single Y—F mutation to
determine whether MHB could detect site-specific changes in
polarity. The excitation spectra of some, but not all, mutants
were redshifted relative to the WT weak and strong prion fibrils,
and these changes were consistent with known structural features
of these polymorphs. The excitation spectra of MHB in the
presence of weak prion fibrils of Sup35NM mutants Y16F,
Y32F, Y35F, Y49F, and Y52F were redshifted by 4 to 6 nm
relative to that of weak prion fibrils of WT Sup35NM (Fig. 34).
Moreover, the emission spectra of MHB bound to these mutants
were redshifted on average 3 nm and the FWHM of the emission
spectra narrowed by an average of 5 nm (Fig. 3B). MHB expe-
rienced a more nonpolar environment when bound to weak
prion fibrils made from these individual tyrosine to phenylala-
nine mutants than when bound to weak prion fibrils of WT
Sup35NM. The redshifting also indicates that these aromatic
residues are located at the binding sites for MHB because
changing a tyrosine to a phenylalanine makes the local envi-
ronment in the p-sheet more nonpolar. In contrast, the excitation
and emission spectra of MHB in the presence of weak prion fi-
brils of Sup35NM mutants Y13F, Y29F, Y45F, and Y69F were
only very slightly shifted relative to the WT weak prion fibrils
(Fig. 3 E and F). The FWHM for the emission spectra for these
mutants narrowed by 2 nm, but the FWHM of the excitation
broadened slightly. This indicates that MHB does not bind near
amino acids Y13, Y29, Y45, or Y69 in the weak prion fibrils.

While the MHB excitation and emission spectra of strong
prion fibrils of WT Sup35NM are overall significantly more
redshifted than those of weak prion fibrils (Fig. 1B), the redshifts
observed for MHB spectra in the presence of the strong prion
fibril conformation of Y—F mutants are more modest and affect
fewer sites. This result is consistent with fewer potential MHB
binding sites in strong prion fibrils as their amyloid core is
smaller than that of the weak prion fibrils. The excitation spectra
of MHB in the presence of strong prion fibrils of Sup35NM of
only two mutants, Y13F and Y32F, were redshifted by 1.5 nm
relative to that of strong prion fibrils of WT Sup35NM (Fig. 3C).
The reproducibility of the results was confirmed by performing
four independent experiments (SI Appendix, Fig. S4).

In line with the relatively smaller redshifts in the excitation
spectra, the emission spectra of MHB bound to these mutants
were redshifted on average 1 nm (Fig. 3D). The FWHM of the
excitation and the emission spectra of MHB narrowed by 2 nm
(Fig. 3C), indicating that MHB experienced a more nonpolar
environment at these two sites. In contrast, the excitation and
emission spectra of MHB in the presence of strong prion fibrils
of Sup35NM mutants Y16F, Y29F, Y35F, Y45F, Y49F, Y52F,
and Y69F were slightly blueshifted relative to the WT strong
prion fibrils (Fig. 3 G and H). The FWHM for both the excita-
tion and emission spectra of MHB for these mutants broadened
by an average of 2 nm (Fig. 3 G and H). This observation sug-
gests that not only does MHB not bind near amino acids Y16F,
Y29F, Y35F, Y45F, Y49F, Y52F, or Y69F in the strong prion
fibrils but also MHB experienced a more polar environment in
the presence of these mutant prion fibrils than it does when
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Fig. 3. Normalized excitation (4, C, E, and G) and emission (B, D, F, and H) spectra of MHB bound to weak (A4, B, E, and F) and strong (C, D, G, and H) prion
fibrils. (A and C) Excitation spectra of MHB in the presence of prion fibrils of Y—F mutants that redshifted compared to the WT Sup35NM prion fibrils (thick
dotted lines). (B and D) Emission spectra of MHB in the presence of prion fibrils of Y—F mutants that redshifted compared to the WT Sup35NM prion fibrils
(thick dotted lines). (E and G) The excitation spectra of MHB in the presence of prion fibrils of Y—F mutants do not redshift compared to the WT Sup35NM
prion fibrils (thick dotted lines). (F and H) Emission spectra of MHB in the presence of prion fibrils of Y—F mutants that do not redshift compared to the WT
Sup35NM prion fibrils (thick dotted lines). Spectra with a smaller FWHM have higher unnormalized intensities. The spectra that redshifted also had narrower
FWHM (B, C, and D). The unnormalized spectra of MHB in the presence of these mutant prion fibrils had higher intensities than wild-type prion fibrils

(S/ Appendix, Fig. S3).

bound to strong prion fibrils of WT Sup35NM. Our data support
multiple binding sites for each unit length of amyloid fibril that is
greater for the weak strain than for the strong form. As the
conformations are unchanged upon Y—F mutation, the spectral
shifts are attributed to a single binding site per unit length.

In contrast to the narrowing of the excitation and emission
spectra observed for MHB in more hydrophobic environments,
the FWHM of the spectra of ThT bound to the more hydro-
phobic strong prion fibrils was insensitive to hydrophobicity. This
result is reviewed for a subset of the Y—F mutants (SI Appendix,
Fig. S5). We examined one mutant for each fibril form and found
that the Y—F mutation caused redshifts in the excitation spectra
but not in the emission spectra of ThT and the FWHM changed by
2% or less, suggesting that ThT is not a particularly sensitive probe.

Taken together, the changes in the excitation and emission
spectra of MHB for a single tyrosine to phenylalanine mutation
of Sup35NM demonstrate that MHB is capable of detecting
small site-specific changes in hydrophobicity.

Discussion

Fluorescent probes are powerful tools to study the assembly of
proteins into amyloids. Classic dyes, such as ThT and Congo red,
exhibit large increases in fluorescence when bound to extensive
B-sheets; however, the excitation and emission spectra of these
dyes are not particularly sensitive to local structural or envi-
ronmental changes that distinguish amyloid polymorphs. As the
presence of different polymorphs has been correlated with dif-
ferent phenotypic outcomes, distinguishing between polymorphs
and identifying their structural features is important. Some
newer dyes such as luminescent-conjugated polythiophenes can
distinguish between polymorphs, although the underlying physi-
cochemical rationale is not well delineated and the differences
cannot be ascribed to a specific feature. In contrast, the changes
in the excitation and emission spectra of MHB in response to
changes in polarity are captured by quantum mechanical time-
dependent density function theory (31-34). Using two different
polymorphic fibrils of Sup35NM, we find that MHB can be used
to monitor the assembly of amyloid fibrils of Sup35NM and the
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fluorescence spectra of MHB distinguish between amyloid poly-
morphs. MHB is sensitive to both large-scale differences between
amyloid polymorphs and small, site-specific changes in local
hydrophobicity that result from the conservative mutation of
tyrosine to phenylalanine. This result establishes MHB as a dye
that can be used to probe both global and site-specific differences
in amyloid fibers.

Previous work established that the amyloid core of the weak
prion fibrils made from Sup35NM is considerably larger than the
amyloid core of the strong prion fibrils of Sup35NM and that the
larger amyloid core of the weak prion fibrils is structurally dis-
tinct from that of the strong prion fibrils and not simply an ex-
tension of a shared common structure (20). The weak prion
fibrils have an amyloid core comprising the first 70 amino acid
residues. Five mutants of the weak-type Sup35NM prion, in
which a tyrosine was replaced with the more hydrophobic phe-
nylalanine (Y16F, Y32F, Y35F, Y49F, and Y52F), had red-
shifted MHB excitation spectra, a narrowing of the MHB
emission spectra, and a decrease in the Stokes shift. These
changes indicate that MHB is experiencing a more nonpolar
environment. On the one hand, the theoretical calculations
support a small redshift in the MHB spectra if a tyrosine at the
MHB binding site is replaced with a phenylalanine, which is
supported by the experimental observations, suggesting that
residues 16, 32, 35, 49, and 52 are located at the binding sites for
MHB in weak prion fibrils. On the other hand, the absence of
spectral changes, relative to the weak WT prion, of MHB for
weak fibrils of Sup35NM in which residues Y13, Y29, Y45, and
Y69 were mutated indicates that these residues are not near
binding sites for MHB. As all mutated residues fall within the
amyloid core of the weak prion fibrils, our findings suggest that
these residues are buried and therefore inaccessible to the dye or
they are located in regions of local dynamics such as turns rather
than in the rigid p-sheets or the unique structural features of
individual sites disfavor MHB binding.

The strong prion fibrils had only two MHB binding sites near
residues Y13 and Y32. The MHB excitation spectra for strong
prion fibrils of these two mutants were redshifted by 1 to 2 nm,

Xiao et al.
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Fig. 4. Schematic folding of the p-sheet-rich regions of weak and strong
Sup35NM prions. Single tyrosine to phenylalanine mutations that resulted in
spectral shifts for MHB are represented by thick hexagons. Single tyrosine to
phenylalanine mutations that did not result in spectral shifts for MHB are
represented as thin hexagons. Residues with a backbone amide that was
protected from hydrogen-deuterium exchange for a day or more (17) are
indicated in black, while backbone amides that were not protected from
exchange are shown in gray.

and both the excitation and emission spectra narrowed. These
changes indicate that MHB experiences a more nonpolar envi-
ronment and thus suggest that although the redshift is small,
MHB binds at Y13 and Y32 for strong prion fibrils. The rela-
tively modest redshifts could be the result of a different local
environment near the amyloid core; the region of the Sup35NM
that is sequentially adjacent to the amyloid core is dynamic on
the nanosecond to microsecond timescale (20) and may protect
the rigid regions from water, making the fibril more nonpolar.
Therefore, the smaller redshifts for strong prion fibrils of Y13F
and Y32F mutants could be due to the fact that these fibrils
present such a hydrophobic environment that excitation and
emission spectra of MHB cannot further redshift. For some
strong prion mutants there are a blueshift and emission broad-
ening of the MHB spectra relative to the WT, which suggest that
the dye experiences a slightly more polar environment. This
observation seems at first counterintuitive as the changing from a
tyrosine to a phenylalanine should result in a more nonpolar site;
however, in the strong-type prions replacing a tyrosine with a
phenylalanine could alter dynamics, which could allow the
binding site to access water, making the environment more polar.

Several general conclusions can be drawn from the presence
or absence of MHB spectral changes observed upon tyrosine to
phenylalanine mutation and provide insight into amyloid con-
formations. If the MHB spectra in the presence of a tyrosine to
phenylalanine mutant were redshifted with respect to that of the
wild-type protein, then the site of the mutation is located in the
rigid amyloid core. While all substituted tyrosine residues are
located in the amyloid core of the weak prion fibrils, only half of
them are in the amyloid core of the strong prion fibrils, and the
ones located in the dynamic region of the strong prion fibrils did
not show a redshift in the MHB spectra (Fig. 4). Although these
two polymorphs have a shared region in the amyloid core, weak
and strong prion fibrils have distinct molecular structures (20,
21). In this shared region, the tyrosine to phenylalanine mutants
with redshifted MHB spectra are distinct for the weak and strong
prion fibrils. Our findings suggest that the residue Y32 is located
in a MHB binding site for both fibril forms, Y16 and Y35 are in
MHB binding sites only for the weak prion fibrils, Y13 is in a
MHB binding site only for strong prion fibrils, and Y29 is not in a
binding site in either fibril form (Fig. 4). The lack of redshift in
MHB spectra upon mutation could be due to a variety of rea-
sons, including the fact that the site could be dynamic, located in
a turn, or buried and inaccessible to MHB. However, the ob-
servation of a redshift in several MHB spectra for prion fibrils
upon mutation indicates that the MHB binding site is located in
the stable amyloid core and accessible to MHB. Thus, MHB
redshifts for tyrosine to phenylalanine mutants highlight site-
specific differences in amyloid conformations. There are two
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regions in Sup35NM where three out of eight consecutive resi-
dues are tyrosine residues (Fig. 4). In a continuous p-sheet, the
side chains of even and odd residues are displayed on opposite
sides. In amyloid fibers, displayed side chains form highly com-
plementary “steric zippers” that exclude water and stabilize in-
teractions between sheets in the amyloid core and tyrosine
residues in amyloid core have the same orientation relative to
the fibril axis (38), suggesting aromatic ring stacking interaction.
Thus, it is notable that for weak prion fibrils, tyrosine to phe-
nylalanine mutants of both Y32 and Y35 as well as Y49 and Y52
have redshifted MHB spectra. This suggests that either MHB
can bind to both sides of the B-sheet or there is a turn localized
between each of these pairs that would place both tyrosine rings
on the solvent-facing side of the amyloid core. Our results sup-
port known structural and dynamic differences between these the
weak and strong prion strains and provide additional insight into
how regions of intrinsic disorder alter the hydrophobicity of the
local environment and highlight differences in solvent accessi-
bility of aromatic side chains.

As indicated previously, several parameters can affect the
spectral properties of dyes bound to a particular binding site in a
B-sheet. MHB is a slightly V-shaped molecule, with C, symmetry
in planar form, but its two 4-(dimethylamino)phenyl parts also
have internal C, symmetry, thus allowing only two orientations
within a particular binding site. However, despite several at-
tempts during quantum chemical optimization, the second pos-
sible binding orientation could not be obtained, indicating that
only the currently presented binding orientation is stable (Fig. 2).
In contrast, for ThT there are four theoretically possible binding
orientations, and all of them could be obtained by the calcula-
tions (SI Appendix). This will allow a much broader variation of
local environmental effects for ThT when compared to MHB,
which is in full agreement with the observed differences in
FWHM of the spectra for the two dyes (SI Appendix, Fig. S1).
Furthermore, TDDFT calculations also indicate that when ThT
is in a binding mode similar to that of MHB, the Y—F mutation
causes a slight blueshift of —1.1 nm for that particular orientation
(SI Appendix, Table S1).

Changes in accessibility and local environment monitored by
spectral shifts can be accomplished in a site-specific manner
through the introduction of tyrosine to phenylalanine mutations.
Differences in fluorescence spectra observed for bound MHB
show that two amyloid fibrils built from Sup35NM have different
structures. The sensitivity of the symmetric molecular rotor
MHB to the polarity of the environment is now demonstrated by
using weak and strong prion fibrils of Sup35NM protein. Con-
sidering the amyloid fibrils composed of lysozyme, insulin, and
the weak and strong Sup35NM, MHB could distinguish between
them by distinct magnitudes in its spectral shifts when bound to
various fibrils. The quantum mechanical models derived from
previous data on the position of dye molecules bound to fibrils
(30, 37) show that MHB could be n-stacked to tyrosine. It is now
apparent that MHB not only can distinguish between fibrils
made of different proteins but can also point out different con-
formations of fibrils made from the same protein. As the con-
servative mutation of tyrosine to phenylalanine can alter the
spectroscopic properties of MHB when the site of mutation is
located in an accessible region of the amyloid core, MHB can act
as a site-specific probe to indicate changes in amyloid structure.
This property could be useful to assess structural alterations—
potentially in a time-resolved manner—such as amyloid remod-
eling through the action of chaperone proteins. We anticipate that
MHB will be useful for structural understanding of amyloids.

Materials and Methods

Materials. MHB [4,4'-bis(dimethylamino)diphenylmethane] was a gift from
the late Dr. Gosta Bengtsson, University of Lund, Lund, Sweden. The syn-
thesis of the dye is described elsewhere (39), and the purity was confirmed
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by 'H NMR and gas chromatography-mass spectrometry. A MHB stock so-
lution was made by dissolving the dye in a 10 mM citrate buffer adjusted to
pH 4 to give a final concentration of 0.8 mg/mL (1.13 mM). Note that at pH
lower than neutral MHB is not present in its uncolored “leuco” (enol) form
but in the strongly colored protonated form (Fig. 20).

Strain-Specific Prion Fiber Sample Preparation. The recombinant prion domain
of the yeast prion protein Sup35NM was expressed and purified as described
elsewhere (18). Tyrosine to phenylalanine mutations were introduced by
QuikChange PCR and verified by Sanger sequencing. The protein monomer
concentration was determined by ultraviolet/visible (UV/Vis) spectropho-
tometry using a theoretical extinction coefficient of 25,600 M~".cm™" for
wild-type Sup35NM and 24,320 M~".cm~" for single tyrosine to phenylala-
nine (Y—F) mutants of Sup35NM. Purified Sup35NM in 8 M urea was
desalted by the addition of five volumes of methanol, storage at —80 °C, and
centrifugation at 4 °C for 10 min at 16,000 x g. Methanol-precipitated
Sup35NM was recovered as a white pellet and then resuspended and
denatured in 6 M guanidine hydrochloride (GdHCI) at 100 °C for 10 min at a
concentration around 2 mM. Sup35NM was diluted 400-fold out of 6 M
GdHCl in 50 mM potassium phosphate buffer (pH 7.4) and 150 mM sodium
chloride. Strain-specific prion fiber samples were prepared by incubation of
the denatured Sup35NM monomers at 5 pM with 2% (wt/wt [weight/
weight]) of strain-specific seeds at either 4 °C (strong prion fibers) or 37 °C
(weak prion fibers) for 2 d. Purified, lysate-templated Sup35NM seeds were
prepared from an in vivo prion template as described elsewhere (20, 40),
using cell lysates from [PSI*] yeast strains exhibiting either the strong or
weak prion phenotypes as a template.

Aggregation Kinetics. The amyloid fibril formation by Sup35NM was moni-
tored by ThT and MHB fluorescence measurements. Strain-specific prion
fibrillization reactions were prepared by resuspending methanol-precipitated
Sup35NM protein in 5% (monomer concentration) solutions of strain-specific
seeds and incubation at 25 °C for both strong and weak prion fibrils in 10 mM
Tris-HCl (pH 7.4) and 150 mM sodium chloride. The de novo fibrillization re-
action was prepared under the same condition but without any strain-specific
seeds. The reactions were mixed with the ThT (final concentration of 25 pM)
and/or MHB (final concentration of 20 uM) stock solutions. Two hundred mi-
croliters of each reaction, in triplicates, were aliquoted onto a 96-well plate.
The fibrillization reactions were monitored by fluorescence intensity for either
ThT (Aem = 420 NM, Ay = 480 Nm) or MHB (Aerm, = 595 Nm, Aoy = 640 nm). The
time-dependent fluorescence intensities were collected on a Tecan Spark
plate reader.

MHB Fluorescence Measurements in the Presence of Strain-Specific Sup35NM
Fibers. Strain-specific prion fiber samples were prepared by resuspending
methanol-precipitated Sup35NM protein in 5% (monomer concentration)
solutions of strain-specific seeds and incubation at either 4 °C (strong prion
fibrils) or 37 °C (weak prion fibrils) in 10 mM Tris-HCl (pH 7.4) and 150 mM
sodium chloride. A 50 pL aliquot of the prion fibrils was mixed with an ali-
quot of the MHB stock solution, and the sample final volume was adjusted
to 1,000 pL with 10 mM citrate buffer (pH 4). Excitation and emission spectra
were recorded at Aex = 580 nm and Aem = 650 Nnm on a Jobin Yvon-Spex
Fluorolog fluorometer using a 1.4 mL volume Hellman quartz cuvette with a
path length of 1 cm. The experiments were repeated independently at least
three times to ensure reproducibility (the excitation spectra of four inde-
pendent experiments are shown for the WT, Y13F, and Y29F strong prion
fibrils in S/ Appendix, Fig. S4).

Thermal Stability. Strain-specific Y—F mutant Sup35NM prion fiber seeds
were prepared by the addition of 2% (wt/wt) purified, lysate-templated
wild-type Sup35NM seeds at either 4 °C (strong prion fibers) or 37 °C
(weak prion fibers) for 2 d to purified, denatured solutions of mutant
Sup35NM monomer at 5 pM in a 50 mM potassium phosphate buffer

1. M. Sunde et al, Common core structure of amyloid fibrils by synchrotron X-ray dif-
fraction. J. Mol. Biol. 273, 729-739 (1997).

2. J. Greenwald, R. Riek, Biology of amyloid: Structure, function, and regulation.
Structure 18, 1244-1260 (2010).

3. B. H. Toyama, J. S. Weissman, Amyloid structure: Conformational diversity and con-
sequences. Annu. Rev. Biochem. 80, 557-585 (2011).

4. R. Riek, D. S. Eisenberg, The activities of amyloids from a structural perspective. Na-
ture 539, 227-235 (2016).

5. J. D. Sipe et al., Amyloid fibril proteins and amyloidosis: Chemical identification and
clinical classification international society of amyloidosis 2016 nomenclature guide-
lines. Amyloid 23, 209-213 (2016).

29682 | www.pnas.org/cgi/doi/10.1073/pnas.2001732117

(pH 7.4) and 150 mM sodium chloride. Samples for the fiber-melt assay were
prepared by templating wild-type Sup35NM monomer from the mutant
seeds at 2% (wt/wt) under the prion fiber forming condition described
above. The mutant-seeded prion fibril samples were concentrated by cen-
trifugation at 4 °C or 37 °C for 45 min at 16,000 x g. The majority (85%) of
the supernatant was removed, and each mutant-seeded prion sample was
incubated with 2% sodium dodecyl sulphate (SDS) for 15 min at different
temperatures (gradient from 25 °C to 95 °C with 10 °C increments). The
treated samples were immediately loaded onto a sodium dodecyl sulphate—
polyacrylamide gel electrophoresis (SDS/PAGE) gel (Bio-Rad). The bands were
quantified by densitometric analysis, and intensities were fit by a sigmoidal
model, y = a + (b — a)/{1 + exp[—(x — c)/k]}, where a, b, and k are the bottom,
top, and slope of the curve and c is the melting temperature of the prion fiber.

Computational Details. The calculations were performed using the Gaussian
09 software package (41). Excited-state energies as well as UV/Vis spectra of
MHB and ThT bound to a sheet model were calculated using TDDFT, which
was tested for organic dyes (42, 43). Solvent effects of water were consid-
ered by using the integral equation formalism polarizable continuum sol-
vent model (IEFPCM) (44). To estimate the effect of Y—F mutation on
spectral properties of the dyes when bound to the amyloid fibrils, sheet
models containing either Y or F, with bound MHB and ThT, were built by
modifying previous quantum mechanical models (30, 37, 45). It was pro-
posed earlier that rod-shaped dye molecules orient parallel to the long axis
of the fibrils (30, 37, 46). Current calculations employed a recently devel-
oped density functional with dispersion correction, ®B97X-D (47), with the
6-31G(d) basis set (48). Dispersion correction is important for accurate ge-
ometry optimization of larger models where dye molecules participate in
n-stacking (30, 49), and this functional also includes long-range corrections,
or Coulombic attenuation, which was shown to be important for dyes sen-
sitive to the environment to reproduce charge transfer excitations within
acceptable accuracy (50). An antiparallel p-sheet model was chosen because
lysate-templated prion fibrils do not adopt a parallel-in-register arrange-
ment at the N terminus and other experimental work eliminates models that
do not include antiparallel p-strands (51, 52). Optimizations of the antipar-
allel p-sheet models with one of the bound dyes, MHB or ThT, and either the
Y or F residue were performed by using two different ONIOM (our own
N-layered integrated molecular orbital+molecular mechanics) (53) setups,
®B97X-D/6-31G(d):PM3 and wB97X-D/6-31G(d):PM3MM, with the dyes and
the closer residues on the sheet in the high layer. For MHB both possible
orientations relative to the fibril model were considered for optimization, which
resulted only in one bound form, while for ThT the orientation which is com-
parable to that of MHB, with its 4-(dimethylamino)phenyl group stacked to Y or
F, was obtained. The optimized geometries were submitted to a total of four
TDDFT calculations at the wB97X-D/6-31G(d):PM3, ©®B97X-D/6-31G(d):PM3MM,
®B97X-D/6-31+G(d,p):PM3, ®B97X-D/6-31+G(d,p):PM3MM level of theory, using
the IEFPCM model to represent the bulk agqueous environment.

Data Availability. All study data are included in the article and S/ Appendix.
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