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31 Abstract

Soluble oligomers of the B-amyloid peptide, Af, are associated with the progression
35 of Alzheimer’s disease. Although many small molecules bind to these assemblies, the
37 details of how these molecules interact with A{ oligomers remain unknown. This paper
39 reports that crystal violet, and other C'3 symmetric triphenylmethane dyes, bind to
41 C3 symmetric trimers derived from Afq7-36. Binding changes the color of the dyes
43 from purple to blue, and causes them to fluoresce red when irradiated with green light.
45 Job plot and analytical ultracentrifugation experiments reveal that two trimers com-
plex with one dye molecule. Studies with several triphenylmethane dyes reveal that
three N,N-dialkylamino substituents are required for complexation. Several mutant
50 trimers, in which Phejg, Phegg, and Iles; were mutated to cyclohexylalanine, valine,
52 and cyclohexylglycine, were prepared to probe the triphenylmethane dye binding site.
54 Size exclusion chromatography, SDS-PAGE, and X-ray crystallographic studies demon-

56 strate that these mutations do not impact the structure or assembly of the triangular
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trimer. Fluorescence spectroscopy and analytical ultracentrifugation experiments re-
veal that the dye packs against an aromatic surface formed by the Phesy side chains
and is clasped by the Ileg; side chains. Docking and molecular modeling provide a
working model of the complex in which the triphenylmethane dye is sandwiched be-
tween two triangular trimers. Collectively, these findings demonstrate that the X-ray
crystallographic structures of triangular trimers derived from Af can be used to guide

the discovery of ligands that bind to soluble oligomers derived from Ap.

Introduction

Fluorescent dyes have longstanding history as probes to study the molecular basis of amyloid
disorders, such as Alzheimer’s disease, Parkinson’s disease, and type 2 diabetes. The dye
Congo red has been used to stain amyloid plaques in tissue for nearly a century, while
thioflavin T and thioflavin S have been used for several decades as both probes of amyloid
plaques and tools to monitor the aggregation of amyloid-forming proteins into fibrils.'™
New life has been breathed into these chemical probes through the creative application of
their selectivity for amyloid plaques. For example, homologues of Congo red have been used
to block amyloid fibril formation, radio-labeled homologues of thioflavin T are currently
used in PET imaging diagnostic tests of Alzheimer’s disease, and combinatorial fluorescent
molecular sensors based around thioflavin T have enabled differentiation among aggregates of
AB.%? High-resolution structures of fibrils and fibril-dye complexes, coupled with molecular
dynamics simulations, have revealed structural bases of this molecular recognition, wherein
planar aromatic dyes lie parallel to the fibril axis and pack against hydrophobic residues
displayed on the fibril surface.'%!® These structures have guided the design of other small
molecules that bind to amyloid fibrils. 2

Although a handful of chemical probes are used to study the formation of the biologically
inert amyloid fibrils, there are few that specifically detect neurotoxic oligomers.?"2" The

specific oligomer structures that these chemical probes recognize remain unknown. Chemical
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probes that detect amyloid oligomers are urgently needed to help study the structures and
function of amyloid oligomers.?®2? The current lack of high-resolution structures of amyloid
oligomers hinders the design of chemical probes that detect these assemblies.?"

While studying the self-assembly of peptides derived from the 3-amyloid peptide, A(,
we have discovered that triphenylmethane dyes bind to assemblies of covalently stabilized
oligomers formed by peptides derived from AB;7 36.%" This discovery was guided by the
complementary shape and symmetry of triphenylmethane dyes and the oligomeric assemblies
our laboratory has characterized by X-ray crystallography.3! This binding produces marked
changes to the color of the dyes, from purple in the unbound state to blue in the bound state.
Binding also induces pronounced red fluorescence upon excitation with green light. Here we
report the discovery of triphenylmethane dyes that bind to triangular trimers derived from
AB.

Our laboratory previously synthesized macrocyclic 3-hairpin peptide 1 to mimic a (-
hairpin formed by APy7_s6 (Figure 1).%% Peptide 1 contains the heptapeptide B-strands AB;7 o3
and ABgp-36 connected by two 6-linked ornithine turn units. Peptide 1 bears a single N-
methyl group, on Pheyy, which limits uncontrolled aggregation of the peptide. The X-ray
crystallographic structure of peptide 1 revealed a triangular trimer motif wherein three
copies of peptide 1 assemble to form an equilateral triangle (PDB 4NW9). To ascertain
the biological and biophysical properties of this triangular trimer, we covalently stabilized
this oligomer, resulting in trimer 2.3! Trimer 2 is stabilized by disulfide crosslinks, which
we engineered into the three vertices of the triangular trimer. In our initial 2017 report
of trimer 2,3 we found that it induces apoptosis in the human neuroblastoma SH-SY5Y
cell line and reacts with the amyloid oligomer-specific antibody A11,3* thus mimicking the

biological properties of oligomers formed by full-length AB.3°
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A peptide 1 cyclo(LVFF, AED °O AlIGLOV °0)
trimer 2 [cyclo(CVFF,, CED °0 AlIGLOV °0)],

B A

peptide 1 S v
trimer 2

Me \GND’ Me

trimer 2 (PDB 5SUR) crystal violet

Figure 1: Chemical models of oligomers formed by AB. (A) Amino acid sequences of peptide 1
and trimer 2. (B) Cartoon of peptide 1 and trimer 2. Black lines represent 8-linked ornithine
turn units; yellow lines represent disulfide bonds. (C) X-ray crystallographic structure of
trimer 2 (PDB 5SUR). The side chains of Cys;7, Pheyg, Cysay, and Ileg; are shown as sticks.
(D) Chemical structure of crystal violet.

The discovery and development of compounds that interact with fibrils have been guided
by high resolution structures of fibrils and fibril-like assemblies. "20:36:37 The X-ray crystallo-
graphic structure of trimer 2 (PDB 5SUR) provided us with a starting point for discovering
chemical probes that bind the triangular trimers that we have observed crystallographically
and that we postulate to be formed by A. We hypothesized that C'3 symmetric dyes would
interact with the C'3 symmetric trimer. Specifically, we envisioned that the three side chains
of Phey, arrayed around the C'3 symmetry axis of trimer 2, would interact with C'3 sym-
metric small molecules (Figure 1C). We began our exploration with crystal violet, a C3

symmetric triphenylmethane dye (Figure 1D).
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Results and Discussion

Trimer 2 forms a complex with crystal violet in aqueous solution (Figure 2). The visi-
ble absorption spectrum of crystal violet is sensitive to changes in the local environment
surrounding the dye.3® The resulting color change has been used to measure complexation
of crystal violet by proteins, including bovine serum albumin.?#' We also observe color
changes, from violet to blue, upon addition of trimer 2 to crystal violet. The visible spec-
trum of crystal violet displays an absorption maximum at 590 nm and a shoulder at ca. 530
nm in 100 mM aqueous acetate buffer (pH 4.6). When trimer 2 is added to crystal violet
at low micromolar concentrations, the maximum shifts to longer wavelengths and becomes
more intense, while the shoulder disappears (Figure 2B). The spectra that result from titra-
tion of crystal violet with trimer 2 do not exhibit a well defined isosbestic point, suggesting
the formation of multiple trimer 2-crystal violet complexes in solution. The complexation
also enhances the fluorescence spectra of crystal violet, causing it to fluoresce red when ir-
radiated with green light (Figure 2C). Crystal violet is largely non-fluorescent in aqueous
solution due to non-irradiative modes of relaxation that result from bond rotations in the
excited state.?® Complexation by trimer 2 likely restricts these rotations, resulting in the

enhanced fluorescence of crystal violet. %43
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Figure 2: Crystal violet binds to trimer 2 in aqueous buffer. (A) Cartoon of the color
and fluorescence changes that occur upon binding. (B and C) Absorbance and fluorescence
spectra of crystal violet (red) titrated with increasing amounts of trimer 2 (black) in buffer
comprising 50 mM sodium acetate and 50 mM acetic acid (pH 4.6). Fluorescence spectra were
acquired with a 590 nm excitation wavelength. (D) Job plot analysis of the stoichiometry of
the trimer 2-crystal violet complex. The dashed line is a 1:1 (trimer 2-crystal violet) fit of the
data, while the solid line is a 2:1 fit of the data. (E) Molecular weight distributions calculated
from sedimentation velocity analytical ultracentrifugation experiments. The distributions are
calculated from mixtures of 7 pM crystal violet with 14 pM (black), 42 pM (red), and 56
pM (blue) trimer 2.

To determine the stoichiometry of the complex between crystal violet and trimer 2, we
used Job’s method of continuous variation (Figure 2D).%7 In this experiment, we mixed
crystal violet and trimer 2 at varying ratios while maintaining the total concentration of
the two components, and we measured the fluorescence intensities of the resulting mixtures.
The resulting fluorescence spectra display a maximum intensity at a 0.33 mole fraction (y) of
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crystal violet, which suggests that two molecules of trimer 2 bind to one molecule of crystal
violet. The data do not fit a simple 1:1 trimer-dye binding model, wherein the maximum
fluorescence intensity would occur at a 0.5 mole fraction of crystal violet. From the 2:1 fit
of the data, the dissociation constant is ca. 0.94-10° M2, which corresponds to a complex
that dissociates around 30 pM. The 2:1 stoichometry is consistent with our laboratory’s
previously reported observation that trimer 2 assembles to form a dimer in solution.?!

To corroborate the apparent 2:1 stoichiometry, we performed sedimentation velocity ana-
lytical ultracentrifugation (AUC) experiments. In these experiments, we mixed 7 pM crystal
violet with one, two, four, six, or eight molar equivalents of trimer 2 in sodium acetate buffer,
and monitored the sedimentation of crystal violet by measuring the visible absorbance at
593 nm. Crystal violet does not sediment upon ultracentrifugation in the absence of trimer
2, because it is too low in molecular weight (Figure S1). When crystal violet is mixed with
two or more equivalents of trimer 2, it sediments as a ca. 9 kDa species (Figure 2E). This
molecular weight is largely consistent with crystal violet binding to two molecules of trimer
2, each weighing 5.3 kDa. These experiments support the Job plot analysis that trimer 2
forms a 2:1 complex with crystal violet.

To further corroborate the formation of the 2:1 trimer 2-crystal violet complex, we per-
formed isothermal titration calorimetry (ITC) experiments. In these experiments, we added
aliquots of a 500-pM crystal violet solution to a solution of 100 pM trimer 2 and recorded
the heat of association. Although the reaction is clearly exothermic, the association constant
is too low to permit precise analysis of the titration data (Figure S2). The limited solubility
of trimer 2 in sodium acetate buffer and the propensity of crystal violet and trimer 2 to self-
associate at higher concentrations complicate a rigorous analysis of binding constants and
thermodynamic parameters by I'TC. At the concentrations used in the titration, the data fit
well to a 2:1 binding model, with a dissociation constant of ca. 1.4-10° M? (Figure S2B and
C). This dissociation constant is similar to that estimated by Job’s method of continuous

variation. The data deviate from a simple 1:1 binding model, where the residuals display
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sinusoidal deviation similar to the deviation in the attempted 1:1 fit of the Job plot data in
Figure 2D.8 The fit to a 2:1 binding model shows substantially smaller deviations.

Crystal violet is known to interact with numerous proteins, such as BSA and acetylcholine
receptors. 394149753 For these reasons, we were concerned that the interaction of crystal violet
and trimer 2 might not reflect the specific recognition of the three-fold symmetric dye by the
triangular trimer motif. To determine if the association of crystal violet with trimer 2 requires
the triangular trimer motif, we studied the interaction of crystal violet with peptide 1 (Figure
3). Peptide 1 does not assemble into a triangular trimer at the low micromolar concentrations
(5-150 pM) at which trimer 2 complexes crystal violet.3! No significant changes occur in
the absorbance or fluorescence spectra of crystal violet upon addition of peptide 1 (Figure
3B and C). ITC experiments further corroborate that peptide 1 does not bind crystal violet
at concentrations where trimer 2 does (Figure S3). The association of crystal violet with
macrocyclic -hairpins derived from Af appears to require a binding site that is unique to

the triangular trimer.
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A peptide 1 cyclo(LVFF, AED*0O AlIG LOV*®0)
trimer2  [cyclo(CVFF, CED°O AlIG LOV °0)],
trimer 3  [cyclo(CVFF CED °0O AlIG,, LOV °0)],
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Figure 3: Interaction of other AB-derived peptides with crystal violet. (A) Amino acid
sequences of peptide 1, trimer 2, and trimer 3. Residues bearing N-methyl groups are
highlighted in blue. (B) Difference absorbance spectra of 25 pM crystal violet with 75
pM peptide 1, 25 pM trimer 2, or 25 pM trimer 3. Difference spectra are calculated by
subtracting the absorbance spectrum of 25 pM crystal violet from the absorbance spectra
of the mixed samples. (C) Fluorescence spectra of 25 uM crystal violet or 25 pM crystal
violet with 75 pM peptide 1, 25 pM trimer 2, or 25 pM trimer 3. Fluorescence spectra
were acquired with a 550 nm excitation wavelength. Crystal violet exhibits near-baseline
fluorescence alone or with peptide 1. Experiments were performed in buffer comprising 50
mM sodium acetate and 50 mM acetic acid (pH 4.6).

To further test if the interaction between crystal violet and trimer 2 results from specific
molecular recognition of the trimer 2 surface, we studied the interaction between crystal
violet and trimer 3 (Figure 3). Trimer 3 is almost identical to trimer 2, differing only in the
location of the three N-methyl groups. The N-methyl groups are on Phegq in trimer 2, while
they are on Glyss in trimer 3. The surfaces of trimer 3 differ from those of trimer 2 because
the two trimers have different hydrogen-bonding patterns between the cross-linked monomers
that comprise the trimers (Figure S4). Absorbance spectroscopy, fluorescence spectroscopy,
and I'TC experiments indicate that trimer 3 does not appreciably associate with crystal violet
at low micromolar concentrations. No significant changes occur to the absorbance spectrum
of crystal violet when crystal violet and trimer 3 are mixed at 25 pM concentrations (Figure
3B). In contrast, trimer 2 visibly alters the color of crystal violet under the same conditions.
A small enhancement does occur to the fluorescence spectrum of crystal violet when mixed
with trimer 3, but this enhancement is far smaller than that which occurs when crystal violet

9
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is mixed with trimer 2 (Figure 3C). ITC experiments further corroborate that trimer 3 does
not bind crystal violet under conditions wherein trimer 2 does (Figure S5). These titration
data do suggest that trimer 3 weakly associates with crystal violet, with an association
constant that corresponds to a complex that dissociates in the hundred-micromolar regime.
However, the limited solubility of trimer 3 precludes the accurate measurement of this weak
association constant by ITC. The interaction of crystal violet with trimer 2 but not trimer
3, under these conditions, suggests that the surfaces displayed by trimer 2 are primed to
interact with crystal violet.

To understand why trimer 2 interacts with crystal violet while other Af-derived pep-
tides we have studied do not, we performed docking simulations. In these simulations, we
used AutoDock to propose a model for the recognition of crystal violet by trimer 2.5* We
performed these docking studies because X-ray crystallography and NMR spectroscopy have
been unsuccessful in illuminating the details of the trimer 2-crystal violet complex: We have
been unable to co-crystalize crystal violet with trimer 2, and the NMR spectra of trimer 2 in
the presence or absence of crystal violet are broad and uninterpretable. Docking simulations,
on the other hand, have enabled us to generate testable models for the molecular recognition
between trimer 2 and crystal violet (Figure 4). In these simulations, we docked crystal violet
to a single copy of trimer 2, extracted from the X-ray crystallographic structure of trimer
2 (PDB 5SUR). These simulations suggest that the three side chains of Pheyy complement
the three aryl rings of crystal violet, and that the three side chains of Iles; are positioned to
pack against the three N, N-dimethylamino substituents on crystal violet. We proceeded to
probe this model by studying the association of crystal violet homologues with trimer 2, as

well as the association of crystal violet with trimer 2 homologues.
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Figure 4: Representative molecular model of the trimer 2-crystal violet complex generated
in AutoDock. The side chains of Phesgy and Iles; are depicted as spheres.

The model proposed in Figure 4 suggests that the N,N-dimethylamino substituents of
crystal violet pack against the side chains of Ile;. To test the role of the N, N-dimethylamino
substituents on complex formation, we studied the association of crystal violet homologues
with trimer 2 (Figures 5 and S6). We studied two dyes with smaller substituents than crys-
tal violet and two dye with larger substituents than crystal violet (Figure 5A): malachite
green contains only two N,N-dimethylamino groups; pararosaniline contains three amino
groups; ethyl violet contains three N,N-diethylamino groups; propyl violet contains three
N,N-dipropylamino groups. No significant changes occur in the visible spectrum of either
malachite green or pararosaniline upon mixing with trimer 2 (Figure 5B). No enhancement
occurs to the fluorescence spectrum of pararosaniline upon mixing with trimer 2 (Figure
S6A). A small enhancement does occur to the fluorescence spectrum of malachite green,
but it is much smaller than that which occurs to the fluorescence spectrum of crystal vio-
let. ITC experiments corroborate that malachite green does not associate with trimer 2 at

concentrations that crystal violet does (Figure S6B).
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Figure 5: Interaction of other triphenylmethane dyes with trimer 2. (A) Chemical struc-
tures of crystal violet and related triphenylmethane dyes. (B) Absorbance spectra of 25
nM malachite green and 25 pM pararosaniline in the presence (black) or absence (red) of
equimolar trimer 2. (C) Absorbance spectra of 25 nM ethyl violet and 20 pM propyl violet
in the presence (black) or absence (red) of equimolar trimer 2. Experiments were performed
in buffer comprising 50 mM sodium acetate and 50 mM acetic acid (pH 4.6).

ITC experiments suggest that pararosaniline associates weakly with trimer 2, with an as-
sociation constant that corresponds to a complex that dissociates in the hundred-micromolar
regime (Figure S6C). The limited solubility of trimer 2 precludes the accurate measurement
of this association constant by I'TC. In contrast to malachite green and pararosaniline, dra-
matic changes occur to both the visible and fluorescence spectra of ethyl violet and propyl

violet upon mixing with trimer 2 (Figures 5C and S6D). It is difficult to characterize the

12

ACS Paragon Plus Environment

Page 12 of 35



Page 13 of 35

oNOYTULT D WN =

Journal of the American Chemical Society

complexes of ethyl violet and propyl violet with trimer 2 using Job’s method of continuous
variation, AUC, and ITC, because the dyes aggregate strongly in aqueous solution. Col-
lectively these studies with crystal violet homologues suggest that three N,N-dialkylamino
substituents are required for complexation.

To further test the molecular model proposed in Figure 4, we prepared five homologues of
trimer 2 containing cyclohexylalanine (Cha), valine, and cyclohexylglycine (Chg) at positions
19, 20, and 31. Cha is the fully reduced (non-aromatic) analogue of phenylalanine; Chg is
a bulkier analogue of both valine and isoleucine. We prepared trimers 2131y and 2i31chg to
test if crystal violet packs against the side chain of Ileg;, and we prepared trimers 2gj9cha,
2F20Cha, a1d 2F19 F20cha t0 test if crystal violet packs against the side chain of Phey (Figure
6A). We prepared these trimer 2 homologues using the same procedures our laboratory has

previously used to prepare other crosslinked trimers.3!%°
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A trimer 2 [cyclo(CVFF,, CED *0 ATIGLOV °0)],
trimer 2., [cyclo(CVFF, CED %0 AXIGLOV *0)],
trimer 2,,,, [cyclo(CVFF, CED 0 AVIGLOV ®0)],
trimer 2_,,.,.. [cyclo(CVZF, CED °0 Al IGLOV °0)],
trimer 2_,,,.. [cyclo(CVFZ, CED ®0 Al IGLOV °0)],
trimer 2, ,ocha [CYClO(CVZZ, CED !0 Al IGLOV?®0)],

X = cyclohexylglycine (Chg)
Z = cyclohexylalanine (Cha)
B
— trimer 2
—trimer 2_,,.,..
—trimer 2.,
9 11 13 15 17 19 21 23
mL
— trimer 2_,,,..
— trimer ch“g
— trimer 2F19,Zocha
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(of trimers)
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Figure 6: Trimer 2 homologues. (A) Amino acid sequence of trimer 2 homologues. Mu-
tations relative to trimer 2 are colored red. (B) SEC chromatograms of trimer 2 and its
homologues. SEC was performed on 1 mg/mL (ca. 150 nM) solutions of trimer dissolved in
buffer comprising 50 mM sodium acetate and 50 mM acetic acid on a Superdex 75 10/300
column. (C) Silver-stained SDS-PAGE gel of trimer 2 and its homologues. Aliquots (5 pL)
of 0.1 mg/mL solutions of each trimer were loaded into the corresponding lanes in the gel.

To determine the impact of these five mutations on the oligomerization state of trimer
2, we compared the oligomerization state of these trimer 2 homologues to that of trimer 2
using size exclusion chromatography (SEC) and SDS-PAGE. In SEC, we found that some of

the trimer 2 homologues elute as well defined oligomers, while others elute as broad peaks

14

ACS Paragon Plus Environment

Page 14 of 35



Page 15 of 35

oNOYTULT D WN =

Journal of the American Chemical Society

that contain multiple features, some of which suggest adsorption to the column (Figure 6B).
In 100 mM acetate buffer (pH 4.6), trimer 2 elutes between the cytochrome C' (12.4 kDa)
and aprotinin (6.5 kDa) size standards, which elute at 13.6 and 15.8 mL, respectively. The
retention volume (15.6 mL) is consistent with the assembly of trimer 2 into a dimer (10.6
kDa).3! Trimer 2 shows pronounced tailing in its elution, which suggests that trimer 2 may
adsorb to the column. Trimer 2p20cha and trimer 2131y both elute with retention volumes
similar to that of trimer 2, and exhibit tailing similar to that present in the elution of trimer 2
(14.6 and 15.7 mL). These retention volumes suggest that both of these trimer 2 homologues
assemble into dimers, like that formed by trimer 2.

In contrast, trimers 2ri19cha, 2F19,20Cha, a1d 2131chg, €lute as broad peaks with multiple
distinct features. Trimer 2pgi1cng clutes as two peaks with retention volumes of 17.0 and
19.1 mL. It is possible that these two peaks correspond to a dimer and monomer that both
adsorb to the column. In contrast, trimers 2rig9cha and 2g19,20cha €lute as broad heavily-
featured bands with retention volumes as early as ca. 12 and 14 mL and as late as 22 mL.
The early retention volumes are consistent with these hydrophobic mutations promoting the
solution-phase assembly of oligomers larger than the dimers formed by trimers 2, 2p20cha,
and 231v, while the late retention volumes are consistent with the adsobption of these
hydrophobic trimers to the column. Mutating Phe;g to cyclohexylalanine in full-length Af349
also enhances its propensity to aggregate.

In contrast to the SEC studies, SDS-PAGE studies indicate that the trimer 2 homologues
assemble in a fashion similar to that of trimer 2 (Figure 6C). These 5.0-5.4 kDa trimers
migrate as bands between the 17 and 26 kDa size standards, consistent with the trimers
forming tetramers under these conditions. These putative tetramer bands show pronounced
downward streaking, indicating an equilibrium with lower weight oligomers. The degree of
this downward streaking varies among the mutants, likely reflecting the mutations stabilizing
or destabilizing the tetrameric assemblies in SDS. Mutating Phegy to Cha (trimers 2p20cha

and 2r19 20cha) appears to stabilize the putative tetrameric assemblies. In contrast, mutating

15

ACS Paragon Plus Environment



oNOYTULT D WN =

Journal of the American Chemical Society

Phejg to Cha (trimer 2p1g9cha) or mutating Iles; to Val (trimer 2131v) appears to have
little impact on the stabilities of the tetramers relative to trimer 2. Mutating Ile3; to Chg
(trimer 2j31cng) appears to disrupt the tetramer and instead stabilize a putative dimer
in the presence of SDS. This dimer band shows pronounced upward streaking, rather than
downward streaking, suggesting an equilibrium with higher weight oligomers such as trimeric
and tetrameric assemblies.

To further characterize the impact of these mutations on the structure and assembly of
trimer 2, we determined their structures using X-ray crystallography. Of the five trimer
2 homologues, only trimer 2g19 20cha failed to grow crystals. The four other trimer 2 ho-
mologues grew crystals with hexagonal morphologies, similar to crystals of trimer 2. To
remove any possible model bias from using molecular replacement to generate the electron
density maps, we determined the X-ray crystallographic phases of each mutant using sul-

5762 Tahle S1 summarizes the

fur single-wavelength anomalous diffraction (S-SAD) phasing.
crystallographic properties, crystallization conditions, data collection, and model refinement
statistics for trimers 2131v, 2131Chg, and 2F20Cha-*

The X-ray crystallographic structures of trimer 2131y (PDB 6DR4), trimer 2131cng (PDB
6DR5), and trimer 2p20cha (PDB 6DR6) are nearly identical to that of trimer 2 (PDB 5SUR,
Figure 7). The mutations do not appear to alter the proposed crystal violet binding site,
depicted in Figure 4. The mutant trimers differ mainly in the conformations of Aspss, Alagy,
and the 8-linked ornithine turn that connects them.% These mutations do not significantly
alter the supramolecular assembly of the cross-linked trimers; the three trimer 2 homologues
assemble into ball-shaped tetramers which resemble the ball-shaped tetramer formed by
trimer 2 (Figure 7B). The tetramers pack together in the lattice to form dimer interfaces.
Although the specific details of these dimer interfaces vary amongst the trimer 2 homologues,

the modes of assembly are similar to that of trimer 2, which forms tetramers that pack in

the lattice through dimer interfaces.3!
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Figure 7: X-ray crystallographic structures of trimer 2 (PDB 5SUR, green), trimer 2p20cha
(PDB 6DR6, magenta), trimer 2131y (6DR4, yellow), and trimer 2131cng (PDB 6DR5, cyan).
(A) Comparison of the triangular trimers. The side chains of Phey, Chagg, Iles;, Valg;, and
Chgs; are shown as spheres; the side chains of Cys;; and Cysg; are shown as sticks. (B)
Comparison of the ball-shaped tetramers formed by trimer 2 and its homologues in the
crystal lattices.

To ascertain the impact of these mutations on the molecular recognition of crystal violet,
we studied the interaction of crystal violet with the five trimer 2 homologues using fluores-
cence spectroscopy (Figure 8). We compared the fluorescence spectra of crystal violet in the
presence of the five trimer 2 homologues to the fluorescence spectrum of crystal violet in the
presence of trimer 2. Fluorescence spectroscopy reveals that the side chains of Pheyy and
Ileg; are important for the recognition of crystal violet (Figure 8A). The fluorescence en-
hancements that occur upon mixing crystal violet with trimer 2g20cha O 2r19,F20cha are far
smaller than those which occur upon mixing crystal violet with trimers 2 or 2p1g9cna (Figure
8A, left). These results indicate that the aromatic surface formed by the Pheyy side chains
is involved in the association of trimer 2 with crystal violet. The fluorescence enhancement
that occurs upon mixing crystal violet with trimer 2i31cng is greater than that which occurs

upon mixing crystal violet and trimer 2, while the fluorescence enhancement that occurs
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upon mixing trimer 237y is far smaller that that which occurs upon mixing crystal violet
with trimer 2 (Figure 8A, right). These results indicate that the steric bulk provided by the
Iles; side chains is involved in the association of trimer 2 with crystal violet and suggest that
the bulkier Chg stabilizes the 2:1 trimer-dye complex while the smaller Val destabilizes the

2:1 trimer-dye complex.
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Figure 8: Complexation of crystal violet by trimer 2 homologues. (A) Fluorescence spec-
tra from mixtures of crystal violet and trimers 2, 2p19cha, 2F20Cha, a1d 2r19 20cha (left)
and trimers 2, 2r31cng, and 2531y (right). Fluorescence spectra where acquired from sam-
ples comprising 20 pM crystal violet and 20 pM of the indicated trimer using an excitation
wavelength of 550 nm. (B) Job plot analyses for trimers 2r19cha; 2F20Cha, and 2F19,20Cha
(left) and trimers 2131cng and 2131y (right). The dashed line is a 1:1 binding model, while
the solid line is a 2:1 binding model. Job plot experiments where conducted with a total
concentration of 30 pM crystal violet and the indicated trimer. (C) Molecular weight distri-
butions calculated from sedimentation velocity analytical ultracentrifugation experiments for
trimer 2p19cna (left) and trimer 2131y (right). the distributions are calculated from samples
comprising 10 pM crystal violet and 60 pM of the indicated trimer. All experiments were
performed in buffer comprising 50 mM sodium acetate and 50 mM acetic acid (pH 4.6).

We used Job’s method of continuous variation to determine the stoichiometry of the
five trimer 2 homologue-crystal violet complexes.**4" All five homologues deviate from a

simple 1:1 trimer-dye binding model (Figure 8B). The Job plot for trimer 2gpjgcha fits well
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to a 2:1 binding model, with a dissociation constant of ca. 0.92-10 M2. This dissociation
constant is similar to that of the trimer 2-crystal violet dissociation constant determined
by Job’s method of continuous variation (above). The Job plots for the other four trimer
2 homologues do not fit well to either a 2:1 or a 1:1 binding model. The deviations from
these models may reflect more complex associations of crystal violet with these trimer 2
homologues. The maxima in these Job plots occur at yerystal violet Tanging from 0.2-0.4, and
suggest that multiple molecules of the trimer 2 homologues associate with one molecule
of crystal violet. Alternatively, the deviations may reflect unavoidable errors that result
from the lower fluorescence intensity of these complexes coupled with the absorption of the
emitted light by the dye in samples that contain higher concentrations of crystal violet (e.g.,
X crystal violet >0.3).

To corroborate the apparent stoichiometries of the trimer 2 homologue-crystal violet
complexes, we performed sedimentation velocity analytical ultracentrifugation experiments
(Figure S7). In these experiments, we monitored the sedimentation of 10 pM crystal violet in
the presence of 60 nM of each of the trimer 2 homologues. When mixed with trimers 2g19cha
and 231v, crystal violet sediments as a mixture of ca. 5 and 13 kDa species (Figure 8C).
These molecular weights are largely consistent with crystal violet associating with one and
two molecules of trimer 2p19cha O trimer 2131v. When mixed with trimer 2131cng, crystal
violet sediments as high molecular weight aggregates (Figure STA). In contrast, crystal violet
does not sediment when mixed with trimers 2p20cha Or 2F19,20cha (Figure STE and F). This
lack of sedimentation reflects the weak association of crystal violet with either of these
mutants, as also seen in the reduction in fluorescence intensity relative to trimer 2 (Figure
8A).

Collectively, these studies support the model depicted in Figure 4, wherein the three aryl
rings of crystal violet pack against the side chains of Pheyy and the three N, N-dimethylamino
substituents pack against the side chains of Iles;. The complex likely resembles a sandwich,

in which two copies of trimer 2 sandwich around crystal violet through the interactions
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described above. Such a model is consistent with the observation that two molecules of trimer
2 bind to one molecule of dye. This sandwich is likely in equilibrium with an ”open-faced”
sandwich, wherein only one molecule of trimer 2 binds crystal violet. Such an equilibrium
is consistent with the lack of an isosbestic point in the transition from free to bound dye
(Figure 2B), and the observation of crystal violet sedimenting as ca. 5 and 13 kDa species
in the presence of trimers 2g19cna and 2j31v (Figure 8C).

We used a combination of docking and molecular mechanics to construct a model for the
sandwich complex (Figure 9). In this model, two molecules of trimer 2 envelop one molecule
of crystal violet. The side chains from the six Pheyy residues sandwich the three aryl rings
of crystal violet, and the side chains from two Ileg; residues clasp each N,N-dimethylamino
group. These interactions are similar to the interactions between crystal violet and other
proteins observed in high resolution X-ray crystallographic structures. 2?3 These structures
show that the aryl rings of crystal violet pack against aromatic residues and that the N,N-
dimethylamino groups pack against hydrophobic residues. These co-crystal structures do not
indicate that the three-fold symmetry of crystal violet is important for recognition, unlike
the trimer 2-crystal violet model. The association of ethyl violet with an insulin hexamer
does suggest that symmetry of the triphenylmethane dye can be important in complexation

of an oligomer. %
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Figure 9: Molecular model of the 2:1 trimer 2-crystal violet complex. (A) Top view. (B)
Side view. Crystal violet and the side chains of Cys;7, Phegy, Cysap, and Iles; are shown as
sticks.

This working model of the trimer 2-crystal violet complex may explain the interaction
of other triphenylmethane dyes with full-length AB. The triphenylmethane dye coomassie
brilliant blue G associates with neurotoxic trimers and tetramers formed by AB.%¢ This
triphenylmethane dye differs from those studied here in the substitution of the three nitrogen
atoms and in methylation of the triphenylmethane core. Formation of these complexes
detoxifies these neurotoxic oligomers.®” This triphenylmethane dye also alters the in witro
aggregation of AP and is neuroprotective in animal models of Alzheimer’s disease.® ™ It
is possible that coomassie brilliant blue G is recognized by a surface similar to that which
recognizes crystal violet in trimer 2. The selectivity of other oligomer-specific dyes has been

rationalized through docking studies with the X-ray crystallographic structures of triangular

trimers reported by our laboratory.??2* BODIPY-based probes,?? developed by the Chang
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group, spiropyran-based probes,? developed by the Yi group, and cyanine-based probes,*
developed by the Wong group, all specifically stain A oligomers. To explain the oligomer-
specific reactivity of these probes, all three groups performed docking simulations, in which
the probes were docked on a triangular trimer formed by an AB-derived peptide (PDB
ANTR). These docking studies suggest that the side chains of three Phejg residues pack
against the probes and that the side chains of three Valsg residues clasp the probes. These
proposed interactions are similar to those that occur between crystal violet and trimer 2,
wherein crystal violet packs against an aromatic surface and is clasped by hydrophobic side
chains. While these three fluorogenic probes are not C'3-symmetric, they may recognize a

surface similar to that which binds crystal violet in trimer 2.

Conclusion

Crystal violet and other triphenylmethane dyes have rich history in their use as metachro-
matic probes for amyloid deposition in tissue.”™ The results described here suggest that
these dyes may be repurposed to serve as metachromatic and fluorogenic probes for amyloid
oligomers. The X-ray crystallographic structure of trimer 2 suggested that C'3 symmetric
small molecules might bind to the triangular trimer. Several different C'3 symmetric triph-
enylmethane dyes associate with trimer 2 to form supramolecular complexes. Association
with trimer 2 alters the color of the triphenylmethane dyes, and enhances their fluorescence.
These changes and enhancements are specific to trimer 2 and several homologues, but do
not occur in the presence of the unassembled monomer or in the presence of the related
triangular trimer 3. The triphenylmethane dyes appear to pack against the aromatic surface
formed by the three Pheyy side chains while being clasped by the three Iles; side chains.
These triphenylmethane dyes recognize a motif distinct from the amyloid fibrils recognized
by planar aromatic dyes.

These studies suggest a blueprint for other small molecules that may bind to AB-derived
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triangular trimers, wherein C'3-symmetric molecules position three aryl groups around the
symmetry axis. We envision that such molecules may be identified in fluorescence- and
absorbance-based competition assays in which small molecules compete with crystal vio-
let for the binding site formed by Pheyy and Iles;.™™ We also envision that the fluores-
cence enhancements of crystal violet may facilitate imaging trimer 2 and related triangular
trimers in cellular environments. ™ 7" Triphenylmethane dyes, and other C'3-symmetric small
molecules, thus might prove a rich source of chemical probes to explore the structure and

function triangular trimers.
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