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ABSTRACT

Since their discovery, fluorescent molecules have been used for a variety of
purposes such as fluorescent tags in antibody assays, anterograde tracing in neuroscience
studies, production of lasers, fluorescent cell imaging and many other areas. Fluorophores
are powerful visualization tools and thus the development of novel, small organic
fluorophores is in great demand. One such small organic fluorophore is derived from an
aurone, 2-benzylidenebenzofuran-3(2H)-one, a molecule with the general structure of a
benzylidene attached to a benzofuran at the second position. An aurone with a methoxy
group at the 3’ position and a hydroxyl group at the 4’ position is termed vanillin aurone
after the synthesis of the molecule by addition of vanillin to benzofuranone through an
acid catalyzed Aldol condensation.

In this study we evaluate the fluorescent capabilities of the vanillin aurone
through a series of fluorescent titrations in various solvent environments assessing it’s
solvatochromic behavior. Weakly polar, aprotic solvents amplify the fluorescent intensity
of the molecule and blue shift the peak emission wavelength. To better understand the
solvatochromic trends, extinction coefficients were determined in different solvents.
These data point to another explanation for the fluorescent disparities independent of
differences in photon absorption efficiency. As computational simulations show a
promising interaction between the vanillin aurone and the active site of the ATP binding
domain of YMELL AAAH+, this protein has been used as a model system supporting
vanillin aurone binding to ATPases. This binding to a family of proteins ubiquitous in

cells provides an avenue for future, potential therapeutic development.
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Fluorescent Characterization of the Vanillin Aurone

CHAPTER 1: INTRODUCTION
1. Fluorescence

Fluorophores, molecules that exhibit fluorescence, have been utilized as
tools for scientific study since the discovery of the first synthetic fluorophore,
fluorescein, reported by Adolf von Baeyer in 1871.[1 Many other fluorophores have
been synthesized since then such as rhodamine, Acridine Orange, and a host of
Alexa Fluor dyes. However, there are also natural fluorophores such as the
fluorescent amino acids, tryptophan and tyrosine, which contribute to
fluorescence-based protein studies. Other natural fluorophores include lignin,
chlorophyll, and flavonoids and often contribute to pigmentation in plants.f2]

The experimental applications of fluorophores vary widely from biological
immunofluorescent studies to protein dynamics and even laser production. [3-4]
Fluorescent spectroscopy is very sensitive, requiring only a small amount of
sample or a small concentration of the fluorophore, and therefore, is a beneficial
technique for trace analysis.[5] Because organic, fluorescent molecules can be very
small in size they are useful for detection in biological assays as well and do not
typically interact with the biochemical system being studied.[®] Thus, the synthesis
and characterization of novel small, organic fluorophores is in high demand among
the scientific community.

2. Aurones
One known family of under-explored fluorophores are aurones. Aurones,

are a subclass of flavones that have a yellow-golden color and are found in many



flowers, fruits, and vegetables where they contribute to pigmentation. [71 Their
structure consists of a benzylidene substituent attached to a benzofuran ring at the
2 position (figure 1). Aurones are natural products that have been of interest to
the scientific community as potential therapeutics. They have shown promise as

antiparasitic, antifungal, and antioxidants. [8-10]

Figure 1 General structure of an aurone
with numbering scheme

Less studied is the fluorescent capability of these aurones. As they contain
a conjugated ring system and are small in size relative to common synthetic
options. Aurones provide a promising fluorescent skeleton that can be enhanced
by the addition of a range of substitutions. Optimization of aurone fluorescence
could lead to the development of biologically relevant fluorescent dyes, probes, and
chemo sensors.[1]

Some work has been done to evaluate the effect of derivatization of the aurone
structure on fluorescence emissions. Shanker et al. who synthesized four 4’-
Aminoaurones observed red shifted absorbance and emission spectra due to the
addition of electron rich groups on the benzene.['2] Solvatochromic trends were
observed as solvent polarity increased, fluorescence intensity decreased, and

emission wavelengths were red shifted. They also showed that their aurone



derivatives are cell permeable such that they were able to use them as fluorescent
cell dyes. The addition of halide, hydroxyl, and methyl substituents at various
positions on the benzofuran ring was explored by the Handy lab. They found that
when halogens were added closer to the carbonyl, at positions 4 and 5, absorbance
spectra were red shifted. Toxicity studies also revealed that methoxy and hydroxy
substituted compounds were more toxic that the only halide substituted
derivatives. [131'The addition of bromine and methyl groups at positions on both the
benzene and the benzofuran was reported by Espinosa-Bustos and colleagues.
They observed that across the board, aurones in less polar solvents displayed
increasingly wider Stokes shifts as well as increased in fluorescent intensities.[1]
Because distinct solvatochromic behavior is observed consistently regardless of the
specific derivatization, this is an important characteristic that can be manipulated
in studies utilizing aurone fluorescence. Based on previous work, we expect that
vanillin aurone derivatives yield brighter and more blue shifted fluorescence when
in will less polar solvents environments, as is consistent with the work of Espinosa-
Bustos and coworkers as well as Shanker and coworkers.
3. Vanillin aurone

The vanillin aurone is an aurone derivative in which the benzene ring has been
replaced with vanillin, such that there is now a methoxy group at the 3’ position
and a hydroxyl group at the 4 position. (figure 2) This addition of electron
donating groups contributes to the delocalized electrons involved in the

fluorescence process and thus increases fluorescent intensity.



Here we report that vanillin aurone excites between 418-436 nm and shows
maximum emissions between 490-540 nm depending on the solvent condition.
The aurone displays strong solvatochromic fluorescent emissions such that an

increase in fluorescent intensity is observed as polarity decreases. We asked

c o O OMe
OH
Figure 2: Chemical structure of vanillin aurone
whether vanillin aurone could be a useful small molecule fluorophore with unique
advantages due to its specific solvent sensitivities. We characterize the vanillin
aurone’s fluorescent properties and investigate broader applications of the dye in
biochemical assays as well as evaluate its limitations. In order to assess the
solvatochromic behavior of the dye, emissions behavior and extinction coefficient
calculations were performed in five solvents of systematically varied polarities. Our
knowledge of the solvent impact on fluorescence is further informed by time-
dependent density functional theory analysis (TD-DFT) done using the five
solvents’ dielectric constants to determine calculated values for fluorescence
characteristics. These data alongside the experimental data supports the
conclusion that vanillin aurone emits from a heterogeneous mixture of three
fluorescent excited states: planar, twisted intermolecular charge transfer state, and
deprotonated. We see that the solvent environment likely influences the majority

fluorescent state from which the excited vanillin aurone emits.



Our computational data suggest that emissions largely result from a planar
excited state. For this reason, we next performed studies to determine whether
protein binding could promote altered emissions due to altered conformation. We
explore the binding potential of vanillin aurone to the model AAA+ binding
domain of YMEI1L. Vanillin aurone-stained HeLa cells were imaged by
fluorescence microscopy to show cell membrane permeation. Taken together,
these results indicate that the vanillin aurone could be useful as a starting point for

future therapeutics targeting nucleotide hydrolase.

CHAPTER 2: RESULTS AND DISCUSSION

1. Solvatochromic behavior

To characterize vanillin aurone fluorescence, titrations were performed
wherein vanillin aurone concentration was systematically increased in solvents
ranging in polarity from low to high. By doing this we hoped to define fundamental
photo physical parameters including Aex, Amax, Stokes shift, and linear range of
detection as a function of solvent. The five solvents used throughout this work are
dimethyl sulfoxide (DMSO), H-O, ethanol, acetone, and toluene. For these
fluorescent titrations an optimal excitation wavelength was determined for each
solvent condition first by executing an excitation scan of vanillin aurone in
solution. In the excitation scan, emissions are observed at a fixed wavelength while
the excitation wavelength is varied. The wavelength yielding maximum emissions
can be inferred to reflect the wavelength supporting maximum absorbance. As

figure 3.A shows, the largest excitation wavelength is found in the water



condition at 436 nm and the smallest at 418 nm for the acetone condition. Even
still, absorbance wavelengths of the vanillin aurone do not appear to vary greatly
and stay roughly within the range of 420 nm to 440 nm. The fluorophore displays
large Stokes shifts in all solvent conditions with the largest gap seen in the H-O
solvent condition at 103 nm. As seen in the table in figure 3.A, which indicates
the polar nature of each solvent used alongside the observed Stokes shift of vanillin
aurone, the Stokes shifts increase as the polarity of the solvent increases. Protic

nature was also highlighted here as we speculate that the observed solvent

A) Solvent l;zll:'ii\t’: Protic or Aprotic Abs (nm) Emission (nm) Stokes Shift (nm)
Toliene 0.099 A 423 491 81
Neatona 0.355 A 418 499 93

DMSO 0.444 A 421 514 91
EtOH 0.654 P 425 516 68
H,0 1 P 436 539 103
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Figure 3: Comparative solvent effects. all data was obtained by triplicate fluorescent titrations
in each solvent environment. A) table of absorbance or excitation wavelengths, emission
wavelengths and the calculated Stokes shift for vanillin aurone in each solvent environment
shown alongside extended information about the nature of each solvent used, including relative
polarity and protic character. 4 B) graphical representation of Stokes shift trend. Solvents are
organized by increasing polarity from left to right. These data were treated with one way
ANOVA analysis and pairwise comparisons are included above the data points to indicated
significant variance. ns = not significant with a p> 0.1234, ****p < 0.0001, ***p < 0.0002, **p
<0.0021, *p < 0.0332



dependent trends are due to hydrogen bonding with the hydroxyl group of the
vanillin ring. This intermolecular interaction impacts fluorescence by diminishing
the overall emission intensity. Figure 3.B depicts this trend graphically as the
solvents are arranged in order of increasing polarity from left to right.

Besides the Stokes shift, other spectral differences are observed as a result
of the solvent environment such as varying fluorescence intensity and maximum
emission wavelength. We observe that as polarity of the solvent increases,
fluorescence intensity is hypochromic, that is fluorescence intensity decreases
(figure 4). With that trend we might expect to observe hyperchromic, or
increased, fluorescence intensity of vanillin aurone in toluene. However, when in
the nonpolar environment of toluene, fluorescence emissions are relatively low
showing an intensity of roughly 6 hundredths of the fluorescence emissions
observed in acetone. We speculate that this low fluorescence could be a result of
potential pi-pi stacking between toluene and the benzofuran ring of vanillin aurone
resulting in fluorescence quenching. In figure 4.A the linear increase in
maximum fluorescence intensity is plotted as a function of increasing fluorophore
concentration and we see that the polar solvent H.O shows dramatically lower
fluorescence intensities as compared to the more weakly polar solvents like DMSO.
The solvent environments which yielded the greatest fluorescence emissions,
acetone and DMSO, show fluorescent signals that begin to deviate from linearity
at higher vanillin aurone concentrations. This deviation indicates an upper limit to
the linear range of detection for vanillin aurone in these solvents which is

important to be aware of for use of vanillin aurone signal for quantitative purposes.



Figure 4.B overlays the fluorescent spectra of vanillin aurone in each solvent
condition. It is observed here and further pointed out in the table in figure 4.C
that with increasing polarity of the solvent environment vanillin aurone
fluorescence in quenched. This is supported by the near negligible fluorescence

observed in the H-O condition. Vanillin aurone in ethanol was more weakly



fluorescent, showing intensities roughly four times lower than those observed in

acetone, an observation consistent with the hypothesis that a protic solvent
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Figure 4: Solvent effects on fluorescent emissions. A) Each data point represents an average
of data collected in triplicate. Fluorescent intensities are plotted as a function of vanillin aurone
concentration. The figure legend identifies the solvents used as well as the maximum emission
wavelength of vanillin aurone in each solvent. The fluorescent intensities graphed here are the
intensities of vanillin aurone at those specified wavelength for each fluorophore concentration.
B) Each line is the average spectra of three replicates of fluorescence collected in each specified
solvent, labeled in figure legend, and shows 40 uM vanillin aurone fluorescence as a function
of wavelength. C) The impact of solvent polarity is highlighted as the polarity index is tabulated
alongside the maximum emission wavelength for each of the five solvents.[4]
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Figure 5: Impact of solvent polarity on fluorescence. All data points are averages from
titration experiments conducted in triplicate. For these data 10.18 uM vanillin aurone was used.
A) Fluorescent intensity of vanillin aurone is plotted as a function of the solvent polarity index
and each data point is labeled with the corresponding solvent environment.[* Excluding the
Toluene condition, these data were fit with a linear regression and the resultant line is printed
on the graph along with the r? value. B) Peak area is plotted as a function of the solvent polarity
index with the solvent condition for each data point labeled above. Excluding the toluene
solvent condition, these data were fit to a linear regression with the resultant line printed on the
graph along with the r? value. C) Peak wavelength in nm is plotted as a function of the solvent
polarity index with the solvent condition for each data point labeled above. All data points were
fit to a linear regression and the resultant line is printed on the graph along with the r? value.



environment negatively impacts the fluorescent capability of vanillin aurone. As
shown in figure 4.c, as polarity of the solvent increases, the maximum emission
wavelength is red shifted.

To cumulatively reflect on the observed solvent effects, we considered
relative solvent polarity and the specific impact this property has on vanillin
aurone fluorescence. Though the nonpolar solvent toluene correlates with very low
fluorescence, the more weakly polar solvents seem to facilitate large fluorescent
emissions. When plotted as a function of solvent polarity index, fluorescence
intensity decreases linearly for polar solvent conditions (figure 5.A ). These data
were fit with linear least squares regression producing an equation in the form of
y = mx + b where m=-4347.3, b=4235.5, and r2 = 0.9317. Peak area, that is the area
under the curve, shows a similar trend decreasing as the solvent environment
becomes increasingly polar (figure 5.B). The equation that resulted from the
linear fit of these data is in the form of y = mx + b where m=-343,183, b=332,468,
and r2=0.9515. For both the fluorescence intensity and the peak area trend, we
excluded the toluene condition from the linear fit as it is an outlier in both data
sets. As previously mentioned, we speculate that toluene engages in pi-pi stacking
interactions with the vanillin aurone rings giving rise to this deviation from
linearity in the fluorescence intensity and peak area trends. Though previously
determined that peak emission wavelength is red shifted as a result of increased

solvent polarity, when plotted as a function of solvent polarity index we see that



this decrease is linear yielding an equation of best fit with the form y = mx + b
where m=53.085, b=484.71, and the r2 value is 0.95 (figure 5.C).

As the expression of solvatochromic behavior is common among
chromophores, it was not surprising to observe such trends in vanillin aurone
fluorescence. Upon absorption of a photon, the electrons in a fluorescent molecule
rearrange, intensifying the dipole moment. In response to this excited state, the
surrounding solvent molecules must reorganize around the fluorophore.[s! This
phenomenon is the basis for the nonspecific solvent sensitivity expressed by all
fluorophores. However, solvent sensitivity that arises from specific solvent-
fluorophore interactions, such as hydrogen bonding, acid-base chemistry, or
formation of a solvent-fluorophore complex, more typically lead to significant,
distinct spectral shifts. For example, Su et al show that intermolecular hydrogen
bonding between methanol solvent and hydroxyl substituents on benzaldehyde
enhance fluorescent emissions.[5!

2. Impact of the absorbance process on solvatochromism

As increased polarity of the solvent environment leads to an apparent decrease
in vanillin aurone fluorescence, we determined the extinction coefficient (&) of
vanillin aurone in each solvent. If the decrease in fluorescence can be attributed to
decreased efficiency of the absorption process, vanillin aurone would yield lower &
values for more polar solvent conditions. We determined the ¢ of vanillin aurone
in various solvents by collecting absorbance values for known concentrations of
vanillin aurone in each solvent and plotting those absorbances as a function of

vanillin aurone concentration. This concentration range was chosen due to



deviation from linearity at higher concentrations. These data were fit with linear
least squares analysis producing a line in the form of y = mx +b. This line fits the

form of the Beer-Lambert equation.

Equation (1) A = bee (1)

Where A is absorbance, b is the path length, ¢ represents the fluorophore
concentration, and ¢ is the extinction coefficient of vanillin aurone in the specified
solvent.[16]When the data is fit to a line with the form of y = mx + b, (y) represents
the measured absorbance values, (x) is the known vanillin aurone concentration,
and the pathlength (b) is one. Therefore, the only remaining variable, the
extinction coefficient, is represented in the resulting equation by the term (m), the
slope of the line. The best fit lines produced from these experiments include a y
intercept term which ideally would equal zero as there is no y intercept term in the
Beer-Lambert equation (1). In this case the y intercepts are a product of some
experimental error or background noise, though are still relatively small.

Though we did observe some decrease in the ¢ as solvent polarity increased
(see figure 6), the magnitude of this trend indicates that there is likely another
explanation for the decrease in fluorescence. Differences in the extinction
coefficient alone do not explain observed differences in emissions occurring in
varied solvent systems. The rationale for this statement is drawn from comparison
of acetone with ethanol or H-O, where these solvents share a statistically identical

molar extinction coefficient, (see figure S1) yet exhibit unique emission



behaviors. It cannot be ruled out that the increased molar extinction coefficient for
the vanillin aurone determined in DMSO versus other solvents contributes to the
observed solvatochromic behavior. However, the ~2-fold increase in molar
extinction coefficient recorded for vanillin aurone in DMSO versus acetone does
not account for the increased emission in the latter solvent relative to the former.
For these reasons, we predict an alternative mechanism beyond solvent-dependent
differences in absorbance properties to explain differences in emission behaviors

reported here.



A) Vanillin Aurone in ACETONE Abs @418 nm
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B) | solvent | Extinction Coefficient (M'cm) | Standard Deviation (Mcm-)
H,0 14,914 +486.47
DMSO 25,971 1 922.73
Acetone 16,250 1 1865.94
EtOH 15,780 1+ 1532.45
Toluene 5,127 +292.8
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Figure 6: Extinction coefficients for vanillin aurone in different solvents. A) Representative
plot of vanillin aurone absorbance values in acetone as a function of concentration. All data
points are averages of values collected in triplicate. The data set is fit to a line with the form of
y = mx+b where m = 16,250 and b = 0.0339 and an r? value of 0.9981. According to the Beer-
Lambert law, where A = bce, the slope of each line is the extinction coefficient (¢) for vanillin
aurone in the specified solvent.[*s! Data for the other four solvent conditions can be found in
figure S2. B) For efficient comparison, the extinction coefficients of vanillin aurone in the
selected solvent environments are tabulated alongside the calculated standard deviation values

for each ¢.



4. Computational explanations of solvatochromism

Theoretical calculations done by a collaborator at Georgia State, Dr. Samer
Gozem, revealed that there are multiple potential fluorescent states from which the
excited electrons in the aurone can relax. The general structure of the vanillin
aurone is that of a benzofuran ring connected to the vanillin ring (see figure 1).
The exocyclic bond between the vanillin and the benzofuran is flexible and, if the
molecule is not stabilized by intermolecular interactions, could allow twisting of
the molecule out of an otherwise planar structure. In such a twisted state, an
intramolecular charge transfer mode of fluorescence is promoted. This structure
will be referred to as the twisted intermolecular charge transfer state (TICT)
(figure 77.A). Another possible fluorescent mode is the planar structure, modeled
in figure 7.B, where there is no twisting along the exocyclic bond and both the
benzofuran and the vanillin rings exist within the same plane. This planar
structure is expected to be yield brighter fluorescence than the TICT state as the
planar state maintains the extended ; network across both ring systems in the
vanillin aurone. In the TICT state the twisting around the exocyclic bond disrupts

the sharing of pi electrons across the molecule.
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As Phenols are known photoacids, in which pKa lowers from roughly 10 to
4 when excited.['71 Thus, the vanillin aurone may convert to a deprotonated state
upon excitation. This deprotonated state could arise from either the TICT structure
or the planar structure when the hydroxyl group on the vanillin ring is

deprotonated (figure 7.C).

A) TICT State

v

B) Protonated Excited State

C) Deprotonated Excited State
' ¢

©

Figure 7: Visual representation of proposed vanillin aurone fluorescent excited states. A)
Ball-and-stick model of the planar fluorescent excited state in which both the benzofuran ring
and the vanillin ring of the aurone exist within one plane. B) Deprotonated fluorescent excited
state in which the hydroxyl group on the vanillin ring is deprotonated. The model shown here
is in a planar state, however, the hydroxyl group can be deprotonated in either a planar or
twisted vanillin aurone structure. C) TICT, or twisted intermolecular charge transfer, state in
which the vanillin and benzofuran rings are twisted around the exocyclic bond such that the
two rings do not reside in the same plane.



v T
Dielectric Abs_, Abs,,,
Toluene 2.3741 420 423
Acetone 20.493 425 418
Ethanol 24.852 426 421
DMSO 46.826 429 425
Water 78.39 425 436
B) T
Emissions WL (nm)
Dielectric | Planar | TICT Deprotonated | Experimental
Toluene 2.3741 459 560 605 491
Acetone 20.493 462 592 553 499
Ethanol 24.852 462 592 562 514
DMSO 46.826 467 594 558 516
Water 78.39 462 595 546 539
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Figure 8: Calculated absorbance and emission values alongside experimental. Values
calculated by density functional theory for vanillin aurone in the planar, TICT, and
deprotonated excited states are tabulated alongside experimental data for each of the five
solvent conditions. Note that though a deprotonated TICT is likely to exist, these calculations
represent a TICT state that is protonated. A) Calculated and experimental absorbance
wavelengths are shown alongside the dielectric constant for each solvent. B) Calculated and
experimental emission wavelengths are shown alongside the dielectric constant for each

solvent.

Time dependent density functional theory was applied to each of the three

proposed fluorescence excited states, and as shown by our calculations (figure 8

and 9), each of these fluorescent states yield different emission trends resulting in

variable Stokes shifts. These calculations were conducted using the dielectric

constants of each of the five solvents used for the fluorescence titration



experiments, so that the calculated data would reflect the impact of solvent
fluorophore interactions. As previously mentioned, a deprotonated state may arise
from a planar or a TICT structure. However, TD-DFT calculations were only
performed for the deprotonated planar state because the TICT structure is
expected to disrupt the conjugated pi system. This would inhibit fluorescence such
that any amplification of fluorescence due to deprotonation would be masked by
the disruption of the extended pi system.

As shown in figure 8.A, the calculated absorbance wavelengths do not vary
significantly among the solvent conditions and are in good agreement with the
experimental data. This finding is consistent with the experimental extinction
coefficients for the vanillin aurone in each solvent condition which were found to
be minimally affected by the change in environment. We see generally increased
emission wavelengths in the calculated data sets for both the TICT and
deprotonated fluorescent states as compared to the planar fluorescent state
(figure 8.B). These larger emission wavelengths serve to increase the calculated
Stokes shift of the TICT and the deprotonated fluorescent states above that of the
experimental data (figure 9.A). The oscillator strength, which indicates relative
fluorescent intensity, does not vary notably in response to the solvent
environment. However, the TICT state correlates with significant fluorescent
quenching while the largest fluorescent intensities are calculated for the

deprotonated state (figure 9.B).



A) Stokes Shift (nm)
Dielectric | Planar TICT | Deprotonated | Experimental
Toluene | 2.3741 39 140 185 68
Acetone | 20.493 37 167 128 81
Ethanol | 24.852 36 166 126 93
DMSO | 46.826 38 165 129 91
Water 78.39 37 170 121 103
B) Fluorescent Intensity
Oscillator strength Relative Intensity
Dielectric Planar TICT Deprotonated|  Experimental
Toluene | 2.3741 0.6586 0.0002 0.7938 0.058
Acetone | 20.493 0.675 0.0002 0.8253 1
Ethanol | 24.852 0.6774 0.0002 0.8254 0.767
DMSO | 46.826 0.7076 0.0002 0.8647 0.324
Water | 78.39 0.6726 0.0002 0.8227 0.012

Figure 9: Calculated Stokes shifts and fluorescent intensity alongside experimental.
Values calculated by density functional theory for vanillin aurone in the planar, TICT, and
deprotonated excited states are tabulated alongside experimental data for each of the five
solvent conditions. Note that though a deprotonated TICT is likely to exist, these calculations
represent a TICT state that is protonated. A) Calculated and experimental Stokes shift values
are recorded alongside the dielectric constant for each solvent. B) Calculated oscillator strength
for the vanillin aurone in each of the three fluorescent states is tabulated alongside the dielectric
constant for each solvent. The relative fluorescent intensity of vanillin aurone in each solvent

environment is reported for comparison.
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These calculated data, taken with our experimental data, seem to suggest
that the observed fluorescent emissions of the vanillin aurone arise from a
heterogeneous mixture of the three possible excited states: planar, TICT, and
deprotonated fluorescent states. In such a mixture, fluorescent emissions from the
planar deprotonated state and, to a lesser extent, from the planar protonated state
would contribute positively to the total observed fluorescent emissions. Emissions
from the TICT state contribute negatively and ultimately decrease the overall
fluorescent emissions as illustrated by figure 10. The relative composition of the
heterogenous mixture of fluorescent states is impacted by the solvent

environment. Thus, we see varied emissions wavelengths and Stokes shifts among

Fp+H o F H
! !

FTI'CT FTICT - H

Figure 10: Fluorescent state interconversions. Visual representation of vanillin aurone’s
transitions from one fluorescent state to another as is expected in a heterogeneous mixture of
fluorescent states. *F, represents the deprotonated planar state. *FyH indicates the protonated
planar state. Frict and Frict — H are the twisted intermolecular charge transfer states when
deprotonated and protonated respectively.

our experimental data due to shifting equilibria between states. Based on these
data, we hypothesize that in a strongly polar environment the vanillin aurone emits
from the TICT state more so than in a weakly polar solvent environment.

The interpretation that deprotonation of the hydroxyl group on the vanillin ring
contributes to a significant increase in fluorescent emissions is supported by the

comparative fluorescence of the piperanol aurone. When modified such that the



vanillin aurone is further cyclized and the hydroxyl is connected to the methoxy
group at the 4’ position (see structure in figure S3.A), forming a piperanol
aurone, the possibility of deprotonation is eliminated. The piperanol aurone shows
quenched fluorescence like that of the vanillin aurone in water (figures S3.B and
S3.C) Further experimentation will be necessary to elucidate the factors
determining the fluorescent state that vanillin aurone adopts.
4. Vanillin aurone interactions with YME1L-AAA+
4.1. Introduction

As we saw that solvent environment causes a shift in the population of vanillin
aurone in a particular fluorescent state, we speculated that binding to a protein
could provide a similar environmental shift impacting wvanillin aurone
fluorescence. As shown in the fluorescent titrations, vanillin aurone is very weakly
fluorescent in H-0, indicating that the polar environment promotes the adoption
of a TICT fluorescent state. However, when bound to protein in an aqueous
environment we hypothesize that fluorescence will increase as binding provides a
more nonpolar local environment around the vanillin aurone or stabilizes the
brighter, planar or planar deprotonated fluorescent state. To test this hypothesis,
we use a nucleotide binding protein, YME1L, as a model system due to common
structural features shared between vanillin aurone and nucleotides.
4.2. YME1L-AAA+ as a model protein

Proteins that couple chemical energy derived from hydrolysis of nucleoside

triphosphates (NTPs) to another catalytic activity resulting in the production of

mechanical force are frequently referred to as molecular machines or molecular



motors. Such proteins are ubiquitous within the cell and contribute to a diverse
range of operations including muscle contraction, cellular transport, and reading
and writing genetic material.[18] Among this group of essential proteins is the AAA+
superfamily of ATPases, that is ATPases associated with various -cellular
activities.[19] Proteins in this superfamily catalyze the hydrolysis of adenosine
triphosphate (ATP) often functioning at the interface of two protein subunits. The
AAA+ superfamily maintains highly conserved structural features and overall ATP
hydrolysis mechanism.

As such, the ATP dependent, inner mitochondrial membrane protease,
YMEI1L, has been shown to be a useful model system for studying the function of
AAA+ superfamily proteins. YME1L is a hexameric ATP-dependent protease that
is embedded into the inner mitochondrial membrane and contributes to
mitochondria morphology and protein quality control. As in other AAA+ protein
structures, YME1L structure includes such canonical motifs as the Walker A,
Walker B, and P-loop which are integral for ATP binding and hydrolysis.[20] As
shown by the work of the Miller lab, the isolated AAA+ binding domain of YME1L
(YME1L-AAA+), which purifies as a monomer, is useful as a model for evaluating
nucleotide binding of the overall hexameric structure. They show, by way of a series
of fluorescent titrations, that YME1L-AAA+ binds ATP and ADP with apparent
dissociation constants of 29.11 + 3.12 uM and 5.5 + 0.6 uM respectively.[21] Binding
of substrate to YME1L-AAA+ is observed through a change in fluorescent signal
that is attributed to the altered microenvironment around the fluorescent

tryptophan residue, W518, located in the lid domain of YME1L directly adjacent to
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the nucleotide binding site (see figure 11). As such, when nucleotide is bound, the
fluorescent emissions of W518 blue shift from 349 nm to 343 nm. In this way,
binding activities can be observed and evaluated with confidence as there is only

one intrinsic fluorophore present in the YME1L-AAA+ domain.[*9]

,/{\/) N _ Lid domain

W518

Vanillin aurone

Figure 11: Vanillin aurone docked to YME1L-AAA+. Image of the YME1L-AAA+ domain
with vanillin aurone, colored in red, docked within the hinge region of YME1L-AAA+ between
the lid and base domains of the protein (red box). W518 is also highlighted in this structure to
show the likely pi-pi stacking interaction with the benzofuran ring of vanillin aurone.

4.2. Ligand docking to YME1L-AAA+ domain

The outlined methodology had been used to observe YME1L-AAA+
nucleotide binding, we considered that the structure of vanillin aurone is similar
to nucleotide structures in that they both have conjugated ring systems which allow

for pi-pi stacking interactions with the indole of Trp residues. For this reason, we



hypothesized that YME1L would be able to bind vanillin aurone as well. If taken as
a model system for AAA+ superfamily, it implies the ability of AAA+ superfamily
proteins to bind vanillin aurone.

To further explore this potential binding activity, in silico prediction of the
interactions of vanillin aurone with the nucleotide binding site of YME1L-AAA+
was conducted by Chad Brambly using rigid body docking coupled to molecular
dynamics-based equilibration. It was found that the vanillin aurone docks at the
hinge region between the two protein subdomains and is positioned such that the
benzofuran rings align in parallel with the indole side chain of the W518 residue
(figure 11). This suggests that there are pi-pi stacking interactions between the
vanillin aurone and the indole of W518. However, these interactions do not seem
to change the nitrogen hydrogen bonding of the indole, which predicts that the
peak emission wavelength of W518 will not change. Taken together, this work
supports the hypothesis that AAA+ proteins are capable of binding vanillin aurone
and, upon such a binding event, a shift in fluorescence of the binding site

tryptophan should be evident.



1000

K,=23.4£0.7 uM

[

A)

Figure 12: Binding observed through Trp
signal All data points and spectral lines

)| ¥ | shown represent an average of data
JJIT' collected in triplicate A) Tryptophan
Jl\j\.\ fluorescence is plotted as a function of
B vanillin aurone concentration. Tryptophan

, was excited at 295 nm and emissions

B) observed at 349 nm. The straight line is the
Ir best fit to the Hill equation with an n
b ] constrained to 1 and the resultant
parameters are as described in the text. B)
The area under the curve was calculated for
. each vanillin aurone concentration and
0 plotted as a function of increasing vanillin
' ' aurone concentration. The straight line is
the best fit to the Hill equation with n
constrained to 1 and the Ky was determined,
and other parameters are as described in the
text. C) The maximum emission
wavelength, or peak wavelength, is plotted
as a function of increasing vanillin aurone
concentration. The dotted black line
represents the average value of the data set.

500

Flu,,, (AU)

60000 r
K,=28.1+0.9 uM

20000

Peak Area

380 -
360 4
340

3204

Peak Emission
Wavelength (nm)

300 4 T
0 50 100 150 200

[Vanillin Aurone] (uM)

4.3. Binding observed through tryptophan fluorescence signal
With this data in mind, we designed a set of fluorescent titration
experiments to evaluate vanillin aurone binding. To observe binding through the
perspective of tryptophan fluorescence we conducted a titration in which the
protein concentration is held constant and vanillin aurone is added to solution
(figure 12). Based on the known fluorescent behavior of tryptophan and its high
level of solvent sensitivity, the tryptophan signal is expected to decrease upon
substrate binding due to the expected pi-pi stacking interaction between the indole

of W518 and vanillin aurone. We see that the fluorescence emissions, observed at



349 nm, do decrease with each addition of vanillin aurone as does the peak area.
The hyperbolic shape of the graphs suggests that the binding is non-cooperative,
and likely, that vanillin aurone and YME1L-AAA+ bind in a 1:1 stoichiometric ratio.
(figure 12.A and 12.B)

However, to assess the possibility of multiple vanillin aurone molecules
binding to YME1L-AAA+, we fit both data sets to an unconstrained Hill equation.

Based on the model that

Equation (2) E + nX K_T" — (2)

Where E is YME1L-AAA+, X is the vanillin aurone, EX represents the vanillin
bound to YME1L-AAA+, and n is the Hill coefficient, a term that correlates with

the cooperativity of binding.
Equation (3) signal = AFK 0 [X]" (3)
1+ Ky X"

The Kapp calculated in this way is the inverse of the apparent dissociation
equilibrium constant (Ka).[22] From this fit we get the equilibrium association
constant of 43,115 + 1,383.9 M and 33,728 + 1,274 M- for fluorescence intensity
data and peak area data respectively. The calculated amplitudes for fluorescence
intensity and peak area data are 683.5 + 10.85 and 43,075 + 756 AU respectively
and the resultant Hill coefficients are 1.025 + 0.031 and 0.917 + 0.027 respectively.
As the Hill coefficients were approximately 1 for both data sets, we refit the data to
the Hill equation with a coefficient constrained to 1 indicating non-cooperative or

single-site binding. The constrained fit yielded a Ka of 42,704 + 1,296 M and an



amplitude of 69 + 5 AU for data derived from fluorescent intensity. The
constrained fit for peak area data produced a Ka of 35,542 + 1,171 M and an
amplitude of 41,084 + 282. A (Ka) of 23.2 £ 0.7 uM and 30 + 1 uM were derived
from both the fluorescent emissions and the peak area data sets respectively. These
values are in fair agreement with each other and reflect a tight/stable binding that
is comparable to the binding of ATP and YME1L-AAA+ which was shown to have
an experimental dissociation constant of 29.8 + 3 uM. [21]

We observe that the peak emissions wavelength remains roughly constant
at around 350 nm as protein concentration increases (figure 12.C). This is
consistent with the expected fluorescent trend of tryptophan in the case where the
lid domain of YME1L-AAA+ remains largely in an “open” state such that bound
vanillin aurone is predominantly interacting with Walker A and P-loop regions on
the base domain. Upon hydrogen bonding with the indole of tryptophan,
fluorescence emissions will be red shifted and quenched.[211Without the lid domain
closing around the W518 in the NTP binding site, no significant red shift of the
peak emission wavelength is expected. Here we observe emission wavelengths that
remains constant throughout the course of the titration (figure 12.C) indicating
that there is no hydrogen bonding with the indole. This observation is consistent
with the behavior of tryptophan engaged in pi-pi stacking with vanillin aurone as
was predicted (figure 11) rather than hydrogen bonding with the vanillin aurone.
Because vanillin aurone does not hydrogen bond with the indole nitrogen, the
nitrogen remain able to interact with water causing no change in the emission

wavelength.



4.4. Binding observed through vanillin aurone fluorescent signal
Because vanillin aurone is itself fluorescent, we designed an experiment to
observe the change in vanillin aurone emissions upon aurone binding. While

keeping the concentration of vanillin aurone constant at 30 uM we titrated in

YME1L-AAA+ and observed emissions of the vanillin aurone when excited at 436
nm. As we have seen, the fluorescence emissions of vanillin aurone increase when
in less polar solvent environments. Therefore, it can be predicted that upon
binding, the vanillin aurone will be shielded in part from interactions with the
polar solvent environment. This shift to an effectively nonpolar local environment
along with the stabilization of a planar vanillin aurone structure, the state
associated with increased fluorescence intensity, in the bound state is predicted to
result in an increase of vanillin aurone fluorescence emissions upon binding to
YME1L-AAA+. Indeed, titrations reveal a linear increase in vanillin aurone
fluorescent emission intensities and peak area. As shown in figure 13.A,
fluorescent emissions are also blue shifted toward shorter wavelengths as protein
concentration increases. This shift is also described in figure 13.D where the peak
emission wavelength is plotted as a function of YME1L+AAA+ concentration such
that a biphasic trend is observed as the vanillin aurone transitions from a
predominately polar environment to a predominantly nonpolar environment. This
reflects the decrease in polarity of the local environment around vanillin aurone
upon binding to YME1L-AAA+ and is consistent with our initial characterization

of vanillin aurone fluorescence.
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Figure 13: Binding observed through vanillin aurone signal. All data points and spectral
lines shown represent an average of data collected in triplicate A) The fluorescent spectra of
data collected in triplicate where vanillin aurone fluorescence intensity is plotted as a function
of wavelength. Each spectral line represents a different concentration of YME1L-AAA+
ranging from 0.64 uM up to 7.9 uM. B-C) Peak area and vanillin aurone fluorescent intensity
are plotted as a function of increasing YME1L-AAA+ concentration. The straight line is the
best fit to a linear least squares analysis and produced the equations printed on the graphs. D)
Peak emission wavelength is plotted as a function of increasing YME1L-AAA+ concentration.
As the data is biphasic, each phase is treated with linear least squares analysis separately and
yield the equations as shown on the graph.



Both peak area and fluorescence intensity increase linearly with the continued
addition of YME1L-AAA+ (figures 13.B and 13.C) This trend suggests that
protein binding may alter vanillin aurone conformation to increase the population
of planar state molecules in water, as the planar fluorescent state is more
fluorescent than the TICT state. It is necessary to note that this titration was
performed at conditions in which the vanillin aurone is in excess for the entirety of
the titration such that it would not be expected to observe a plateau in the emission
intensity data or peak area data as the protein concentration increases.
5. Cell viability assays

With these data indicating vanillin aurone binding to the AAA+ binding
domain of a model AAA+ superfamily protein, we asked if vanillin aurone may
prove toxic to cells. If vanillin aurone is able to permeate the cell, it would be highly
toxic as a result of binding ATPases which are ubiquitous and structurally
homogeneous in the cell. Such an interaction would provide the basis for vanillin
aurone development as a potential therapeutic.

To assess cell permeability, we treated HeLa cells with 100 uM vanillin

aurone and co-stained the cells with Hoescht, a blue-fluorescent dye that localizes
to the nucleus.21] Fluorescence confocal microscopy was used to image the cells
where vanillin aurone was excited at 488 nm and Hoescht was selectively excited
at 405 nm. Dye-specific filter sets were used to selectively observe emissions. After
treatment, the vanillin aurone, which exhibits green fluorescence, was found to
cross the cell membrane as shown by the bright green fluorescence in the cells of

figure 14.A-D. As can be seen in the second image on the top row, there is some



green fluorescence observed within the nucleus as well. However, rather than
assuming that vanillin aurone also permeates the nucleus, we propose that this is
bleed through from the co-stain, Hoescht. As a control the experiment was
repeated with only vanillin aurone treatment. In those images, we still observe
bright green fluorescence within cells, however the fluorescence stays outside the
nucleus (figure S4).

Figure 14.C shows transmitted light photomultiplier tube (T-PMT) images
of the HelLa cells. In these T-PMT images living cells and collapsed dead cells can
be observed in the image of the cells that were treated with vanillin aurone. The
control, DMSO and Hoescht staining only, does not contain these dense, collapsed
cells. The vanillin aurone treated HeLa cells when excited at 488 nm show the same
dense, collapsed cells as seen in the T-PMT (figure 14.A). These dead cells show
up as bright green indicating the presence of vanillin aurone. This observation
supports the conclusion that vanillin aurone is toxic to cells which may be due to
its AAA+ protein family binding activity. However, future work is needed to
conclusively demonstrate this effect in a cellular environment.

To evaluate the cellular response upon vanillin aurone treatment we
incubated HeLa cells with vanillin aurone for 24 hours for use in a PrestoBlue™

cell viability assay to assess vanillin aurone toxicity. As figure 14.B shows, the cell
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Figure 14: Fluorescent cell images and cell viability assay results. Fluorescent cell images
of HelLa cells stained with both vanillin aurone and Hoescht. The control group, treated with
only DMSO solvent and Hoescht stain is shown in the second row of images while vanillin
aurone and Hoescht duel stained HelLa cell images are shown across the first row. A)
Fluorescent images of the cells upon excitation of the Hoescht cells at 405 nm. B) Fluorescent
images of the cells upon selective excitation of vanillin aurone at 488 nm. C) Images of the
non-fluorescent T-PMT image capturing all present cells. D) The fourth column overlays the
405 nm and 488 nm excitation fluorescent images with the T-PMT images for each treatment
condition (ie. with or without vanillin aurone). E) graphical representation of the PrestoBlue™
cell viability assay. Relative cell viability is shown as a function of increasing vanillin aurone
concentration (green). Each bar represents the average of data collected in triplicate. Controls
are shown where HelLa cells are treated with only media (pink) and media with a specified
composition of DMSO (blue). ANOVA tests were applied to these data such that ns = not
significant with a p > 0.1234, * represents p < 0.0332, ** represents p < 0.0021, *** represents
p <0.0002, and **** represents p < 0.0001



viability decreases as vanillin aurone concentration increases such that an IC50 is
reached between 1 - 7 uM. This preliminary work confirms that vanillin aurone
indeed causes cell death. This work provides the foundation for the development

of vanillin aurone for therapeutic applications.

CHAPTER 3: MATERIALS AND METHODS
1. Materials: All reagents and solvents, including benzofuran, vanillin, acetone,
DMSO, ethanol, and toluene were commercially obtained to be greater than
95% purity. Solvents used are ACS grade; no specific measures were taken to
ensure the solvents were anhydrous. Double distilled water from an Elga Pure
Lab Ultra water filtration system was used for all aqueous solutions and assays.
All fluorescence data was collected on a Hitachi F-4500 fluorescence
spectrophotometer. Absorbance values were collected on a Hitachi U-2900
spectrophotometer.
2, Methods
2.1. Vanillin aurone synthesis
The vanillin aurone is synthesized through an acid catalyzed aldol
condensation reaction. Benzofuranone is added to vanillin in glacial acetic acid
with catalytic HCI and the reaction is mixed for roughly 2-3 hours. Cross aldol
reactions can result in excess byproduct formation if the ketone or aldehyde engage
in a self-Aldol reaction.[22] However, the selection of an aldehyde not capable of
enol formation, such as vanillin, and a ketone that is able to form an enol helps to

direct the reaction toward the desired product. It is also helpful that vanillin is an
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Figure 15: Synthetic scheme of vanillin aurone

aldehyde and for steric reasons is more reactive than benzofuranone. This will
further encourage the cross-Aldol reaction over the self-Aldol.[25]

After three hours, the homogenous mixture is diluted with roughly 10 mL of
water resulting in a precipitate, the vanillin aurone, that is filtered then washed
with additional water. Finally, the precipitate is air dried and then further dried in
a desiccator overnight. The product is obtained in 75-90% yield depending on scale
and is pure by 1tH NMR.

2.2. Fluorescence titrations

Solid vanillin aurone was weighed and dissolved in dimethyl sulfoxide
(DMSO) to make a 1 mM stock solution. The stock solution was made by using the
known molecular weight of vanillin aurone, 268.27 g/mol. Using the 1 mM stock
solution, a 100 uM solution was made using each of five solvents: toluene, acetone,
DMSO, ethanol, and water. The 100 pM solutions served as the titrant for the
fluorescent titration experiments. For each condition, the optimal excitation
wavelength was determined by conducting an emission scan on the 100 uM vanillin

aurone titrant solution. The optimal excitation wavelength varied slightly with the



change in solvent environment. The excitation wavelengths and emission
wavelength ranges for vanillin aurone in each solvent are as follows: acetone, 418
nm, 430-700 nm; toluene, 423 nm, 450-700 nm; DMSO, 421 nm, 430-700 nm;
H-0, 436 nm, 445-700 nm; ethanol, 425 nm, 450-700 nm. The observed
maximum fluorescent emissions wavelengths for the toluene, acetone, DMSO,
ethanol, and water conditions are 491, 499, 514, 516, and 539 nm respectively.

Following the collection of a blank conducted on 300 uL of pure solvent,
two microliters of titrant was added and followed by excitation and collection of
fluorescent emissions. This process was repeated adding two microliters at a time
until a total addition volume of 50 uL was reached. Once a total titrant addition
volume of 50 uL was reached the titrant increment was increased from two
microliters to ten microliters at a time until a total addition volume of 200 uL was
reached. Data was collected in this way in triplicate for each of the five solvent
conditions and then analyzed in Excel software.
2.3. Extinction coefficient calculations

To determine the extinction coefficient (¢) for vanillin aurone in each of the
solvent conditions, a series of five solutions of increasing vanillin aurone
concentrations were made. For the DMSO solvent condition, solid vanillin aurone
was dissolved into DMSO in order to make a 1 mM stock solution. This stock
solution was then further diluted into more DMSO to make 5, 10, 15, 20, and 25
micromolar solutions. Each of these five solutions was placed in a clean quartz
cuvette and a Hitachi U-2900 spectrophotometer was used to measure the

absorbance of the vanillin aurone in DMSO at that concentration. Absorbance



values were recorded for each of the five concentrations then plotted as a function
of vanillin aurone concentration. According to the Beer-Lambert law (A = bece,
where A is the chromophore absorbance, b is path length, ¢ is the chromophore
concentration, and & is the molar absorptivity or extinction coefficient), when
absorbance is plotted as a function of chromophore concentration the relationship
will be linear and can be fit to a straight line having a slope equivalent to the
extinction coefficient for that chromophore in that particular solvent
environment.['6] Extinction coefficients were calculated in this way for vanillin
aurone in each of the solvents and the excitation wavelengths used were the
optimal wavelengths previously determined for the fluorescence titration
experiments. No special efforts were taken to ensure solvents were dry, therefore
these solvents may have contaminating water present.

Due to limited solubility in water, calculation of the & for vanillin in water
deviated slightly from the described procedure. Instead of dissolving solid vanillin
aurone directly into water to make the stock solution, the 1 mM DMSO stock was
used and diluted into pure water to make the five small concentrations needed to
obtain absorbance values.

2.4. Density functional theory calculations

The geometry of vanillin aurone was optimized in each solvent using density
functional theory (DFT) with the B3LYP functional and 6-31+G* basis set. [26:27]
The conductor-like polarizable continuum model (C-PCM) was used to describe

the solvent effect on the geometry. [28-30] The dielectric constant and optical



dielectric for each solvent was obtained from the Minnesota solvent descriptor
database.[31]

Vertical electronic excitation energies (VEEs) were computed with time-
dependent DFT (TD-DFT) using the B3LYP/6-31+G* functional and basis set in
each solvent. The random phase approximation (RPA) was used for TD-DFT. [32]
The C-PCM solvation model was also used for TD-DFT, although the non-
equilibrium linear response formalism was used to account for the effect of
solvation on the excitations.33] It is assumed that the VEEs are a good
approximation for the wavelength of maximal absorbance (i.e., that the Franck-
Condon approximation holds for this system).

Fluorescence wavelengths were computed as VEEs after optimizing the
fluorescent (excited-state) geometry. The same TD-DFT protocol is used for
computing the fluorescence energies, including the use of RPA. However, the
excited-state geometry optimizations were performed using the Tamm-Dancoff
approximation instead of RPA.[34]

The fluorescence calculations were performed for three types of fluorescent
states: one where the aurone is initially in a planar configuration, which resulted
in the optimization of a planar fluorescent state, one where the aurone was initially
twisted around the exocyclic single bond, which led to optimization of a twisted
intramolecular charge transfer (TICT) state, and one where the aurone is
deprotonated at the phenol group.

All calculations in this work were performed with the Q-Chem 5.4.0 electronic

structure software package. [29:33]



2.5. Molecular dynamics vanillin aurone docking

Model Preparation: The Swiss-Model web server was used to construct a
human YME1L-AAA+ domain homology model against a reference structure of the
resolved yeast YME1 (PDB code 6azo). Vanillin models were constructed in
Avogadro and subsequently docked with Autodock Vina to YME1L-AAA+
coordinates known to participate in nucleotide binding. Docked poses were then
validated with all-atom molecular dynamics (MD) in Gromacs.

MD: The Swiss-Param web server and pdb2gmx were used to generate
Charmm36 compatible parameter sets for vanillin and YME1L-AAA+, respectively.
The docked complex was solvated in a rhobmic dodecahedron with TIP3P water.
Neutralizing ions were added and the system was minimized by steepest descent
for 1000 steps. Heavy atoms were then restrained during a brief 100 ps simulation
via a canonical ensemble (NVT) with velocity rescaling to bring the system
temperature to 298.15 K. To encourage a stable ligand interaction, the restraining
potential was relaxed by slowly reducing the applied force constant (k) from 1000
to 250 kJ mol* nm2 throughout successive rounds of additional equilibration in
accordance with the isothermal-isobaric ensemble (NPT). Temperature and
pressure were maintained at 298.15 K and 1.0 bar with velocity rescaling and
Berendsen pressure coupling, respectively.[35] Restraints were then removed, and
production MD was allowed to proceed for 200 ns. The NPT ensemble was
maintained during production MD by Nose-Hoover and Parinello-Rahman

temperature and pressure coupling, respectively. [36-38] Dynamic equilibration was



assessed by RMSD block averaging, with equilibrated frames used for subsequent
analysis of binding site interactions.
2.6. Fluorescent titrations with YME1L-AAA+

All titrations were carried out using a Hitachi F-4500 fluorescence
spectrophotometer and executed in triplicate.
2.6.1. Titration Design 1: YME1L-AAA+ titrant and vanillin aurone

Jluorescence observed

YME1L-AAA+ was expressed and purified as previously described by the

Miller Lab Group.[2!] Purity was assessed to be greater than 95% by Coomassie
staining methods. The protein was then dialyzed into a buffer consisting of 10%
glycerol, 25 mM HEPES, and 150 mM NaCl using Thermo Scientific Slide-A-
Lyzer® 20,000 MWCO MINI dialysis units. After dialysis, the protein
concentration was determined by taking the average of absorption readings taken
by a nanodrop spectrophotometer and calculating the concentration by using the
Beer-Lambert equation in combination with the known & for YME1L-AAA+, 1.15 x
104 M-ict at 280 nm. This protein solution at 19.81 uM was used as the titrant for
this set of experiments.

For the experiment, a 300 pL, 30 uM solution of vanillin aurone was
prepared by diluting the previously described 1 mM vanillin aurone stock in DMSO
into YME1L-AAA+ dialysate. This solution was placed in a The titration was
conducted by adding 10 uL of protein titrant to the vanillin aurone solution in the
cuvette, then allowing four minutes of equilibration time before exciting the

vanillin aurone at 436 nm and collecting fluorescence emissions from 445 nm —



700 nm. Slit widths of 5.0 nm and PMT voltage of 700 V were used. quartz

fluorescence cuvette and used for the fluorescent titration experiment. This

process was repeated at 10 uL increments until a total addition volume of 200 uL

was reached. Data from this experiment was analyzed in Excel where dilution of

the vanillin aurone as YME1L-AAA+ concentration increased was adjusted for.

2.6.2. Titration Design 2: Vanillin aurone titrant and YME1L-AAA+
W518 fluorescence observed

YME1L-AAA+ was expressed, purified and dialyzed as previously
described.[211 This protein was used to make a 2.97 uM solution which was placed
in a quartz fluorescence cuvette for the titration experiment. The titrant was
prepared from the 1 mM vanillin aurone in DMSO stock solution as before and
diluted into YME1L-AAA+ dialysate to a 500 uM solution.

The titrant was added to the 2.97 uM YMEi1L-AAA+ solution in 10 uL
increments. This mixture was allowed four minutes to equilibrate before exciting
the W518 in YME1L-AAA+ at 295 nm and observing emissions from 305 nm — 400
nm. Slit widths of 5.0 nm and a PMT voltage of 700 V were used. The data was then
corrected for dilution of the tryptophan concentration and analyzed with Excel
software.

2.7. Fluorescent cell imaging and cell viability assay

HeLa S3 cells were purchased from ATCC (CCL2.2) and cultured in Roswell
Park Memorial Institute 1640 medium (Gibco; 11875093) supplemented with 10%
(v/v) fetal bovine serum and 100U/mL penicillin and streptomycin cocktail

(Gibco; 15140122, RPMI complete medium), incubated at 37°C in 5% CO-, and



passaged every 3-5 days using trypsin-EDTA (Gibco 25200056). Prior to
treatment, HeLa cells were seeded using a concentration of 1x105 cells/mL in
35mm Cellvis dishes with a 14mm #1.5 glass coverslip bottom (Fisher Scientific;
NCo0794151) and allowed to attach for 16-18 hours (overnight). The cells were then
washed in prewarmed 1x phosphate buffered saline (PBS) pH 7.4 without calcium
or magnesium (Gibco10010023) and treated with 100uM Vanillin aurone in RPMI
complete medium (with 0.1% [v/v] DMSO as a cosolvent), or RPMI with 0.1% (v/v)
DMSO as a control, for 24 hrs. Fluorescent cell imaging was conducted using a
Zeiss LSM 700 confocal microscope. HeLa cells treated with vanillin only or DMSO
control were excited using a 405 nm laser detecting wavelengths above 493 nm
(gain=525). In cells costained with Hoescht 33342, NucBlue live reagent from the
Invitrogen ReadyProbes cell viability imaging kit (Hoechst; Fisher Scientific;
R37610) was added at least 15 minutes prior to the completion of the 24 hour
imaging according to the manufacturer’s protocol. For imaging experiments, HeLa
cells with vanillin with Hoechst, or controls were excited using a 405 nm laser
detecting wavelengths of light below 475 nm (Hoechst; gain=550) or at
wavelengths above 502 nm (vanillin; gain=600). To account for the cross-talk
between the two fluorophores HeLa cells with vanillin only (or DMSO control)
were taken using the same settings at a later date. Although cross-talk was
occurring as shown by the images, HeLa cells imaged using the Hoechst filter
settings and treated with the vanillin only were remarkably dimmer than those
treated with both Hoechst and vanillin, therefor the brightness of both the vanillin

only treated cells, and their DMSO control, was increased evenly for both filter



settings for both experiments for visual clarity. This disparity between the vanillin
aurone+Hoechst and the vanillin only treatments could be due to a loss of
fluorescence from multiple freeze thaw cycles, or due to potential FRET activity
increasing or shifting the fluorescence of the vanillin in the presence of Hoechst.
Further experimentation is warranted.

To assess the toxicity of vanillin aurone a PrestoBlue™ cell viability assay
was conducted. 1x104 cells per well were seeded in a clear 96 well flat-bottom tissue
culture plate and allowed to attach overnight. The cells were then washed with 1x
PBS and treated the vanillin aurone in RPMI complete medium at the
concentrations as shown in figure 14.e and incubated as mentioned earlier for 24
hours. The cells were then washed with 1x PBS, and 100 pL 1x PrestoBlue™ reagent
in RPMI complete medium was added to the cells for 1hr according to the
manufacturer’s protocol. The 570 nm absorbance for each well was determined
using the CLARIOstar microplate reader and absorbance for 600 nm was
subtracted as a reference wavelength (abss;o nm - abseoo nm) following the
manufacturer’s protocol. HeLa cells treated with media only, or with 0.4 %, 0.1 %,
or 0.001 % DMSO, were also included for each replicate as controls. Each
treatment was performed as three wells over three different biological replicates,
n=9. The data was standardized for each replicate as a percent of the untreated
average difference of abss7o nm - abssoo nm. The difference of abss;o nm - abssoo nm from
3 wells per replicate containing only 1x PrestoBlue™ in RPMI without cells was
subtracted from each measurement as a blank. Statistical significance was

determined using a parametric 1-way Brown-Forsythe and Welch’s ANOVA with a



Dunnet’s T3 correction. **p<0.01, ***p<0.001, ****p<0.0001. Only comparisons
between each concentration and the untreated control as well as the comparison

between 1 uM and 6.25 uM are shown.

CHAPTER 4: CONCLUSIONS

Our data reports the synthesis and characterization of a fluorescent aurone
dye named the vanillin aurone for the vanillin substituent attached to the
benzofuran ring. We show that this fluorophore excites around 420 nm and is
highly solvent sensitive displaying much increased fluorescent intensity and blue
shifted spectra as solvent polarity decreases. The solvatochromic behavior appears
to arise from some variance in the emissions process as the € remains relatively
consistent across solvent environments. However, TD-DFT calculations identified
three likely fluorescent states which display distinct emissions patterns that may
suggest different quantum yield values for each state. The planar and deprotonated
states contribute more positively to the observed fluorescence intensities while the
TICT state detracts from overall fluorescent intensity. The calculated data in
comparison with the experimental data suggest that the vanillin aurone exists in a
heterogeneous mixture of the three fluorescent states with polar environments
causing the aurone to favor the less fluorescent TICT state. More work will be
needed to understand the solvent-fluorophore interactions that drive the adoption

of one fluorescent state over another. It may also be clarifying to evaluate the effect



of pH manipulation on fluorescence intensities, as it is predicted that the brightest
fluorescent state is the deprotonated state.

As the vanillin aurone structure resembles that of nucleoside triphosphates we
used the model protein YME1L-AAA+ to assess the potential for AAA+ domain
binding. We found that YME1L-AAA+ does indeed bind vanillin aurone with a Ka
of roughly 25 uM, where the reported Kad for the protein’s natural substrate, ATP is
25.8 + 4.9 puM.[20] This binding was observed and quantified by tryptophan
dependent fluorescent titrations as well as vanillin aurone dependent fluorescent
titration. Because ATPases can be found in large numbers throughout cells, a dye
that competitively binds ATPases would be expected to be highly toxic. A
PrestoBlue™ cell viability assay was conducted to evaluate vanillin aurone toxicity.
Vanillin aurone treatment was found to be toxic to HeLa cells between 1 and 7 uM,
although future work is needed to determine the IC50 more specifically. These data
shows consistent binding of vanillin aurone to ATPases combined with toxicity
data provides a starting point for future development of the aurone as a therapeutic

agent.
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APENDIX
Supplemental Figures
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Figure S1: One way ANOVA of vanillin aurone extinction
coefficients. Each point on the graph represents a experimentally
determined & for vanillin aurone in the solvent specified by the
colored legend. The data was treated with one way ANOVA analysis
and pairwise comparisons are included above the data points to
indicated significant variance. ns indicates p > 0.1234 and ****
indicates p < 0.0001
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Figure S2: Extinction coefficient calculations All data points are averages of values collected
in triplicate. Each data set is fit to a line with the form of y = mx + b and the resultant equations
and r? values are as printed on each graph. According to the Beer-Lambert law, where A = bce,
the slope of each line is the extinction coefficient (&) for vanillin aurone in the specified

solvent.[¢l
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Figure S3: Fluorescent emissions of piperanol aurone in H,O. A) The chemical structure of
the piperanol aurone is depicted where the benzylidene ring of a general aurone structure has
been replaced with piperanol. B-C) Because two peaks were observed in the excitation scan of
piperanol aurone, both fluorescent spectra of piperanol aurone when excited at 258 and 356 hm
is shown. The excitation wavelength used is specified in the title of each graph and fluorescence

is plotted as a function of wavelength. Each line of the spectra represents a different piperanol

aurone concentration ranging from 0.66 pM up to 40 uM.
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Figure S4: HeLa cell fluorescent images
when treated with vanillin aurone alone.
HeLa cells that were treated with 100 uM
vanillin aurone in DMSO were imaged along
side cells treated with DMSO only. Images
in the top row show cells that have been
excited at 488 nm to excite vanillin aurone
present in the cells. The middle row shows
the same cells imaged with T-PMT so that all
present cells are visible. The bottom row of
images merges the first two rows together so
that the vanillin aurone can be clearly seen
localizing within HeLa cells, however,
avoiding the nucleus of the cells.
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Figure S5: Fluorescence intensity, peak area, and peak emission wavelength vs. polarity
index ANOVA This figure analysis the data shown in figure 5. ns p> 0.1234, ****p < 0.0001,
***p < 0.0002, **p < 0.0021, *p < 0.0332 A) Pairwise one way ANOVA comparisons of the
fluorescent intensity of vanillin aurone in each of the five solvent environments specified by
colored legend. B) Pairwise one way ANOVA comparisons of the peak area, or area under the
curve, of vanillin aurone in each of the five solvent environments C) Pairwise one way ANOVA
comparisons of the peak emission wavelength of vanillin aurone in each of the five solvent
environments.



