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Preface
The subject of this dissertation is the design and use of fluorescent probes to
act as sensors and to eventually help map the hydrophobic surface of proteins.
Fluorescence is a non-invasive and sensitive tool for investigating biological
systems in vitro and in vivo. As a result, fluorescence has great potential as an
effective tool for evaluating the surface hydrophobicity of proteins. In this
dissertation, several novel probes for doing just that have been developed.
These probes provide the opportunity for significant development in food
chemistry (agricultural industry), neurodegeneration and associated fields
where such information is vital. Furthermore, information garnered from using
these probes can go a long way to improving future therapeutic approaches
against neurodegenerative diseases.

The aim of this work is to provide sufficient background information on these
novel fluorescent probes as well as methods for developing future probes that
target specifically the surface hydrophobicity of proteins.

The completion of this dissertation was made possible through many individuals
who provided invaluable contributions to the chapters found within this
dissertation. I would like to give special thanks to my advisor Dr. Ashutosh Tiwari
for all of his constructive feedback and for editing each chapter in this
vi

dissertation. Dr. Tiwari provided critical feedback with data analysis and
interpretation for all of the chapters and is also a co-author on the paper
published therein.

I would also like to thank Dr. Haiying Liu and Dr. Shilei Zhu for synthesizing and
characterizing structures of the novel fluorescent probes discussed throughout
the dissertation. All NMR and FTIR data were collected by Dr. Liu’s group. Their
collaboration was instrumental in helping to improve the sensitivity of tools used
to detect surface hydrophobicity of proteins. Dr. Liu and Dr. Zhu are also coauthors of Chapter 4 and 5.

In addition, I would like to thank Dr. Fen-Tair Luo for his assistance in the mass
spectrometry analysis of the samples for Chapter 4 and 5. Dr. Kamal B
Dhungana and Dr. Ranjit Pati were essential to understanding the mechanism
behind HPsensors in Chapter 4. Their contributions of DFT calculations using
GAUSSIAN clarified the experimental findings and helped in explaining how the
HPsensors operated.

I would also like to thank Dr. Jagadeesh Janjanam for his assistance with
optimizing the gel parameters for chapter 5. Dr. Janjanam was also instrumental
in probe design for chapter 5 as well as in method development for the analysis
of the modified proteins hydrophobic labeling.
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Dr. Ashutosh Tiwari is greatly appreciated for his guidance and assistance with
the development of our HPsensor idea. His insight, excitement and recognition
of the potential in our idea is what led to the publication “BODIPY-Based
Fluorescent Probes for Sensing Protein Surface-Hydrophobicity”

Dr. Tiwari was invaluable in the writing process for each of the papers
mentioned in chapters 4 and 5. Each person mentioned was instrumental in
preparing chapter 4, 5 and the associated Appendices. I wrote and edited
Chapters 1 - 5 in this dissertation and I am also first author on the publications
in Chapters 4 and 5. I collected and analyzed all of the fluorescence, UV-VIS
spectroscopy, polyacrylamide gel electrophoresis, binding affinity and
molecular modeling data for chapters 4 and 5.
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Abstract
Surface hydrophobic interactions in proteins play a critical role in molecular
recognition, influence biological functions, and play a central role in many
protein misfolding diseases.

As significance of surface hydrophobic

interactions in age-related proteinopathies is becoming clear; it has led to an
increased demand for better probes and tools to sense and characterize protein
surface hydrophobicity. Current commercially available fluorescent probes
such as 8-anilino-1-naphthalene sulfonic acid (ANS), 4,4′ -dianilino-1,1′binaphthyl-5,5′-disulfonic

acid

(Bis-ANS),

6-propionyl-2-(N,N-

dimethylamino)naphthalene (PRODAN), tetraphenylethene derivative, and Nile
Red can sense proteins average hydrophobicity. However, probe limitations
prevents their application for measuring the protein surface hydrophobicity.
Some of the major deficiencies of these fluorescent probes are: poor solubility
in water, overestimation of fluorescence signal due to contribution from
hydrophobic as well as electrostatic interactions, and weak signal when bound
to solvent exposed hydrophobic surface of proteins due to quenching. As a
consequence of these limitations the above fluorescent dyes do not provide
accurate measure of proteins surface hydrophobicity. Therefore, in this study
we focused on designing and testing novel fluorescent probes for selectively
reporting the surface hydrophobicity of proteins. For the first project, we chose
4,4-difluoro-4-bora-3a,4a-diaza-s-indacene
xi

(BODIPY)

based

fluorescent

probes as these are highly fluorescent in both non-polar as well polar media.
To increase water solubility we substituted 2-methoxyethylamine group at 3,5position of the BODIPY core. For increasing hydrophobic sensing we focused
our efforts on substitutions at meso position on BODIPY dye. These BODIPYbased surface hydrophobic sensors (HPsensors) showed a much stronger
signal compared to ANS, a commonly used hydrophobic probe. The probes
showed a 10- to 60-fold increase in signal strength compared to ANS for the
BSA protein. For the second project, we modified the commercially available
ANS dye with a succinimide-functionalized ethynyl derivative that offers facile
reaction with amine residues of proteins at physiological pH. This modification
of ANS with a reactive NHS ester favors crosslinking of the dye on proteins
surface with lysine or arginine residue present near surface hydrophobic
regions. SDS-PAGE results show that the dye is covalently linked to the
proteins. To map the hydrophobic surface on proteins, covalently modified
proteins will be digested and analyzed using mass spectrometry. Following that,
the proteins hydrophobic surface will be visualized using crystallographic
structure database for in-silico screening of small molecule libraries. These
small molecules will be tailored to fit the exposed hydrophobic surface by
rational drug design approach and explored for novel therapeutic avenues.

xii

Chapter 1: Introduction

Hydrophobicity in a biological system
Hydrophobicity plays a critical role in many fields and applications such as food
chemistry,1,2 biological systems3-5 and corrosion resistance.6-8 Hydrophobicity
refers to the absence/exclusion of polar molecules (e.g. water) by nonpolar,
uncharged molecules. These nonpolar molecules are unable to undergo dipoledipole, hydrogen bonding or electrostatic interactions,9 resulting in a non-polar
(hydrophobic) region surrounded by a clathrate structure formed by the
surrounding water molecules. Due to the lack of polarity, these molecules are
soluble in solvents like alcohol, ether and organic solvents, but are only
sparingly soluble in water.4 Specifically, in the cellular environment,
hydrophobicity has a very important role in health but unfortunately, it is
implicated in disease as well.

Biological interactions require an aqueous environment,4 and are dependent on
proteins for many functions such as signaling and transport. Some of this
diversity in function is facilitated through the use of hydrophobicity.10 The use of
hydrophobicity is crucial to membrane proteins and the variety of functions they
perform such as transportation of ions, reception of external messages and
1

enzymatic function (Figure 1.1). In addition, membrane proteins are shown to
account for 27% of the human proteome.11

Figure 1.1. Different classes of membrane proteins.12 These membrane
proteins help the cell interact with its environment through ion shuttling reporterreceptor signal transduction, etc.
Another example of the importance of hydrophobicity in membrane proteins is
found in clustering and organization of these proteins within the membrane
(Figure 1.2). This is seen with SNARE (soluble N-ethylmaleimide-sensitivefactor attachment protein receptor) superfamily proteins.13 These proteins are
small, abundant and anchored in the membrane through hydrophobic Cterminal transmembrane anchors/tails.13 Using SNARE proteins as a model
system, Milovanovic et al.,(2015) showed that organization of these membrane
proteins was controlled by the hydrophobic thickening of the membrane.14 As a
result, hydrophobic mismatch of individual proteins was found to contribute to
the structural organization of proteins within membranes.14 This finding was
important in understanding the role of SNARE cluster formation in vesicle
docking and fusion. Specifically, this study showed the importance of protein
2

hydrophobicity and membrane hydrophobicity and thickening in the entire
mechanism of protein cluster formation.14 It is therefore essential to recognize
the presence and importance of hydrophobicity in a cellular environment.

Figure 1.2. Fluid mosaic model of cell membrane.14 Several players are
involved in the cell signaling pathway across the lipid bilayer. The lipid bilayer
has a polar (charged) head group at the interface and a hydrophobic interior.
Hydrophobic interactions are found to be key to maintaining functions of
integral/transmembrane proteins, transport proteins.
Some cells are also able to transform their membrane fluidity by controlling the
degree of hydrophobicity by using different lipid tails.10 This ability helps with
resilience of cells to temperature changes and promotes cell survival.10 Other
roles of hydrophobicity within the cellular environment include: signal
transduction, molecular recognition and protein-ligand interactions, as well as
protein-protein interactions.
3

Signal 2

Signal 1

Receptor

Response

Figure 1.3. Signal transduction and signal specificity through signalreceptor complementarity.15 The signal-receptor interaction works like a “lock
and key” whereby only the correct signal (fit) with corresponding appropriate
intermolecular interactions can stimulate a response. Adapted by permission
from Macmillan Publishers Ltd: [Nature] (Rosenbaum, D. M., Rasmussen, S. G.
F. & Kobilka, B. K. The structure and function of G-protein-coupled receptors.
Nature 459, 356-363 (2009)), copyright (2009)
External signals are required for maintaining cellular health and function and are
mediated through proteins called signal transducers. These can include
membrane proteins that provide information about things like medium pH,
osmotic strength, light, chemical agents, food availability, etc.10 Studies have
shown that each signal is specific so that cellular resources are efficiently
utilized.10 The concept of specificity is achieved through the complementarity of
the transducer and signal as in hormone type signaling (Figure 1.3).10
Hydrophobic interactions are utilized to allow reversible interactions between

4

the signal and receptor and facilitate transport in the case of intracellular
receptors. A similar thing is seen in molecular recognition interactions.

Figure 1.4. Modulation of SMAD signal transduction. Clustering of type I and
II receptors allows the signals to activate the SMAD complex and regulate gene
expression. Reprinted by permission from Macmillan Publishers Ltd: [Nat Rev
Mol Cell Biol] Schmierer, B. & Hill, C. S. TGF[beta]-SMAD signal transduction:
molecular specificity and functional flexibility. Nat Rev Mol Cell Biol 8, 970-982
(2007), copyright (2007).16
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Molecular recognition refers to the noncovalent interaction between two or more
molecules.17 This kind of interaction is facilitated by van der Waals forces,
hydrogen bonding, hydrophobic interactions or electrostatic interactions.17
Examples of this include reactions such as the strong interaction between avidin
and biotin18 which is due to the cooperativity of hydrophobic and hydrophilic
(electrostatic) interactions.19 As such, the concept of hydrophobicity and protein
hydrophobicity are important in many aspects of biological homeostasis,
however, protein hydrophobicity also has a negative influence as well.

Proteins within the cell have several functions such as in immunity, catalysis,
structural integrity, transport and storage, and signal relay.20 Specifically,
protein hydrophobicity is an important consideration for a protein fold,
susceptibility of a protein to lysis, polymerization/aggregation of a protein,
binding of a protein to lipids or micelles and protein-protein interactions.21 As a
result, a combination of hydrophobic and hydrophilic surfaces also allows for
unique properties of proteins such as improved protein-protein interactions,
molecular recognition and molecular signaling. Currently, hydrophobicity is
shown to contribute significantly to molecular recognition, yet, the mechanisms
by which these interactions are facilitated are still poorly understood.22-24 As a
result, many target regions are ignored in drug design due to a lack of
understanding of surface properties of target proteins.23,25

6

While in silico studies have tried to model and predict the role of hydrophobicity
in protein interactions,22 prediction algorithms still require more detail from
experimental data for model refinement.23,25 This discrepancy is shown between
predictions of interaction strength for biotin and streptavidin in theoretical
models compared to experimental data.23 An understanding of the role of these
noncovalent interactions at a quantitative level is still lacking.24 Similarly, in
protein-protein interactions, the impact of the hydrophobic effect is well
accepted,26 but again, on a quantitative level, not much is understood.

Protein-protein interactions are responsible for many of the associated functions
of proteins within the cell. Formation of protein complexes via protein-protein
interactions mediate processes such as protein folding, transport and RNA
interference and silencing.27,28 The RISC complex formation and reformation
after disbanding is dependent on weak intermolecular forces such as
hydrophobic interactions (Figure 1.5). While electrostatic interactions and
dipole-dipole interactions are also present, the predominant force for structural
integrity as well as protein target identification is hydrophobic in nature.28

7

Figure 1.5. Molecular chaperone complex formation showing the
interaction of the substrate binding complex with intermediate proteins to
facilitate protein folding.29 Adapted by permission from Macmillan Publishers
Ltd: [Nature Reviews Molecular Cell Biology] (Doyle, S. M., Genest, O. &
Wickner, S. Protein rescue from aggregates by powerful molecular chaperone
machines. Nat Rev Mol Cell Biol 14, 617-629, doi:10.1038/nrm3660 (2013)),
copyright (2013).

In the case of molecular chaperones, these protein-protein complexes utilize
exposed hydrophobic patches to identify misfolded proteins.28 These
hydrophobic patches are due to the aberrant exposure of hydrophobic amino
acids (Figure 1.6) normally found buried in the core of a properly folded protein.
Heat shock proteins such as DnaK are known to interact with mostly
hydrophobic side chains of amino acids in response to misfolding.30 Other
chaperones such as Hsp70s can bind to many hydrophobic sequences and
exhibit allostery in detection.31 As such, the binding pockets of these proteins
have been a target for drug design in diseases.31 This brief review of the use of
hydrophobicity within the cellular environment has highlighted many areas
where hydrophobicity is beneficial and necessary for normal cell function.
8

Although hydrophobicity is very useful, hydrophobicity, and specifically surface
hydrophobicity also has a role in disease.
O
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HO
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S

OH
NH2
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Figure 1.6. Hydrophobic amino acids. These amino acids are nonpolar and
are found buried in the interior compartment of a natively folded protein.
Protein surface hydrophobicity refers to the exposed hydrophobic regions
(aberrant or normal) that are present in the 3-dimensional model of a protein. It
plays a role in aggregate formation due to the hydrophobic exposure of proteins
common in neurodegenerative diseases such as amyotrophic lateral sclerosis
9

(ALS), Alzheimer’s (AD), and Huntington’s diseases (HD). In addition, a recent
discovery of aggregation not related to neurodegeneration was found in amyloid
formation at injection sites of diabetic patients.32,33 This finding along with the
role of disulfide scrambling suggests that the mechanism of aggregation is due
to structure and not the protein sequence.

The degree to which aggregates are involved in neurotoxicity is still very
uncertain and studies have now focused efforts on identifying the toxic species.
Studies have concluded that an intermediate species between the native protein
and the aggregated are responsible for the observed toxicity.34

Mutated proteins or proteins damaged through oxidative stress can lose their
function or gain toxic ones due to misfolding and exposure of hydrophobic
domains (Figure 1.7). If proteins are not refolded or sent to degradative
pathways, these exposed hydrophobic domains can stabilize and facilitate the
formation of oligomers and cause toxicity.35 Studies have also shown that some
aggregates may be less toxic or even protective, complicating the issue of which
structure should be the target of drug design.34
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Mutation,
Reactive oxygen species,
Metal Ion Loss,
Disulfide reduction

Normal
Protein

Hydrophobic
interactions
between
monomer units

Abnormal
Protein
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Protein
Aggregation

hydrophobic
interactions

Toxicity in cells
Figure 1.7. Effect of exposed surface hydrophobicity. Figure adapted from
Tiwari et al., 2005.36
Aberrant surface hydrophobicity of proteins such as superoxide dismutase 1
(SOD1), fused in sarcoma protein or the translocated in liposarcoma protein
(FUS/TLS) and tar-DNA protein 43 (TDP-43) are linked to disease progression
in amyotrophic lateral sclerosis (ALS online database).37-39 In addition,
11

environmental triggers have also been correlated to disease prevalence, but the
mechanism of action remains unclear.40 Military veterans of the United States
of America have also been shown to be twice as likely to develop ALS when
compared to the general population.41,42 The only common thing irrespective of
the initial trigger (mutation, oxidative stress or environment) is the exposed
surface hydrophobicity and the resulting protein instability and aggregation.36,4345

Therefore, it is important to address on a quantitative level, the relationship

between hydrophobicity and the regulation of toxicity in these diseases.

How is surface hydrophobicity evaluated?
Current techniques for evaluating the surface hydrophobicity of a protein include
ultraviolet-visible (UV-VIS) spectroscopy, fluorescence spectroscopy, molecular
modeling, X-ray crystallography and nuclear magnetic resonance (NMR)
spectroscopy.

However,

in

consideration

of

surface

hydrophobicity

measurements, current tools which directly measure this property suffer from
aqueous solubility and sensitivity.

UV-VIS spectroscopy is capable of indirectly evaluating changes in surface
hydrophobicity due to aggregate formation by utilizing the absorption profile of
dyes such as Thioflavin-T (ThT) and derivatives such as Pittsburgh compound
B (PIB).46 Aggregates are the result of hydrophobic-hydrophobic interactions
12

between protein molecules that form the protein polymers. This allows an
indirect observation of the loss of surface hydrophobicity as a result of the
formation of aggregates. While this information is useful for evaluating the
aggregation profile of a protein, it does not provide information about the
location or the extent of surface hydrophobicity of a particular protein.
Alternatively, advancements have been made using extrinsic fluorescent probes
as hydrophobicity sensors.

Extrinsic fluorescent probes for hydrophobicity measurements include dyes
such as 8-Anilinonaphthalene-1-sulfonic acid (ANS), PRODAN, cis-parinaric
acid (CPA), Thioflavin-T (ThT), Fluorescein, Nile Red, Diphenylhexatriene
(DPH) and their derivatives (Figure 1.8). The structure of these probes reveal
that they are of two major classes: ionic probes or neutral (nonpolar) probes.47
Interestingly, these probes show very similar responses to changes in the
polarity of the environment.48,49 These extrinsic fluorescent probes can directly
assay the local environment of a protein and can be further tuned or modified to
function as sensors for hydrophobicity.

13
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Other techniques for evaluating hydrophobicity include in silico techniques such
a molecular modeling and docking. In silico modeling refers to the computational
modeling of the structure of a protein. Structure prediction and protein fold are
important for determining and evaluating protein function. As such, the ability to
model the protein surface would provide opportunities to predict protein-ligand
and protein-protein interactions. One useful application of molecular modeling
is molecular docking. In docking studies, a protein and ligand are evaluated for
plausible interactions based on the thermodynamics of binding for all their
predicted interaction sites.50 This provides information on binding pockets and
the type of interactions at the binding site. Additional techniques that provide
even greater details include NMR spectroscopy and X-ray crystallography.

In comparison to spectroscopic techniques, techniques such as X-ray
crystallography and NMR spectroscopy provide a wealth of information about
the protein structure. These techniques also provide significant insight into
binding modes, binding location and dominant forces at play between proteinprotein or protein-ligand interactions. The resultant structures have provided
useful information on otherwise inaccessible interaction sites and the conditions
of those sites. One major limitation to this approach is the large amount of
proteins required along with the difficulty of purifying the required amounts of
protein.

15

The current issue, however, is that a discrepancy exists between hydrophobicity
measurements (based solely on the average or total hydrophobicity – H 0 ) as
compared to surface hydrophobicity (S 0 ). Total hydrophobicity measurements
have been the preferred hydrophobicity measurement for decades and many
hydrophobicity scales have been developed based on this concept.51,52
Essentially, the proteins are given a score based on the average hydrophobicity
when all hydrophobic amino acids have been accounted relative to the entire
protein sequence.53 This sort of hydrophobicity measurement has been
especially useful in predicting the level of interaction between hydrophobic
resins and proteins.54,55 Unfortunately, experimental data has shown that the
hydrophobicity that these scales correspond to represent the average
hydrophobicity of a protein and not the surface exposed hydrophobicity.2,56 This
distinction is quite important and is essential for considerations in providing
useful information that can be used to further refine in silico techniques.

In pioneer work conducted by Nakai and others, it was found that the surface
hydrophobicity, which can be correlated to the excess in fluorescence of a
hydrophobic probe bound to a protein, gave a more complete picture of surface
interactions.2,56 On the other hand, average hydrophobicity accurately predicts
protein retention in hydrophobic interaction chromatography (HIC) columns as
well as high pressure liquid chromatography (HPLC). In organic solvents, the
protein is unable to maintain native fold resulting in an increase in exposed
16

hydrophobicity which can be accounted for by the average hydrophobicity of
that protein. The surface hydrophobicity, however, is measured in consideration
of the 3D fold of the protein.

Why do we need novel probes?
When considering techniques such as NMR and X-ray crystallography, the
major drawback is that these are both very time consuming and require a
significant amount of protein for experiments. Purification of large amounts of a
test protein are difficult and can be very expensive if commercially available
protein samples are used. In addition, NMR, requires the use of radioactively
labeled proteins, imposing an additional safety risk.

In silico techniques are dependent on experimental data to efficiently build
models. In turn, the experimental data requires sensitive tools in order to help
provide the quantitative data needed. This data can then be used to further
refine the algorithms used for model prediction. As such, the current modeling
capabilities are hindered by the lack of quantitative data.

In contrast, spectroscopic techniques require much less protein, are quick, and
quite simple to replicate. As a result, spectroscopic tools are most commonly
used. The tools are much cheaper in comparison to crystallography and are
17

definitely much safer compared to NMR spectroscopy. Unfortunately, even the
current tools available for spectroscopic studies of proteins have limitations
such as low sensitivity. Extrinsic probes like ANS, PRODAN, DPH all show
reduced fluorescence signal in a polar environment, but the signal increases
dramatically in a hydrophobic environment. Furthermore, poor solubility of these
probes make them difficult to use in aqueous environments. To complicate
things further, the electrostatic interactions of the ionic probes are also known
to influence the fluorescence intensity as well. As a result, while spectroscopy
is definitely the way forward, there are many areas that require significant
advances in order to effectively utilize such tools.

The ability to measure surface hydrophobicity can impact rational drug
development as well as its associated fields. The availability of structural
information at a quantitative level can also impact the way we visualize and
evaluate proteins and can be done through hydrophobic labeling and mapping.

What is surface hydrophobicity mapping?
The fold of a protein is essential to its function and as a result, much work has
been done on understanding protein folding mechanisms. Within the cell, there
are thousands of other proteins, cell components and small molecules, all within
18

an aqueous environment. This crowded space makes for a challenge to properly
fold any protein. Currently, there are several mechanisms by which proteins are
correctly folded, and these include, chaperones, the hydrophobic collapse
mechanism as well as other perfectly designed mechanisms aimed to reduce
error in protein folding. However, this can fail due to errors in the genetic code
(mutations), cellular stress, generating misfolded protein forms leading to
disease.

These misfolded proteins may lack the ability to bind to metal cofactors or
maintain the rigid “lock and key” fold which in turn inhibits protein functionality.
These misfolded proteins have been noted to possess or exhibit greater surface
hydrophobicity which can promote aberrant interactions. An ability to measure,
map and identify the locations of aberrant hydrophobic interactions is the goal
of surface hydrophobic mapping.

Specifically, protein surface hydrophobicity mapping utilizes a fluorescent probe
which identifies hydrophobic regions on the protein surface and allows for
quantitative determination of the size of the hydrophobic site. This can be done
by exploiting the hydrophobic sensing ability of these probes, and then using
the covalent linker to fix the probe to the protein surface. As a result, the
covalent linkage of the fluorescent probe to the protein of interest is directed by:
1) the availability of an exposed hydrophobic region on the surface of the
19

protein; and 2) an available linker on the protein which is near the hydrophobic
site. Current linkages are routinely done via the use of an N-hydroxysuccinimide
(NHS) ester linkage.

Coupled with ESI mass spectrometry and other proteomic techniques, it is then
possible to identify the exact location of the fluorescent probe. Using this
information along with available crystallographic data, it is then possible to
evaluate the extent (quantitatively) of the hydrophobic exposure.

Research Objective and outline
Understanding the surface hydrophobicity of a protein allows for greater insight
into protein interactions with membranes, other proteins, and the cell in general.
This then allows us to understand the protein function at greater detail not
conferred previously. The availability of this kind of information is also useful in
helping to evaluate and determine aggregation mechanisms. Applications would
also include allowing us to target specific regions of a protein or structure based
solely on the exposed hydrophobic surface. This alone has the potential to
exponentially improve rational drug design and help ease patient symptoms in
neurodegeneration as well as other proteinopathies. A targeted approach using
“designer” drugs would go a long way to improving the health of an aging
population.
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As

emphasized

previously,

detection

techniques

employing

extrinsic

fluorescence probes in biological systems are currently limited due to existing
probes poor solubility, low sensitivity, or a combination of both in aqueous
environment. The development of these new tools is intended to provide greater
structural detail on the surface properties of these proteins. The findings
discussed can also be applied to fields as diverse as food chemistry (where
surface interactions are a good measure of food texture and other palatable
attributes) as well as to traumatic brain injury (where profiles of protein
aggregation similar to as seen in neurodegeneration are found).

The aim of the research described in this work is two-fold. First, the ability to
successfully and efficiently detect surface hydrophobicity of proteins by
designing novel sensors with improved solubility and higher sensitivity. Second,
in order to accurately characterize surface hydrophobic interactions, it is
important to visualize and map the hydrophobic surface of a protein in a
quantitative manner. This will be accomplished by making probes that can label
the surface exposed hydrophobic regions, which ultimately can be identified
using proteomics approach. For addressing both the above concerns i.e.
hydrophobic sensing and mapping fluorescence probes will be employed. This
will aid in quick screening of the surface hydrophobic regions on the protein.
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The overall workflow of the research is shown in figure 1.9 outlining the design
of hydrophobicity sensors as well as probes for surface hydrophobicity labeling
and mapping. Successful and efficient probes were then utilized to evaluate
systems in vitro. In greater detail, this research utilized functionalization on the
BODIPY core to first address the water solubility issue and improve sensitivity.
Further modifications by way of introducing electron donating groups were then
used to evaluate the impact on efficient detection of surface hydrophobicity.

Measure
surface
hydrophobicity

Surface hydrophobicity
labeling

Characterize
and evaluate
probe design
and efficiency
Design sensors
and mapping
probes
Figure 1.9. Outline of research. Fluorescent probes will be designed for both
sensing and mapping of surface hydrophobicity. After characterization of all
probes, efficient probes will be used to sense and map surface hydrophobicity.
In chapter 2, a brief description of the current design of fluorescent probes for
surface hydrophobicity measurements and improvements made using the
BODIPY group of hydrophobicity sensors (HPsensors) was introduced. The
22

concept of probe design and the rationale for using the BODIDPY system for
hydrophobicity sensors was also discussed along with considerations of the
substituent groups and their impact on fluorescence.

In chapter 3, all methods used were described. A brief description of every
technique used as well as greater detail on some of the techniques employed
in hydrophobicity measurements was addressed. This chapter served as an
overview of techniques such as NMR spectroscopy, X-ray crystallography,
Molecular modeling and other spectroscopic techniques. This provided the
background and necessary details for experimental conditions.

Chapter 4 focused on the production and application of HPsensors for
hydrophobic sensing. BODIPY-based hydrophobic sensors were made. The
hydrophobic sensing property was achieved by modulation of the HOMO LUMO
gap by aryl substitution at meso position and its solubility was improved by
adding a methoxyethyl amine tail. The “on-off” sensing mechanism was
mediated through rotational quenching and as such allowed these probes to
increase sensitivity to the nonpolar/hydrophobic environment. These novel
probes were tested using three well characterized proteins.

Similarly, in chapter 5, the concept of hydrophobic labeling was investigated
using a modified ANS probe. Building on the capabilities of the fluorescent probe
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ANS, the hydrophobic sensing ability was further exploited by covalently linking
the probe to proteins. This linkage facilitated by lysine and arginine groups was
dependent on two parameters: 1) the presence of a surface exposed
hydrophobic region; and 2) the presence of a lysine or arginine group near the
hydrophobic region.

Finally, in chapter 6, the future work using the concept of hydrophobic labeling
to facilitate hydrophobic mapping along with improvements of HPsensors is
discussed. In future, the attached probes can be used as markers in identifying
quantitative details on the surface exposed hydrophobicity of proteins. This final
application of hydrophobicity sensors would provide the necessary information
required for rational drug design, allow for improvements in modeling
confidence and as such provide a greater depth of understanding of the protein
aggregation problem. It would then be possible to answer the age-old question
about the identity and topography of the toxic species. In addition to this,
improvements to functionality (sensitivity, in vivo application, etc.) of surface
hydrophobicity sensors and hydrophobicity mapping probes via in silico
techniques will be discussed.

In summary, this work showcases a novel suite of BODIPY probes along with a
method of evaluating surface hydrophobicity with high sensitivity. In addition,
labeling of surface hydrophobic regions on protein was also achieved using a
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modified version of the well characterized probe ANS. These findings have
applications for future studies where a greater understanding of the role of
surface hydrophobicity in the test system is required. Therefore, this work
makes a significant contribution to this specific field and the understanding of
exposed surface hydrophobicity.
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Chapter 2: Probe design for detection and mapping
the surface hydrophobicity of proteins
Design of current fluorescent probes.
Currently, only a few probes exist for measuring the surface hydrophobicity of
proteins. Existing probes that are available for detecting surface hydrophobicity
are either in the ionic form or in the neutral form.1 Due to the contribution of
electrostatic interactions, cationic and anionic probes have different affinities for
binding sites that affects the overall flourescence.2 As an example, anionic
probes have been shown to better interact with proteins;1 however, these tend
to show overestimation of protein hydrophobicity due to contribution from
electrostatic interactions.2 Neutral probes which are nonpolar are currently
favored for measuring the surface hydrophobicity, but they come with a few
limitations that will be discussed below.

Studies have shown that neutral probes exhibit poor water solubility along with
the requirement of non-biocompatible solvents.3,4 Even though, neutral probes
show good sensitivity, poor solubility in aqueous media poses challenges in
evaluating surface hydrophobicity. On the other hand, ionic probes often show
inflated fluorescence signal due to electrostatic contribution1,5 and some require
a buried hydrophobic pocket to show measurable signal6 (figure 2.1). These
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properties seriously limits their use for surface hydrophobic measurements.
Current existing ionic and neutral probes used for measuring protein
hydrophobicity behave similarly in response to solvent polarity, both showing
decreased fluorescence signal as polarity of solvent increases2,4,5 despite their
differences. These findings suggest a common mechanism for fluorescence
enhancement for the two types of probes.
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Figure 2.1. 8-anilino-1-naphthalenesulfonic acid (ANS) preferentially
fluoresces when bound in a hydrophobic pocket. Adapted from Matulis et al
1999 with permission.7 Only a small percentage of bound ANS, and specifically
molecules in hydrophobic pockets contribute to observed fluorescence of ANS.
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Currently, ANS is the most commonly used dye for measuring protein
hydrophobicity. It is an anionic dye and its fluorescence contributions can be
due to electrostatic as well as hydrophobic interactions leading to
overestimation of the fluorescence signal.2 In aqueous environment, the
fluorescence signal of ANS is weak or gets quenched6 limiting its use for surface
hydrophobicity measurements. Now, a new class of fluorescent probes based
on

4,4-difluoro-4-bora-3a,4a-diaza-s-indacene

(BODIPY)

are

becoming

increasingly popular. This is because they are highly fluorescent in nonpolar
media but are also fluorescent in polar (aqueous) media. In addition, they have
sharp and narrow emission peaks, possess reduced solvatochromic shifts,27,28
and are highly tunable.29-32 The goal is to use BODIPY based fluorescent probes
that are able to differentiate between surface exposed hydrophobicity of
proteins as opposed to hydrophobicity buried in pockets. Therefore, to design
such probes, three major things need to be considered: the overall design of the
probe (basic system on which the probe will be built: BODIPY, Naphthalene,
etc), the method of detection/sensing (on-off vs off-on),8 and the energy band
gap (for efficient sensitivity).9

A typical fluorescent sensor generally is comprised of three parts: 1) the
acceptor/fluorophore, 2) the spacer/linker, and 3) the sensor/receptor.8 In our
case, we have adapted these three parts to the solubilizer, the fluorescent
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moiety, and the sensor (figure 2.2). Other arrangements of fluorophore and
receptor include the integrated and the twisted conformations (figure 2.3).8

Solubilizer

Fluorescent
moiety

Sensor

Figure 2.2. Overall concept of HPsensor design. The different parts work
together to improve solubility and sensitivity of the probes.

Figure 2.3. Sensor arrangements for fluorophore and receptor.
Reproduced from De Silva et al 1997 with permission.8 De Silva, A. P. et al.
Signaling recognition events with fluorescent sensors and switches. Chemical
Reviews 97, 1515-1566 (1997)
In the classical design, the fluorophore module functions as the site of both
excitation and emission. The receptor/sensor module is responsible for
complexing with the signal of interest and leads to the “on-off” or “off-on”
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mechanism. Finally, the spacer module is primarily responsible for separating
fluorophore and receptor so that they are close to each other but are still distinct
structures.

BODIPY based fluorescent probes.
BODIPY based probes have been known for several great qualities: they are
highly fluorescent in nonpolar media but are also fluorescent in polar (aqueous)
media. While BODIPY dyes were first synthesized in the late 60’s,10 their use
had been limited for biological applications due to poor solubility in aqueous
media. These compounds and their derivatives show great potential for
functionalization and use in countless scenarios.11-22 This alone makes this
class of dyes a favorite among synthetic chemists interested in spectroscopic
studies of biological samples.
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Fig. 2.4. The BODIPY core. Image of the BODIPY core showing the 8 available
substitution points.
The BODIPY core (figure 2.4) is a neutral, nonpolar chromophore with eight
possible positions for functionalization.10 These substitution sites control the
electronic properties of the BODIPY dyes23-26 and can be used to improve its
properties such as water solubility, quantum yield and sensing.24-29 Therefore,
tuning of the core with different functional groups that increase its sensitivity to
solvent polarity would allow us to evaluate ideal substitutions for characterizing
protein hydrophobicity.
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Figure 2.5. Possible quenching mechanisms for “turn-on” or “turn-off”
sensing mechanism. Based on the structure, there are three possible
mechanisms for fluorescence quenching, however, rotational quenching has the
most significant impact on the fluorescence of these probes.
To increase water solubility we substituted 2-methoxyethylamine group at 3,5position of the BODIPY core. For increasing hydrophobic sensing we focused
our efforts on aryl substitutions at meso position on BODIPY dye.
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Figure 2.6. Impact of meso substituent on donor/acceptor role.
Reproduced from Zhang 201030 with permission of The Royal Society of
Chemistry (RSC) on behalf of the European Society for Photobiology, the
European Photochemistry Association and the RSC.
Studies show that electron donating or electron withdrawing group substitutions
impact fluorescence wavelength and the quantum yield of BODIPY dyes via the
photo-induced electron transfer (PET) mechanism (figure 2.5).30-32 The electron
withdrawing group (EWG) or electron donating group (EDG) attached to the aryl
counterparts are able to either activate or deactivate the aryl group respectively
(figure 2.6).33,34 As a result, selection of an EWG or EDG will ultimately alter the
HOMO-LUMO energy gap and modulate the fluorescence of the hydrophobicity
sensor.9 Therefore, a rational design can be used in selecting and utilizing the
correct electron donating group for maximum sensitivity (figure 2.7).
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groups in reference to hydrogen. Adapted from Carey 2000.35
As an example, in the case of HPsensors, modifications of BODIPY core by
adding 2-methoxyethylamine substitution at position 3,5 and aryl substitution at
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meso position led to a red-shift in excitation and emission wavelength which is
due to a slight decrease in energy gap for HPsensors (~0.22 eV) compared to
control dye. This slight decrease in HOMO-LUMO energy gap led to an
increased conjugation of π-system of chromophore improving the fluorescence
quantum yield and hydrophobic sensing ability (See Chapter 4).
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Figure 2.8. HPsensor modification in order of increasing electron donating
ability.
The added bonus of the aryl substitution allows for modulation of both steric
effects for quenching as well as the spacer for these sensors. In addition, by
modulating the quenching mechanism, the sensitivity and mechanism of
sensing of these probes can also be impacted. However, studies have shown
that such substitutions alter the way in which these dyes interact with proteins
as was noted in the case of the hydrophobic probe ANS.36
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Based on the dye structures of HPsensors 1, 2 and 3, there are a few options
for modulating low quantum yields in an aqueous environment; internal charge
transfer (ICT), photo-induced electron transfer (PET) as well as the rotational
effects of the aryl group (figure 2.8). Rotational effects are well known to affect
quantum yield by reducing a coplanar arrangement of the donor and acceptor
units which forms an extended LUMO,37,38 and as such, this was the most
effective means of controlling weak but measurable fluorescence in these
probes. Of the previous substitutions made at the 8-position (meso),12 the ones
described here are the first to be used specifically for the purpose of
reporting/sensing of the hydrophobicity of proteins.

Mapping the surface hydrophobicity.
Currently, the majority of the probes available, respond to increases in
hydrophobicity in the same linear fashion. As a result, their fluorescence in an
aqueous environment is often weak or quenched and then increases as the
polarity decreases. With a highly tunable dye such as the BODIPY core, it was
possible to make probes that show high sensitivity and fluorescence in the polar
environment. Probes could be designed to have weak but measurable
fluorescence in aqueous media allowing a quantitative analysis of the change
in fluorescence due to exposed surface hydrophobicity. In addition, it was also
possible to build these probes using a pseudo “turn-on” mechanism whereby
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interaction with surface hydrophobicity would significantly increase/enhance the
fluorescence of these probes.

O
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S HN
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Figure 2.9. A functionalized ANS probe. The core hydrophobic sensor ANS
is covalently modified by attaching a succinimide-functionalized ethynyl
derivative (NHS ester) that can potentially interact with the amine groups found
on lysine or arginine residues.
In an effort to make fluorescent dye that could be used for labeling of the
hydrophobic surface of proteins through a tag covalently binding to hydrophobic
site or very near it we used modified ANS (Figure 2.9). We used ANS as it is a
small well characterized hydrophobic probe that is relatively small in size. In
addition, it can be modified to attach a succinimide-functionalized ethynyl
derivative that offers facile reaction with amine residues of proteins at
physiological or basic pH. As the hydrophobic sensor group is small, it should
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not sterically hinder the side NHS-ester to crosslink with a nearby amine group
and bind covalently to stabilize the dye.

Another compelling reason for using 1,8-ANS as a test compound for such a
modification was plethora of literature available on this compound for its
application on protein and huge volumes of information available on the
physicochemical properties of this compound. While ANS was used initially to
attach a catalytic group (succinimide) that could covalently tag with the nearby
amine group, in future other probes such as HPsensors can be modified for
hydrophobic labeling and mapping of proteins.
Table 2.1. Theoretical conditions for nucleophilic attack of protein on
coupler. Adapted from Hermanson 2008.39

Ionizable group

pK a range

α-carboxyl (C-terminus)

2.1 - 2.4

Aspartic acid γ-carboxyl

3.7 - 3.4

Glutamic acid γ-carboxyl

4.2 - 4.5

Histidine imidazol nitrogen

6.7 - 7.1

α-Amine (N-terminus)

7.6 - 8.0

Cysteine's sulfhydryl

8.8 - 9.1

ε-amine (Lysine)

9.3 - 9.5

Tyrosine phenolic hydroxyl

9.7 - 10.1

Arginine's guanidinyl

> 12

Although in this study we used an amine reactive group (succinimide) as a
crosslinker, in future we can add a maleimide-group to tag available sulfhydryl
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groups on proteins or an amine group to link through carboxylic groups. Such a
choice will also be dictated by the intended pH at which we want to carry out
these reactions.
This is because specificity of labeling is also impacted through the target
(ionizable) group. Selection of the appropriate group can improve reaction
specificity and efficiency. Currently, the theoretical pK a values of the ionizable
groups show a range in values for pk a from 2.1 – 12+, however, the
experimental data shows that ionization can also occur at pHs outside of that
range.39 This was attributed to the microenvironment around these amino acid
side chains that favored ionization at values lower than the reported pk a .39 This
finding allows for improved functionality of the selected ionizable group but also
means that there is an overlap of ionization of other groups as well. Such groups
could include the hydroxyl or sulfhydryl groups. In addition, due to the
abundance of lysine residues,40 lysine’s extensive surface exposure and pk a
range,39 this group was chosen as a suitable target of hydrophobic labelers such
as the modified ANS probe.
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Figure 2.10. Relative abundance of amino acids. Reproduced from Hormoz
2013 with permission.40
Finally, when considering the type of couplers to be used for probe
functionalization, several options are available. However, the most popular of
these for use in amine labeling are found to be of three classes. These include
the esters (such as succinimidyl esters (SE), sulfosuccini midyl esters (SSE),
tetrafluorophenyl esters (TFP), and sulfodichlorophenol esters (SDP)),
isothiocyanates (ITC), and sulfonyl chlorides (SC). However, the active esters
such as succinimidyl esters are favored because of the formation of a stable
carboxamide bond41 and their ability to crosslink at pH close to physiological.42
As might be expected, each group has optimal conditions for operation and can
be used together with an appropriate target (ionizable) group to improve
selectivity of the probe (Table 2.1).

Another advantage to the covalent linkage of the hydrophobic sensor to the
protein structure is that it allows downstream analysis of the protein structure to
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map the hydrophobic regions. While strong hydrophobic interactions are
possible between probe and protein, these non-covalent interactions may not
survive during sample preparation for mass spectrometry or X-ray
crystallography experiments. Therefore, having a probe that can covalently bind
to hydrophobic surface or very near it can provide very useful information about
the size and location of the surface exposed hydrophobic regions of proteins by
mass spectrometry, X-ray crystallography combined with molecular modeling.
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Chapter 3: Methods
Included in the following text is a concise description of some of the current
technologies available for evaluating the surface hydrophobicity of proteins as
well as the techniques employed in this dissertation. The major techniques will
be briefly discussed, including some of the limitations of each technique.

Spectroscopic techniques for probe evaluation
3.1.1.

UV-VIS spectroscopy

UV-VIS spectroscopy refers to the acquisition of the absorption spectra of a
given molecule, protein or large macromolecule within the ultraviolet to visible
region of the light spectrum.1 This provides information based on the interaction
between matter and electromagnetic radiation.1 Individual spectra are
composed of discrete lines which represent the transition of an electron from
the ground state to an excited energy state in a given molecule.1 The energy of
a photon passing through a sample elevates the electron to this excited state,
resulting in a reduction in the transmitted light detected (figure 3.1). The
transmittance can then be converted to absorbance using the following
relationship outlined in equation 1 below:

Equation 1.

A (absorbance) = 2 – log %T (transmittance)
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Transmitted
Light

Incident
Light

Sample
LUMO
HOMO
Figure 3.1. UV-VIS spectroscopy showing elevation of electron. As photon
passes through a sample, an electron is excited to the LUMO reducing the
amount of transmitted light.
Increasing the number of these excited states (vibrational and rotational)
because of an increase in the complexity of the molecule results in line
broadening.1-3 A good example of this is the characteristic protein peaks that
are normally seen in UV-VIS spectra. It is important to note that the absorption
recorded in the UV-VIS region of organic molecules is due to two types of
electrons: (1) unsaturated bonded electrons (double bond and higher
arrangements) and (2) valence electrons.3 As a result, it is possible to tease out
intricate structural details about a molecule based on the absorption spectra.
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Specifically, in the case of surface hydrophobicity and proteins, UV-VIS
spectroscopy is capable of indirectly evaluating this based on aggregate
formation. A common way to achieve this is by utilizing the absorption profile of
dyes such as Thioflavin-T (ThT) and derivatives such as Pittsburgh compound
B (PIB).4 This indirect approach allows for measuring the loss of surface
hydrophobicity as a result of the aggregate formation.

3.1.2.

Overview of Initial characterization of probes via UV VIS

The fluorescent probes were evaluated via UV VIS spectroscopy in solvents of
decreasing polarity. Absorption of ultraviolet and visible radiation in organic
molecules is due to valence electrons of low excitation energy of specific
functional groups. The resultant absorption band can be used as an indicator of
electronic transitions. Specifically, as the solvent polarity changes, stokes shifts
are observed in the absorption spectra. For solvent testing, a water-ethanol
solution mixture was used at 20% gradations to mimic the decrease in solvent
polarity from 100% water to 100% ethanol. Dyes were incubated with each
solvent for a period of 1 h before evaluation of the absorption spectra and
corresponding dye response. Details of experiments are mentioned below.
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3.1.3.

Initial characterization via UV VIS spectroscopy

Initial characterization were performed as per previous protocols and adapted
as follows.5 Probes were dissolved in ethanol or DMSO (dependent on solubility
of each probe) at high concentration (1 -2 mM) to prepare primary stock
solutions for subsequent experiments. Probes were then diluted to the
micromolar

range

in

test

solvents

(water/buffer,

dimethylsulfoxide,

dichloromethane). The absorption spectra was then acquired for each probe in
the test solvent from 200 – 800 nm using quartz cuvettes.

3.1.4.

Sensitivity of probes to solvent polarity

Using primary stock solutions, the probes were diluted to micromolar range
solutions in different concentrations of ethanol/water (MiliQ) mixtures. Samples
were prepared as indicated below and as done previously,5 after which the
sample absorption spectra were then acquired from 200 – 800 nm using quartz
cuvettes.
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Table 3.1. Preparation considerations for ethanol water dilutions used in
polarity sensitivity tests. Stock solutions at 100 ml of each condition solution
were prepared.
Condition

% (v/v) water

% (v/v) Ethanol

0% Ethanol

100

0

20% Ethanol

80

20

40% Ethanol

60

40

60% Ethanol

40

60

80% Ethanol

20

80

100% Ethanol

0

100

Fluorescence Spectroscopy
Fluorescence refers to the radiative decay mechanism whereby singlet
electrons excited to the lowest unoccupied molecular orbital (LUMO) return to
the ground state of the highest occupied molecular orbital (HOMO). This
phenomenon is noted to occur on the nanosecond timescale and is
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exponentially proportional to the absorbance of a given fluorophore (figure 3.2).6
It is important to include that after an electron has been excited, there are
several routes available through which the electron can return to the ground
state.

(a)

(b)

Incident
Light

S2
LUMO

Internal conversion
S1
Fluorescence

Fluorescence
HOMO

S0

Sample

Figure 3.2. Fluorescence spectroscopy. (a) Incident light passes through a
sample resulting in the promotion of an electron to the excited state. (b) After
internal conversion, the singlet state electron returns to the ground state via
radiative decay (fluorescence).

In the event that the excited electron maintains a triplet excited state, the
phenomenon of phosphorescence is then observed.6 Phosphorescence is also
known to occur on a much longer timescale (usually > 10-7 s).6 As a result,
fluorescence requires excitation from a singlet state and subsequent relaxation
to a singlet state.6

In consideration of the fluorophore, there are several criteria that are considered
absolute in order for an organic molecule to exhibit good fluorescence. These
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include aromaticity, extensive conjugation, and electron donating groups.
Currently, it has been noted that electron withdrawing groups are deactivating
in nature and reduce the fluorescence signal.7,8 A good fluorescence signal is
determined by the quantum yield of a specific fluorophore. The quantum yield
of any fluorophore is an evaluation of the ratio of photons emitted to the photons
absorbed by the fluorophore. The quantum yield can be calculated using
equation 2: where st = standard; x = test dye; Grad – gradient of fitted slope; Q
= quantum yield and 𝛈𝛈 = refractive index of test solvent.
Equation 2.

𝑄𝑄𝑥𝑥 = 𝑄𝑄𝑠𝑠𝑠𝑠 (

𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝑥𝑥

𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝑠𝑠𝑠𝑠

)(

𝜂𝜂𝑥𝑥2

2
𝜂𝜂𝑠𝑠𝑠𝑠

)

Currently, fluorescence studies of proteins can be classified into two major
categories,

intrinsic

fluorescence

and

extrinsic

fluorescence.

Intrinsic

fluorescence is associated with fluorescence from aromatic amino acids such
as tryptophan and tyrosine that are already available within the protein. These
amino acids are able to absorb energy and fluoresce on returning the electron
to the ground state. The term extrinsic fluorescence is usually reserved for
noncovalent probes that are synthesized with the purpose of interacting with the
specific areas of proteins or with specific targets in solution. This allows these
probes to divulge information about protein structure, interactions, and a
number of distinct properties.
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3.2.1.

Extrinsic fluorescent probes.

Current extrinsic fluorescent probes which show promise are limited by their
sensitivity. Unfortunately, the overall structure of such probes are also known to
dictate their functionality in biological systems. Extrinsic fluorescent probes
provide an advantage over UV-VIS techniques in that they can directly assay
the local environment of a protein. In addition, these molecules are among a
wide range of aromatic molecules that can be tuned to fit the needs of the
researcher. Extrinsic fluorescent probes commonly used in biophysical
techniques include but are not limited to: 8-Anilinonaphthalene-1-sulfonic acid
(ANS), 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene (BODIPY) dyes, fluorescein,
dansyl chloride, and their derivatives (Figure 3.3).
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6-Propionyl-2-Dimethylamino-naphthalene
(PRODAN)
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O
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Figure 3.3. Fluorescent probes for surface hydrophobicity. Structures of
common probes used in measuring surface hydrophobicity.
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3.2.2.

Fluorescence labeling

Fluorescence labeling refers to the process of covalently linking extrinsic dyes
to the protein of interest. This technique is especially useful when it is necessary
to track changes in a specific protein. Fluorescence labeling has also been
successfully combined with other fluorescence techniques such as fluorescence
resonance energy transfer (FRET) in order to evaluate protein-protein
interactions. As it refers to surface hydrophobicity, the concept of fluorescence
labeling for evaluating surface hydrophobicity has not yet been attempted. As
such, we have proposed the use of a fluorescent probe which is sensitive to
surface hydrophobicity of proteins as a hydrophobicity probe.

Protein labeling as a technique has been previously been used successfully to
determine structural components of proteins,9-11 however, this has not yet been
done in the interest of just surface properties such as hydrophobicity. While
there are many options available for covalent linkage,12,13 we have opted to
proceed via an N-hydroxysuccinimide (NHS) ester link. This linker is fairly
simple to facilitate covalent attachment and the reaction conditions are relatively
mild. The covalent attachment will be driven by the availability of a lysine or
arginine residue within the vicinity of an exposed hydrophobic region.
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Figure 3.4. Flow-through of protein labeling and characterization. Taken
from Fitzgerald and West, 2009 with permission.12
Coupled with tandem MS experiments (figure 3.4), these hydrophobic probes
would allow the simultaneous identification of modified sites and determination
67

of the location and size of these hydrophobic regions. This data can then be
visualized using computational methods allowing direct observation impacted
areas.
3.2.3.

Overview of Initial characterization of probes via Fluorescence
spectroscopy

The fluorescent probes were also evaluated via fluorescence spectroscopy in
solvents of different polarity as well as graded polarity solvents. Solvents used
included ethanol, water and dichloromethane. Solutions of 0 – 100%
ethanol/water were also used at 20% increments. Probes were incubated in
solutions for a period of 1 h before measuring the fluorescence spectra at each
condition.

3.2.4.

Initial characterization via fluorescence spectroscopy

Using samples prepared for initial characterization via UV VIS spectroscopy,
micromolar samples were placed in fluorescence cuvettes. Using the
corresponding absorption maxima from the UV VIS spectra as excitation
wavelengths, the emission spectra was acquired for each test solvent.
Optimized excitation wavelengths were then selected based on the wavelength
that produced the following paramters; the least impact from Rayleigh
scattering, maximum fluorescence intensity, and minimal impact of input
excitation on the emission spectra
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3.2.5.

Probe fluorescence sensitivity to solvent polarity

Using samples prepared from sensitivity to solvent polarity for UV VIS
spectroscopy, the corresponding emission spectra was acquired for samples
using the optimized emission spectra. The excitation/emission slit widths were
kept at 2/2 nm ratio to maximize signal and reduce the level of noise in spectra.
The emission range was selected to exclude the excitation signal and include
the emission spectra up to 100 nm after the peak signal
3.2.6.

Quantum yield measurements

All measurements were performed as previously done.5 For quantum yield
determination, the standard reference dye Sulforhodamine 101 was used which
has a quantum yield of 0.95 in ethanol at 577 nm.14 Next 5 - 7 dilutions of test
probes and reference probes were prepared with an O.D. between 0 and 0.05
in each test solvent (CH 2 Cl 2 , H 2 O, DMSO or Ethanol). The corresponding
fluorescence spectrum for each sample was then acquired using the
corresponding excitation wavelength. Note that the same excitation wavelength
for sample and reference dye were used. The area under the peak for all of the
collected emission spectra was then calculated using the integration option in
OriginPro 9.1.

Using the integrated area in conjunction with the corresponding absorbance,
graphs of integrated area vs. absorbance are then plotted. A linear fit was then
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employed to determine the slope of the line (gradient) for the reference and the
test probe. Then, using the following equation (equation 3), the quantum yield
was then calculated for each probe.

Equation 3.
3.2.7.

𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺

𝜂𝜂2

𝑄𝑄𝑥𝑥 = 𝑄𝑄𝑠𝑠𝑡𝑡 (𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 𝑥𝑥 )(𝜂𝜂2𝑥𝑥 )
𝑠𝑠𝑠𝑠

𝑠𝑠𝑠𝑠

Surface Hydrophobicity determination

Surface hydrophobicity (S0) measurements were conducted established
protocols.15,16 Samples were prepared in the appropriate buffer or MiliQ water
(adjusted to pH 8 using 0.1 M NaOH) and incubated at 8–10 concentrations of
each test protein for 1 h at 25 °C. For each protein, the following conditions were
held constant:
a. Samples were prepared in triplicate for experiments
b. Protein samples were prepared either in the prescence or
absence of the fluorescent probe
Next, the fluorescence emission spectra for the fluorescent probe was then
acquired. The net relative fluorescence intensity (RFI) was then calculated by
subtracting the fluorescence of protein in buffer from that of protein + probe. The
slope (linear regression fit) of net RFI vs protein concentration was plotted to
determine the surface hydrophobicity of each protein.
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3.2.8.

Binding Affinity determination

Binding affinity measurements for fluorescent probes were conducted via
fluorescence titration using the following established protocol.15,17,18 Protein
samples were prepared for 21–28 different concentrations of protein in the
presence of the fluorescent probe. Protein samples at the same concentrations
in the absence of fluorescent probe were also prepared. Note that protein
samples both in the presence and absence of fluorescent probe were prepared
in triplicate.

Using the same wavelength for average peak fluorescence for all samples, the
fluorescence of probe in the presence of protein was corrected using protein
without probe. The corrected peak fluorescence data was then used to plot the
binding curve for each probe with the respective protein. The data was then
analyzed by a non-linear regression method using the MichaelisMenten model
function included in OriginPro 9.1.

In Silico modeling of a Protein Surface
In Silico modeling refers to the computational modeling of the structure of a
given protein. As can be expected, the structure prediction and thus protein fold
are important for determining and evaluating the function of a given protein.
One useful application of molecular modeling is molecular docking. In docking
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studies, a protein and ligand are evaluated for plausible interactions based on
the thermodynamics of binding or their proposed interaction.

Essentially, molecular modeling is a multidisciplinary field that employs
theoretical and computational techniques to furnish predictions of a protein
surface or protein interactions (figure 3.5). This can be done using experimental
data as a basis for the prediction tool or by using interactions between force
fields attributed to each atom within a macromolecule (protein).19 Typical force
fields used in molecular modeling account for the overall energy of the system
by generally describing bonding, angles, rotations, van der Waals interactions,
non-bonding, and electrostatic energies. It is important to include that the force
field accounts for the internal energy of the system which is a combination of
the kinetic and potential energies of a system.20
.
Molecular modeling is frequently coupled with molecular dynamics, which
provides the ability to link a protein’s structure to a particular function of the
protein. Time is included as a parameter to evaluate the structure and docking
results generated by the algorithm. This is especially useful in helping to rank
and evaluate the structures. In addition, the ability to compute vectors for every
atom in the ligand and macromolecule allows for the possibility of surveying
several conformations (folds) of the protein.
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Macromolecule

Ligand

Figure 3.5. Simple flow-through of molecular docking simulation. Ligand
and macromolecule are docked at several sites. Free energy for each site is
measured and used as an indicator of the most plausible interaction sites.
Molecular modeling is especially important for theoretical evaluations of protein
topography via homology modeling. This unique tool provides an opportunity to
rely on experimental sequence data to help predict fold and function of unknown
proteins. Coupled with this, it is also possible to evaluate surface electrostatics
of proteins. The ability to model the surface electrostatics of a protein also allow
the visualization of hydrophobic patches/regions on the protein of interest. With
this information in hand, it then becomes possible to predict mechanisms by
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which these various regions of the protein topography may direct interactions
with other proteins or monomeric units of the same protein.

Unfortunately, this field is still growing and requires the corroboration of
experimental data. In some cases, differences have been noted between
theoretical predictions and experimental data; however, this data is still very
useful for making initial predictions about protein structure.

X-ray Crystallography
X-ray crystallography is a technique used to ascertain the position of atoms in
a snap-shot of the molecule’s dynamic structure. Essentially, X-ray
crystallography provides a three dimensional image of the molecular structure
from a crystal.21,22 It is currently the favored technique for structure
determination of proteins, biological macromolecules and small molecules.21,22
This snap-shot while very useful, imposes limitations on fully understanding
dynamic or fluid systems. This is especially true for proteins that are known to
maintain slightly fluid structures in aqueous media.

The crystal structure of the highly concentrated macromolecule is exposed to xrays resulting in a diffraction pattern.21 This diffraction pattern gives information
about the packing symmetry and the individual units/repeating units in the
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crystal being analyzed.21 The diffraction pattern also relates to the electron
density that then gives information about the identity of atoms. The use of the
Bragg equation (equation 4) is then employed to relate the diffraction pattern to
the position of each of the atoms in the diffraction pattern. In the Bragg equation,
n = positive integer, λ = the wavelength of incident light, d = the interplanar
distance and θ = the scattering angle.

Equation 4.

nλ = 2d sinθ

X-ray crystal structures are very useful because the x-ray scattering gives
information about the location and thus structure of a protein/molecule. This can
often be done in the range of 1.5 – 3.0 Å. Therefore, one can visually determine
the location of hydrophobic patches/regions that may be surface accessible.
This kind of information goes a long way to improving molecular modeling and
dynamics simulations in addition to allowing inferences to be made on function.
Unfortunately, this technique is very time consuming and usually requires
months before suitable crystallization conditions and high quality crystals can
be grown. Another drawback to this technique is that the solved structure is a
static representation of a dynamic structure.
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NMR spectroscopy
Nuclear magnetic resonance (NMR) spectroscopy refers to the technique of
measuring the electromagnetic radiation from nuclei in a magnetic field (figure
3.6). This is based on the principle that many atomic nuclei spin about an axis
and generate their own magnetic field, or magnetic moment.23 NMR yields
precise information about the structure and dynamics of biomolecules in
solution.23 It has been successfully used for evaluating the structure and
conformation of DNA, RNA, peptides, small proteins, oligosachharides and
other natural products.23,24 Like X-ray crystallography, this technique can
provide information about the structure of a molecule/protein, however, it is able
to provide a view of the structure in a more dynamic state. This advantage of
NMR has made it a highly sought technique for structure elucidation.

Figure 3.6. The quantum model. Taken from NMR spectroscopy explained
with permission.23
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Essentially, what is measured is the interaction of matter with radiowaves. It is
important to note that nuclei must be NMR active in order to absorb radio
frequency radiation when placed in a magnetic field. Common nuclei studied
are 1H, 2H,

13

C,

15

N,

31

P,

19

F and
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Fe.23 The frequency of the radiowaves

absorbed varies with the nucleus as well as for a given type of nucleus, and as
such, slight variations are observed. It is also noted that the strength of the
absorption is proportional to the number of nuclei.

Currently, protein structures to be studied need to be radiolabeled with
radioactive atoms in order to allow these proteins to be studied. Then a
combination of 2D and 3D NMR spectra provide information about the location
of the atoms within the protein structure. This is done by making use of the
through bond or through space interactions between nuclei to generate data
about the relative location. This also takes into consideration the spin function
(cross peaks) and coupling (diagonal peaks) that are also observed. 2D and 3D
NMR have been very useful in evaluating structures of many macromolecules
thus far. Unfortunately, the cost and safety measures associated with
radioactive materials make NMR spectroscopy less feasible for many labs
studying the structure of a given protein.
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Polyacrylamide gel electrophoresis (PAGE) methods
for evaluating Hydrophobic sensing of probes

In addition to spectroscopic techniques, PAGE techniques, specifically, native
PAGE techniques were also employed. Native PAGE was used to separate
proteins based on the mass to charge ratio of the individual proteins
(macromolecules). In this case, it was used as a measure of the strength of
the interaction between the fluorescent probes and the proteins in the native
state.
Gels used were primarily 10 – 15% Tris-HCl gels prepared using a BIORAD gel
cassette unit. Gel percentages were matched with the appropriate proteins so
as to limit the gel running time for electrophoresis. On completion of each gel,
UV light was then used to trigger the fluorescence of any probe still bound to
the individual proteins. The level/amount of fluorescence was evaluated and
correlated to the level of surface hydrophobicity.

Sodium dodecyl sulfate PAGE was used with labeled proteins to verify the
covalent linkage of labeling probe to proteins as well as to evaluate the impact
of linearization on the probe signal. SDS PAGE uses the unique property of the
detergent SDS to linearize and provide a net negative charge to the protein.
Proteins are then separated based on the molecular weight. All gels used for
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PAGE were casted by hand and preparation was done according to the recipe
outlined in the following table (Table 3.2). All buffers including sample buffers25
were prepared from stock solutions of 10X buffers acquired from BioRad.
Table 3.2. SDS PAGE gel preparation protocol using BioRad gel cassettes.
Tris-HCl Polyacrylamide Gel Preparation sheet
Resolving Gel
Stacking
Gel
Components
10%
12%
15%
5%
Water

3.755 ml

2.955 ml

1.755 ml

3.420 ml

30% Acrylamide
solution

4.000 ml

4.800 ml

6.000 ml

0.850 ml

1.5 M Tris-HCl (pH
8.8)

4.000 ml

4.000 ml

4.000 ml

---

1.0 M Tris-HCl (pH
6.8)

---

---

---

0.625 ml

10% SDS

0.120 ml

0.120 ml

0.120 ml

0.050 ml

10% APS

0.120 ml

0.120 ml

0.120 ml

0.050 ml

TEMED

0.005 ml

0.005 ml

0.005 ml

0.005 ml

Total Volume:

12 ml

12 ml

12 ml

5 ml

3.6.1.

Native Polyacrylamide Gel electrophoresis (PAGE)

Native PAGE was conducted in accordance with published protocols and
adapted as indicated below.26 Initially, proteins were incubated in the presence
of increasing concentration (1X/3X/10X or 1X/5X/25X) of hydrophobic dyes for
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1 h at room temperature. Proteins incubated with dye were then mixed (1:1) with
native sample buffer. The entire sample was then loaded unto the appropriate
concentration polyacrylamide gel (10 – 15%) before electrophoresis at 80 V.
The following considerations were made depending on the protein being
analyzed:
a. Larger proteins (>50 kDa) were typically run on smaller
percentage gels (10%) to allow proper migration within the typical
3 hr run.
b. Smaller proteins (<50 kDa) were typically run on higher
percentage gels (12 – 15%) to allow proper migration and
resolution within the typical 3 hr run.
c. Some proteins were run longer depending on the effect of pI on
the migration rate in the native PAGE. Isoelectric points close to
pH 8.8 required roughly double the time for migration.

Then, UV images of gels were then acquired using the Bio Doc-It imaging
system before staining with Coomassie blue. Gels were subject to exposure
times from 0.04 s to 4.0 s. Comparison of different gels was done by using the
same exposure time for each gel. Gels were then stained overnight in
Coomassie Blue R-250 and subsequently destained.
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3.6.2.

SDS PAGE for fluorescent labeling verification

SDS PAGE was conducted in accordance with previous protocols with the
following changes. Samples were prepared in Laemmli sample buffer (BioRad)
with 5% beta-mercaptoethanol for disulfide reduction. Samples were then
heated at 100 °C for 5 mins in a water bath before loading unto the
corresponding gels. Gels were then run at 80 V for approximately 3 h at room
temperature with reduced exposure to direct light. UV images of gels were then
acquired using the Bio Doc-It imaging system before staining with Coomassie
blue. Note that (1) gels were subject to exposure times from 0.04 s to 4.0 s and
(2) comparison of different gels was done by using the same exposure time for
each gel.

Hydrophobic labeling of proteins
The protein labeling was conducted by incubating protein with the fluorescent
labeling probe at a molar ratio of 1:15 (protein:dye) in fresh 0.1M sodium
bicarbonate buffer (pH 8.3). The reaction was then allowed to proceed for 2
hours at room temperature with gentle shaking on a nutator shaker with reduced
exposure to direct light. The reaction was then quenched by adding 10% (v/v)
of 1.5 M hydroxylamine (pH 8.5). Proteins were also incubated concurrently with
control probes lacking the covalent linker following the same labeling protocol.
Labeled protein, unlabeled protein, and protein incubated with control probe
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were then analyzed using denaturing SDS PAGE by running the gel for
approximately 2-3 hrs at 80 V. Gels were visualized first with UV and then
stained with Coomassie R250 overnight before acquiring the image at 600 dpi
using a scanner.
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Abstract
Mapping surface hydrophobic interactions in proteins is key to understanding
molecular recognition, biological functions, and is central to many protein
misfolding diseases. Herein, we report synthesis and application of new
BODIPY-based hydrophobic sensors (HPsensors) that are stable and highly
fluorescent for pH values ranging from 7.0 to 9.0. Surface hydrophobic
measurements of proteins (BSA, apomyoglobin, and myoglobin) by these
HPsensors display much stronger signal compared to 8-anilino-1-naphthalene
sulfonic acid (ANS), a commonly used hydrophobic probe; HPsensors show a
10- to 60-fold increase in signal strength for the BSA protein with affinity in the
nanomolar range. This suggests that these HPsensors can be used as a
sensitive indicator of protein surface hydrophobicity. A first principle approach
was used to identify the molecular level mechanism for the substantial increase
in the fluorescence signal strength. Our results show that conformational
change and increased molecular rigidity of the dye due to its hydrophobic
interaction with protein lead to fluorescence enhancement.
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Introduction
Protein folding and stability in aqueous solution is governed by a delicate
balance of hydrogen bonding, electrostatic interaction, and hydrophobic
interactions; hydrophobic interactions provide the major structural stability to the
proteins.1-3 Surface hydrophobic interactions are fundamental to protein-ligand
interaction,

molecular

recognition4,

and

may

influence

intermolecular

interactions and biological functions.5,6 Furthermore, point mutations and (or)
oxidative damage of proteins can result in increased surface hydrophobicity of
proteins and have been linked to several age-related proteinopathies.7-12 As a
result, there has been a growing interest and need for developing probes and
methods for sensing/mapping protein surface hydrophobicity13-17 as this can
help to design better drug molecules based on surface properties.18-21

Many extrinsic fluorophores have been designed and used to study protein
dynamics including protein folding and misfolding processes that have led to a
better understanding of several proteinopathies including neurodegenerative
diseases. However, only a few fluorophores that can measure protein surface
hydrophobicity have been reported thus far: this includes dyes such as 8anilino-1-naphthalene sulfonic acid (ANS), 4,4′-dianilino-1,1’-binaphthyl-5,5’disulfonic

acid

(Bis-ANS),

6-propionyl-2-(N,N-dimethylamino)naphthalene

(PRODAN), tetraphenylethene derivative, and Nile Red.5,15,16,22,23 For
characterization of most of these dyes, bovine serum albumin (BSA) and human
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serum albumin (HSA) have been used as test proteins. Of all these dyes, ANS
is the most commonly used dye for measuring surface hydrophobicity. However,
ANS dye is fraught with many issues such as: 1) it is an anionic dye and can
contribute to fluorescence by both electrostatic as well as hydrophobic
interactions leading to overestimation of fluorescence signal, and 2) it does not
give measurable fluorescence signal when bound to solvent exposed
hydrophobic surface of proteins due to quenching.
PRODAN, is a solvent-sensitive, neutral,

5,15,24-26

The other dye

fluorescent probe that has

comparable fluorescence signal to ANS near physiological pH but has very poor
solubility in water.5,15 To address these problems, we have synthesized a series
of 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene (BODIPY) based hydrophobic
sensors (HPsensors) for measuring protein hydrophobicity and tested these
sensors on three proteins: BSA, myoglobin (Mb), and apomyoglobin (ApoMb).
We chose BODIPY dyes for several reasons: they are highly fluorescent in nonpolar media but are also fluorescent in polar (aqueous) media, have sharp and
narrow emission peaks, and possess reduced solvatochromic shifts.27,28 In
addition, BODIPY dyes are highly tunable29-32 making them excellent
candidates for the purpose of selectively reporting the hydrophobicity of
proteins.
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Figure 4.1. BODIPY dye structures in order of increasing electron donating
ability. Schematic of dyes (control, dye 5, and HPsensors 1, 2, and 3) shown
were synthesized according to detailed protocol outlined in the supplementary
methods.

In this article we have focused our efforts on aryl substitution at 8-position
(meso) on BODIPY dye for hydrophobic sensing of proteins. In figure 4.1, we
show the structures of the synthesized HPsensors along with the control
dye27,33,34 arranged in order of increasing electron donating ability. We
substituted 2-methoxyethylamine group at 3,5-positions of the BODIPY core
that increases water solubility.
These HPsensors show weak but measurable fluorescence signal in water but
are highly fluorescent in nonpolar environment (Figure 4.16). Furthermore,
these HPsensors when tested with proteins (myoglobin (Mb), apomyoglobin
(ApoMb), and BSA) show high fluorescence signal for hydrophobic proteins,
BSA and ApoMb. Under same experimental conditions HPsensor 2 shows a 6091

fold increase in fluorescence signal strength for BSA compared to that observed
for ANS with affinity in the nanomolar range, making this dye a very sensitive
indicator of protein surface-hydrophobicity (S 0 ).

Results
Synthesis and characterization of fluorescent probes. The synthesis of
dyes (Figs. 4.1 - 4.2; see Appendix A details on synthesis methods) was done
by aryl substitutions at the meso position of the BODIPY core that increases dye
sensitivity to solvent polarity and protein hydrophobicity; substitution of chloro
groups with 2-methoxyethylamine groups at the 3,5-positions enhances water
solubility (Fig. 4.16).

All dyes synthesized were fluorescent except for dye 5 (Fig. 4.16.). We
calculated the quantum yield of each dye in three different solvents water,
ethanol, and dichloromethane (Table 4.1; Figs. 4.3 - 4.14). Quantum yield data
on the HPsensors showed the greatest yield in ethanol and dichloromethane
with the yield in water being the lowest which was similar to that of the control
dye. We then determined the extinction coefficient of HPsensors 1, 2, 3, and
control dye in ethanol.
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5.
Probe 1 and control were prepared by using 4-methoxybenzaldehyde and 4nitrobenzaldehyde. Dye 5 and HPsensor 2 were prepared by replacing the
chlorine groups at 3,5-positions of dyes 1 and control with a nucleophile, 2methoxyethan-1-amine. HPsensor 3 was prepared by reducing a nitro group at
meso-position of BODIPY dye 5 via catalytic hydrogenation using palladium-on
carbon in the presence of hydrazine. HPsensor 1 was prepared by reacting an
amino group at meso-position of HPsensor 3 with acetic anhydride at room
temperature to form an amide bond.
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Table 4.1. Absorption and emission peak maxima of control dye,
HPsensors 1, 2 and 3 with corresponding fluorescence quantum yield and
the extinction coefficient in ethanol.
Fluorescence

Extinction

Quantum

coefficient

Yield (%)

(ethanol)

540

7.99

14880 M-1cm-

518

540

0.15

1

CH 2 Cl 2

521

545

5.58

Ethanol

565

585

23.99

Water

564

584

6.77

CH 2 Cl 2

569

587

19.92

Ethanol

564

581

45.03

HPsensor

Water

563

580

1.27

2

CH 2 Cl 2

567

584

42.21

Ethanol

562

577

36.17

Water

561

579

0.25

CH 2 Cl 2

566

582

35.39

Dye

Control

HPsensor
1

HPsensor
3

Absorption

Emission

peak (nm)

peak (nm)

Ethanol

517

Water

Solvent

(at 517 nm)

50990 M-1cm1

(at 565 nm)

31930 M-1cm1

(at 564 nm)

53920 M-1cm1

(at 562 nm)

The measurements indicated an extinction coefficient of 14880 µM-1 cm-1 for
control dye. In contrast, for the HPsensors 1, 2, and 3 extinction coefficients
were 50990, 31930 and 53920 µM-1 cm-1, respectively (Table 4.1).
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Response of dyes to change in solvent polarity. The absorption and
emission spectra of dyes were measured in solvents with different polarity
(water, ethanol and dichloromethane). These measurements showed that all
dyes were fluorescent with the exception of dye 5 that exhibited no fluorescence
either in high or low polarity solvents. Of the dyes that were fluorescent
(HPsensors 1, 2, and 3), the initial characterization showed a small red shift (2
to 5 nm) in absorbance and emission maxima with decreasing polarity (Figs. 4.3
– 4.14) which was similar to the control dye with the strong electron withdrawing
substitution. To further investigate how polarity impacted the fluorescence
spectra of each of these dyes, we measured the fluorescence in ethanol-water
mixture with increasing concentration of ethanol (20% increments ranging from
0 to 100% ethanol) (Fig. 4.16). The results show that HPsensors 1, 2, and 3
responded similarly to the change in solvent conditions with maximum
fluorescence in 60% ethanol. The exception was the control dye that showed a
linear increase in fluorescence with increasing ethanol concentration (from 0%
to 100% ethanol) (Fig. 4.16).
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Figure 4.3. Normalized absorption and emission spectra for HPsensor 1 in
ethanol. Ex λ = 520 nm.
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Figure 4.4. Normalized absorption and emission spectra for HPsensor 1 in
H 2 O. Ex λ = 520 nm
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Figure 4.5. Normalized absorption and emission spectra for HPsensor 1 in
CH 2 Cl 2 . Ex λ = 520 nm.
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Figure 4.6. Normalized emission spectra for HPsensor 1 in ethanol, H 2 O,
and CH 2 Cl 2 . Ex λ = 520 nm.
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Figure 4.7. Normalized absorption and emission spectra for HPsensor 2 in
ethanol. Ex λ = 528 nm.
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Figure 4.8. Normalized absorption and emission spectra for HPsensor 2 in
H 2 O. Ex λ = 528 nm.
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Figure 4.9. Normalized absorption and emission spectra for HPsensor 2 in
CH 2 Cl 2 . Ex λ = 528 nm.
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Figure 4.10. Normalized emission spectra for HPsensor 2 in ethanol, H 2 O,
and CH 2 Cl 2 . Ex λ = 528 nm.
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Figure 4.11. Normalized absorption and emission spectra for HPsensor 3
in ethanol. Ex λ = 520 nm.
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Figure 4.12. Normalized absorption and emission spectra for HPsensor 3
in H 2 O. Ex λ = 520 nm.
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Figure 4.13. Normalized absorption and emission spectra for HPsensor 3
in CH 2 Cl 2 . Ex λ = 520 nm.
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Figure 4.14. Normalized emission spectra for HPsensor 3 in ethanol, H 2 O,
and CH 2 Cl 2 . Ex λ = 520 nm.
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Figure 4.15. Absorption spectra of 2 µM of control dye (a) and HPsensors
1 (b), 2 (c), and 3 (d) in ethanol-water mixture. Absorption maxima for all
probes was at 60 - 80% except for the control dye which showed a maximum
absorbance at 100%.

Effect of pH on fluorescence of dyes. The dyes were tested for the effect of
pH on fluorescence intensity using Carmody buffer series in pH range from 2 to
12 (Supplementary Figs. 6 and 7). The HPsensors (1, 2, and 3) are highly
fluorescent for pH values ranging from 7.0 to 9.0 with maximum fluorescence
observed in 60% ethanol (ethanol-water mixture) (Fig 4.16 - 4.17).
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Figure 4.16. Fluorescence spectra of 2 µM of control dye (a) and
HPsensors 1 (b), 2 (c), and 3 (d) in ethanol-water mixture. HPsensors 1, 2,
and 3 show maximum fluorescence at 60% ethanol whereas the control dye
shows increase in fluorescence proportional to decrease in polarity. The
emission spectra were collected after excitation at 520 nm for HPsensors 1 and
3, at 528 nm for HPsensor 2, and at 475 nm for the control dye.
When the dyes were tested for the effect of pH on fluorescence intensity using
Carmody buffer series in pH range from 2 to 12. The fluorescence spectra for
2 µM concentration of control and HPsensors were acquired at different pH
values in triplicate and a mean peak intensity vs pH for each dye was plotted
(Fig. 4.17). Mean peak fluorescence intensity for the control dye was at 540
nm, while for HPsensors 1, 2 and 3 it was at 584, 579 and 578 nm,
respectively.
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Figure 4.17. Fluorescence spectra of control and HPsensors 1, 2 and 3
show sensitivity to change in pH. Select plots of HPsensors 1, 2 and 3 with
increasing pH (a – c). The mean peak intensity plotted at the indicated
wavelength vs pH for all HPsensors and control dye (d). Dyes were incubated
at 2 µM concentration at room temperature in Carmody buffer with pH ranging
from ~ 2 to 12 before acquiring the emission spectra. The emission spectra were
collected after excitation at 520 nm for HPsensors 1 and 3, at 528 nm for
HPsensor 2 and at 475 nm for the control dye.
While the HPsensors showed most sensitivity in the pH range from 6.5 to 9, the
control dye did not show any pH sensitivity (Fig. 4.17). When tested for pH
stability all HPsensors (1, 2 and 3) showed an increase in fluorescence as the
pH increased from 3 to 8; when the pH was decreased from 8 to 3, a comparable
decrease in fluorescence was observed (Fig. 4.18).
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Figure 4.18. Mean peak fluorescence of HPsensors with pH changes. Mean
peak fluorescence of each HPsensor (at 2 µM) is plotted with increasing pH (pH
~2.0 to pH ~ 9.0) followed by decrease in pH (pH ~ 9.0 to pH ~ 2.0). All
experiments were done in triplicate. Error bars indicate ± SD. The excitation and
emission wavelength for each dye used is: HPsensor 1, Ex 520 nm, Em 584
nm; HPsensor 2, Ex 528 nm, Em 579 nm; HPsensor 3, Ex 520 nm, Em 578 nm.
Effect of ions on dye fluorescence. In addition, the dyes showed negligible
response to ions (Na+, Mg2+, Fe2+, Fe3+, Ca2+, Zn2+) commonly found in buffer
solutions or as impurities in solutions. Their fluorescence was not significantly
enhanced or quenched in the presence of ions even up to physiologically
relevant concentrations of 150 µM.35,36
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Figure 4.19. Mean peak fluorescence of control and HPsensors with test
ions (Na+, Mg2+, Fe2+, Fe3+, Ca2+, Zn2+) in water. Mean peak fluorescence of
each HPsensor (at 2 µM) is plotted in the presence of increasing concentration
of ions (0 to 150 µM). All experiments were done in triplicate. Error bars indicate
± SD. The excitation and emission wavelength for each dye used is: Control
dye, Ex 475 nm, Em 540 nm; HPsensor 1, Ex 520 nm, Em 584 nm; HPsensor
2, Ex 528 nm, Em 579 nm; HPsensor 3, Ex 520 nm, Em 578 nm.
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Figure 4.20. Mean peak fluorescence of increasing concentration of
control and HPsensors in presence and absence of BSA in water (pH
adjusted to 8.0). Mean peak fluorescence of each dye in the absence and
presence of BSA (2 µM) is plotted with increasing concentration of control or
HPsensor (0 – 16 µM). All experiments were done in triplicate. Error bars
indicate ± SD. The excitation and emission wavelength for each dye used is:
Control dye, Ex 475 nm, Em 540 nm; HPsensor 1, Ex 520 nm, Em 584 nm;
HPsensor 2, Ex 528 nm, Em 579 nm; HPsensor 3, Ex 520 nm, Em 578 nm.
Response of dyes to protein hydrophobicity. We first tested the dyes with
BSA to determine the appropriate concentration to be used for protein studies.
The dyes show a linear fluorescence response for 2 µM of BSA at low dye
concentration i.e. 1:1 or 1:2 protein:dye ratio (Fig. 4.20). Therefore, for
measuring the relative protein hydrophobicity, HPsensors were tested with BSA,
ApoMb, and Mb at 1:1 ratio of dye to protein (2 µM each) (Fig. 4.21 – 4.24).
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Figure 4.21. Fluorescence emission spectra for HPsensor 1 incubated with
(a) myoglobin, (b) apomyoglobin, and (c) BSA. Insets are shown on the same
scale for ease of comparison between relative protein signals. Dye was
incubated with protein at 1:1 ratio (2 µM each) for 1 hour at 25 °C with
appropriate controls before spectra were acquired. Excitation wavelength was
520 nm.

108

2x10

Water
Protein
HPsensor 2
HPsensor 2 + Protein

1.0x106

4

5.0x105

1x104

0

0.0

550

600

600
650
Wavelength (nm)

700

(b) - ApoMb
3x105
Fluorescence (CPS)

Fluorescence (CPS)

(a) - Mb
3x104

1.0x106
5.0x105

2x105

0.0

1x105

0

700

550

600

600
650
Wavelength (nm)

700

700

Fluorescence (CPS)

(c) - BSA
1x106
8x105

1.0x106

6x105

5.0x105

4x105

0.0

2x105
0

550

600
650
Wavelength (nm)

600

700

700

Figure 4.22. Fluorescence emission spectra for HPsensor 2 incubated with
(a) myoglobin, (b) apomyoglobin, and (c) BSA. Insets are shown on the same
scale for easy comparison of relative protein signals. Dye was incubated with
protein at 1:1 ratio (2 µM each) for 1 h at 25 °C with appropriate controls before
spectra were acquired. The emission spectra for HPsensor 2 were collected
after excitation at 528 nm.
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Figure 4.23. Fluorescence emission spectra for HPsensor 3 incubated with
(a) myoglobin, (b) apomyoglobin, and (c) BSA. Insets are shown on the same
scale for ease of comparison between relative protein signals. Dye was
incubated with protein at 1:1 ratio (2 µM each) for 1 hour at 25 °C with
appropriate controls before spectra were acquired. Excitation wavelength was
520 nm.
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Figure
4.24. Mean peak fluorescence intensity of control (a), HPsensors 1 (b),
2(c), and 3(d) with Mb, ApoMb, and BSA proteins compared to free dye in
water. All bar graphs are plotted on the same scale for ease of comparison. For
control dye and HPsensor 3, an inset bar graph with a smaller scale is also
shown. All experiments were done in triplicate. Error bars indicate ± SD. Peak
mean fluorescence used for plotting bar graphs are as follows: control dye at
540 nm, HPsensor 1 at 584 nm, HPsensor 2 at 579 nm, and HPsensor 3 at 578
nm.
In the presence of proteins, dyes exhibited a strong fluorescence signal for
ApoMb and BSA but a weak signal for Mb (Fig. 4.21 – 4.24).

All three

HPsensors showed a progressive 3- to 11-fold increase in fluorescence signal
for ApoMb and a 3- to 33-fold increase for BSA when compared to Mb for the
respective dyes (Fig. 4.24); HPsensor 2 showed the greatest fluorescence
increase for BSA. The signal for HPsensor 1 was nearly half of the signal
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observed for HPsensors 2 (Fig. 4.24). In comparison, the control dye showed
very weak fluorescence signal for proteins (Fig. 4.24). When compared to ANS,
a well-known hydrophobic dye for proteins under similar conditions, HPsensor
2 gave 10- to 60-fold higher signal for the test proteins Mb, ApoMb, and BSA
(Fig. 4.25 – 4.26). Therefore, we measured the dissociation constant (K d ) for
HPsensor 2 for the three proteins and determined it to be 1.2 µM for Mb, 0.33
µM for ApoMb, and 0.034 µM for BSA (Fig. 4.27). In addition, we measured the
surface hydrophobicity (S 0 ) of proteins in presence of HPsensor 2 and
determined it to be 2934 for Mb, 65212 for ApoMb, and 658608 for BSA
(Supplementary Fig. 4.28).
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Figure 4.25. Mean peak fluorescence intensity of ANS and HPsensor 2 with
Mb, ApoMb, and BSA proteins shown at the indicated wavelengths. All
experiments were done in triplicate. Error bars indicate ± SD. Excitation
wavelength used for ANS is 350 nm and for HPsensor 2 is 528 nm.
112

1x104

0
400

0.0
400

500

450
500
550
Wavelength (nm)

600

Fluorescence (CPS)

500

0
400

Fluorescence (CPS)

450
500
550
Wavelength (nm)
(e) - ANS with 2 µM BSA
1.0x106
2x104

0
400

0.0
400

5.0x10

5

6.0x10

0.0

4.0x105

600

700

2.0x105
0.0

600

550

500

450
500
550
Wavelength (nm)

8.0x105

600
650
Wavelength (nm)

700

5.0x105

6.0x105
0.0

4.0x105

600

600
650
Wavelength (nm)
(f) - HPsensor 2 with 2 µM BSA

600

550

1x106

700

1.0x106

8x105

5.0x105

5

6x10

0.0

4x105

600

700

2x105
0

600

700

2.0x105
0.0

600

5.0x105

1x104

Protein
HPsensor 2
HPsensor 2 + Protein

5

(d) - HPsensor 2 with 2 µM Apomyoglobin
1.0x106
1.0x106

5.0x105
0.0
400

8.0x105

600

(c) - ANS with 2 µM Apomyoglobin
2x104
1.0x106

1x104

Fluorescence (CPS)

5.0x105

Water
Protein
Dye
Dye + Protein

Fluorescence (CPS)

1.0x10

(b) - HPsensor 2 with 2 µM Myoglobin
1.0x106
1.0x106
Water

Fluorescence (CPS)

Fluorescence (CPS)

(a) - ANS with 2 µM Myoglobin
2x104
6

550

600
650
Wavelength (nm)

700

Figure 4.26. Fluorescence emission spectra for ANS and HPsensor 2
incubated with (a - b) myoglobin, (c - d) apomyoglobin, and (e - f) BSA,
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Figure 4.27. Binding affinity of test proteins (Mb, ApoMb, BSA). Plot of
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0.5 µM HPsensor 2. Plots show non-linear regression using the
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Figure 4.28. Surface hydrophobicity of test proteins (Mb, ApoMb, BSA).
Plot of Net relative fluorescence intensity (RFI) vs protein concentration with 0.5
µM HPsensor 2. Plots show linear regression for Mb (a), ApoMb (b) and BSA
(c) at increasing concentration plotted with the Net RFI (at 579 nm). Fitting
parameters are indicated in tabular form next to each plot.
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To ascertain if change in surface polarity of proteins also affects HPsensor
binding, we tested HPsensor 2 with two well studied proteins BSA and betalactoglobulin (β-lg) (Fig. 4.29). HPsensor 2 shows reduced fluorescence signal
at low pH (Fig. 4.29). In comparison, heated proteins (both BSA and β-lg)
showed even lower fluorescence signal than respective unheated proteins (Fig.
4.29). The only exception was pH 9 fluorescence signal for β-lg (Fig. 4.29).

Figure
4.29. HPsensor 2 sensitivity to change in proteins surface polarity. 0.1 μM
of proteins (a) BSA and (b) beta-lactoglobulin (β-lg) were incubated with 0.5 μM
of HPsensor 2 at 25 °C in Carmody Buffer at pH 3, 5, 7 or 9. All experiments
were done in triplicate and average peak fluorescence at 579 nm was used to
calculate bound protein/dye. Error bars indicate ± SD. Excitation wavelength
used for HPsensor 2 was 528 nm.
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Figure 4.30. Native PAGE of 2 μg proteins with 1X, 3X, and 10X Dye (ANS
or HPsensor 2). 2 μg of proteins Mb (a), ApoMb (b), and BSA (c) were
incubated with 1X, 3X, and 10X concentration of dyes (ANS or HPsensor 2) for
1 h at 25 °C. The BSA protein was run on a 10% gel for 3 h and Mb and ApoMb
proteins were run on a 15% gel for 6 h at 80 V. Full length gels are included in
supplementary figures 30 - 32. Brightness and contrast settings of gels were
adjusted for aesthetic purposes.
Finally, we tested the three proteins Mb, ApoMb, and BSA with ANS and
HPsensor 2 on a native PAGE. The UV gel image showed that HPsensor 2
exhibited a much stronger signal than ANS (Fig. 4.30) upon UV exposure for all
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three proteins. It was interesting to see that HPsensor 2 showed decreased
signal with ApoMb and the least signal with Mb after exposure to UV light (Fig.
4.31) which is in line with the fluorescence data.

Figure 4.31. Native PAGE of 2 µg of Proteins [Myoglobin (Mb),
Apomyoglobin (ApoMb), BSA] with HPsensor 2. 2 µg of each protein was
incubated with HPsensor 2 at 1X, 3X, and 10X concentration for 1 h at room
temperature. Proteins were then run on 10% Tris-HCl gel for 4 h at 80 V before
exposure to UV light or Coomassie blue. Full length gel is included in
supplementary figure 34. Brightness and contrast settings were adjusted for
aesthetic purposes.

Discussion
The novel BODIPY dyes with aryl substitutions (with NH 2 , NHAc, or OCH 3
groups) at the meso position for sensing protein hydrophobicity and 2methoxyethylamine substitution at the 3,5-positions for increasing water
solubility were synthesized. The control dye (nitroaryl substitution at meso
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position) has been reported in an earlier study and is known to have weak
fluorescence34,11c primarily due to free rotation of the nitroaryl group resulting in
high non-radiative decay rate unlike the methylaryl counterpart that gives
quantum yields of 63%33.

With previous literature suggesting that the meso aryl substitution has a
profound effect on fluorescence characteristics irrespective of the lack of πconjugation37, we sought to investigate the role of the electron donating ability
on fluorescence. The three donor groups (NH 2 , NHAc, and OCH 3 ), substituted
to aryl group at the meso position have been known to cause an enhancement
in fluorescence38 and thus served as an important starting point for our dyes.
We used the 3,5-positions for 2-methoxyethylamine substitution to increase
stability and solubility of control dye in polar environment by enhancing the
hydrogen bonding ability. Interestingly, addition of the 2-methoxyethylamine
groups to the control dye led to quenching of fluorescence as noted for dye 5
(Fig. 4.1). The fluorescence quenching may be due to photo-induced electron
transfer with nitrophenyl group functioning as an electron acceptor. While
decrease in fluorescence quantum yield was expected due to free rotation of
aryl substituents at the meso position by non-radiative decay processes (k nr ),28
a total loss of fluorescence (quenching) was unexpected. Quantum
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Figure 4.32. Schematic diagrams of frontier molecular orbitals of control
dye, dye 5, and HPsensors (1, 2, and 3) showing their HOMO-LUMO energy
gap (eV) in ethanol. The data was taken from Appendix A,Table 1.

mechanical calculations for HOMO and LUMO gap by first-principle density
functional theory showed a significant decrease in HOMO-LUMO gap for dye 5
(1.639 eV) compared to control dye (2.445 eV) (Fig. 4.32 and Appendix A, Table
1). This decrease in HOMO-LUMO gap due to 2-methoxyethylamine
substitution at 3,5-positions in combination with free rotation of nitroaryl
substituent at meso position can account for quenching of fluorescence for the
dye 5.
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However, the other substitutions (NH 2 , NHAc, and OCH 3 ) showed a significant
increase in fluorescence of the HPsensors upon binding to hydrophobic proteins
(ApoMb and BSA) (Fig. 4.24 – 4.25). The HPsensors 1, 2, and 3 showed a redshift in excitation (561—569 nm) and emission (577-587 nm) compared to the
control dye (Ex 517 nm and Em 540 nm), with increase in fluorescence
quantum yield (Φ f ) in different solvents (Table 1). This shift in excitation and
emission maxima towards longer wavelength with decreasing solvent polarity
could be due to slight decrease (~0.22 eV) in the energy gap for HPsensors
(Fig. 4.32 and Appendix A, Table 1) compared to control dye leading to
increased conjugation of π-system of the chromophore39.

The amphiphilic nature of HPsensors is critical for surface hydrophobicity
measurements in proteins as surface hydrophobic regions on proteins are
exposed to solvent (aqueous) and require a balance of hydrophobic as well as
hydrophilic interaction for achieving efficient binding of dye. The results show
that increasing the electron donating ability of substituent aryl groups enhances
the hydrophobic sensing of the HPsensors and help differentiate the degree of
hydrophobicity in proteins. BSA had the highest level of surface hydrophobicity,
followed by ApoMb and then Mb as measured by HPsensors (Fig. 4.24). This
increase in fluorescence of HPsensors can be attributed to aryl substituents40
(with NH 2 , NHAc, or OCH 3 groups) restricting free rotation at the meso position.
In addition, increased rigidity of dye due to binding of ring structure to proteins
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hydrophobic surface and increased hydrogen bonding of 2-methoxyethylamine
group with aqueous phase can reduce non-radiative deactivation resulting in
fluorescence enhancement (Fig. 4.33)41. In addition, HPsensor 2 showed
remarkable reporting ability of hydrophobicity with signal strength 10- to 60-fold
higher compared to ANS when tested with Mb, ApoMb and BSA under identical
conditions (Fig. 4.25 - 4.26). We evaluated the relative surface hydrophobicity
of the three proteins (Mb, ApoMb, and BSA) using HPsensor 2 that showed BSA
to be the most hydrophobic and Mb to be the least hydrophobic (Fig. 4.28). In
addition, evaluation of the surface electrostatic and hydrophobic maps for
proteins using computational modeling software SPDB42 showed BSA to be the
most hydrophobic (Appendix A, Fig. A3 – A6) compared to the other proteins
tested.
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Figure 4.33. Plausible model for increase in fluorescence of HPsensors.
(a) Cartoon shows that free HPsensor 2 has very weak fluorescence in aqueous
environment. However, upon binding to proteins HPsensor 2 shows marked
enhancement in fluorescence due to binding of dye to proteins hydrophobic
surface resulting in molecular twisting and increased rigidity due to steric
hindrance; (b) Molecular mechanism shows that meso aryl substitution in
ethanol can twist resulting in decrease in HOMO and LUMO gap; that combined
with increased rigidity of dye inhibits free rotation of aryl substituents leading to
decrease in non-radiative decay. This decrease in HOMO and LUMO gap
combined with increased molecular rigidity leads to enhancement in
fluorescence.
However, the difference in calculated hydrophobicity for Mb and ApoMb is
negligible (Appendix A, Fig. A3 - A4), suggesting limitations of such calculations
and delineation from the experimental evidence.41-43 Independent studies show
that ApoMb is partially unfolded and more flexible due to loss of heme group
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resulting in loosening of helical structure when compared to Mb.43,44 Therefore,
this loosening of structure due to loss of metal ion can lead to increase in
aberrant surface hydrophobicity of ApoMb in a manner similar to that seen for
other metalloproteins.12 To further evaluate the strength of the hydrophobic
interaction between HPsensor 2 and proteins, we carried out native PAGE. Due
to the large difference in isoelectronic point of BSA (pI ~ 4.5) and ApoMb/Mb (pI
~ 7.5 – 8.5), and their size, the amount of time required to sufficiently resolve
proteins on the respective cross-linked percentage gels (10% for BSA and 15%
for ApoMb and Mb) were adjusted accordingly. With BSA, ApoMb and Mb, the
signal strength of HPsensor 2 was much greater than that of ANS under similar
conditions as seen by UV imaging (Fig. 4.25). In addition, the signal intensity
increased and was in line with the predicted level of exposed surface
hydrophobicity of these proteins with BSA showing the highest hydrophobicity
(Fig. 4.28).

We also evaluated the response of the most sensitive dye, HPsensor 2, to
change in surface polarity of BSA and β-lg upon heating and compared it to
unheated proteins at different pHs (Fig. 4.29). Thermal denaturation of proteins
at different pHs15,45,46 have been shown to influence the extent of surface
hydrophobic exposure of BSA and β-lg as measured by dyes such as PRODAN
and ANS.15 ANS being an anionic probe overestimates hydrophobicity at acidic
pH due to electrostatic interactions whereas PRODAN being uncharged is not
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influenced by changes in pH.15 Our results show that HPsensor 2 was more
responsive to change in surface hydrophobicity (Fig. 4.29). Furthermore, these
surface hydrophobicity measurements of BSA and β-lg by HPsensor 2 are in
line with the uncharged dye PRODAN. Considering all the properties of the dyes
above, HPsensor 2 is an ideal dye for evaluating protein surface hydrophobicity
(S 0 ) and can be used as a sensitive hydrophobic probe for proteins.

Conclusion
We report novel HPsensors for mapping proteins surface hydrophobicity that
show a 10- to 60-fold stronger signal compared to commonly used fluorophore
ANS with affinity for proteins in the nanomolar range. The strong signal to noise
ratio suggests that these dyes can be useful for applications even with a minute
quantity of hydrophobic protein. Thus, this work provides a framework for
synthesis of future amphiphilic dyes that can be used for specifically reporting
protein surface hydrophobicity with higher sensitivity. We expect these dyes in
combination with other techniques such as reverse phase-high performance
liquid chromatography (RP-HPLC) have the potential for characterizing protein
surface properties. This will help us better understand protein-ligand
interactions, molecular recognition, and their biological functions.
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Methods
Materials. Unless otherwise indicated, all reagents and solvents were obtained
from commercial suppliers (Sigma and Fisher) and used without further
purification. Protein samples of BSA and equine myoglobin were purchased
from Sigma. ApoMb was prepared from equine myoglobin (Sigma) as per a
modified protocol of Breslow (1965)47 and Adams (1977)48 outlined in Appendix
A.

Instrumentation. 1H NMR and 13C NMR spectra were procured on a 400 MHz
Varian Unity Inova spectrophotometer instrument. FTIR spectra were acquired
using a Perkin Elmer Spectrum One FTIR. UV spectra were measured using
the Perkin Elmer Lambda 35 UV/VIS spectrometer and the fluorescence spectra
were measured using the Jobin Yvon Fluoromax-4 spectrofluorometer.

Spectroscopic studies. Fluorescence quantum yields of BODIPY dyes were
measured in dichloromethane, ethanol and water and calculated using the
previously reported method30 outlined in the supporting methods. The
sulforhodamine 101 dye (Φ n = 95% using an excitation wavelength of 577 nm
in ethanol)49 was used as the fluorescence standard to measure fluorescence
quantum yields of the new BODIPY dyes. The absorption spectra were
measured from 300 nm to 800 nm in applicable solvents at 1 nm intervals. The
emission spectra for fluorescent dyes were measured at 1 nm intervals using
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excitation wavelengths of 520 nm for HPsensors 1 and 3 and 528 nm for
HPsensor 2 with both excitation and emission band widths at 2 nm.

The absorption and emission spectra of 2 µM of each BODIPY dye were
acquired in ethanol-water mixture with increasing concentration of ethanol (20%
increments ranging from 0 to 100% ethanol) to check their fluorescence
sensitivity to change in solvent polarity. These dyes were also investigated for
their pH sensitivity using Carmody buffer series50 from pH 2 to pH 12. Dyes were
incubated at a concentration of 2 µM in increasing pH for 30 mins after which
the emission spectra were acquired in triplicate. To check for dye stability with
pH, fluorescence of 2 µM of dyes with change in pH from 3 to 8 and then back
to pH 3 was measured using 5 M NaOH and 5 M HCl, respectively. Extinction
coefficient was calculated for each dye in 100% ethanol using increasing dye
concentrations from 5 µM to 30 µM.

In addition, the sensitivity of these dyes were investigated for ions (Na+, Mg2+,
Zn2+, Fe2+, Fe3+, Ca2+) commonly found in aqueous solutions and buffers. The
fluorescence emission spectra of dyes at 2 µM concentrations in distilled water
(adjusted to pH 8 using 0.1 M NaOH) with increasing concentration of each test
ion (0 to 150 µM) at room temperature was acquired in triplicate. For
experiments with proteins, dye concentration dependence was investigated by
measuring florescence of increasing concentration of dyes (0 to 100 µM range)
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in the presence and absence of 2 µM BSA. All proteins were tested in water
(adjusted to pH 8 using 0.1 M NaOH) because ApoMb is prone to aggregation
in buffer salts. Fluorescence emission spectra of dyes with all three proteins
(Mb, ApoMb, and BSA) were collected by incubating 2 µM dyes with 2 µM
proteins (1:1 ratio) for 1 hour before acquiring the absorption and emission
spectra. ANS dye was similarly tested at 2 µM concentration with Mb, ApoMb
and BSA for comparison to these BODIPY based dyes (Supplementary Fig. 13).
All protein and dye samples were freshly prepared and incubated at room
temperature for 1 h before acquiring the fluorescence spectra. All spectra were
plotted using OriginPro 9.1 and schemes were drawn using ChemBioDraw 14.

Surface Hydrophobicity and Binding Affinity. Surface hydrophobicity (S0)
measurements and binding affinity of proteins (Mb, ApoMb and BSA) were
determined using HPsensor 2 as per established protocol.5,46 For the S0
measurements, 0.5 µM HPsensor 2 in distilled water (adjusted to pH 8 using 0.1
M NaOH) was incubated with 8 - 10 concentrations of each test protein (0.1 – 1
µM for Mb; 0.002 – 0.1 µM for ApoMb; and 0.006 – 0.1 µM for BSA) for 1 h at
25 °C before acquiring the emission spectra. The net relative fluorescence
intensity (RFI) was then calculated by subtracting the fluorescence of protein in
water from protein + HPsensor 2. The slope (linear regression fit) of net RFI (at
579 nm) vs protein concentration gave the surface hydrophobicity of each
protein (Supplementary Fig .17). To measure the binding affinity of HPsensor 2
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for the proteins, fluorescence titration curves were acquired using 21 – 28
different concentrations of protein in the presence of 0.5 µM HPsensor 2. The
range of protein concentrations used were: 0.1 – 3.0 µM for Mb, 0.002 – 3 µM
for ApoMB, and 0.006 – 8.5 µM for BSA. The data was analyzed by a non-linear
regression method using the MichaelisMenten model included in OriginPro 9.1.
Finally, for evaluating the probe sensitivity to increasing polarity on protein’s
surface, an established protocol15 was used with the following modification. The
fluorescence of bound protein/dye was plotted against pH as opposed to the
surface hydrophobicity. The proteins were prepared in 2 forms: either heated
(80 °C for 30 mins) or unheated for analysis. To begin with, 0.1 µM of each
protein (heated/unheated BSA or β-lg) tested was incubated with HPsensor 2
(0.5 µM) for ~30 mins in Carmody buffer series50 at pH 3, 5, 7 or 9. Bound
protein/dye fluorescence was determined by the difference of fluorescence for
protein + HPsensor 2 to protein alone at 579 nm. All spectra were plotted using
OriginPro 9.1.

Native PAGE of proteins. 2 µg each of BSA, ApoMb, and Mb proteins were
incubated in the presence of increasing concentration (1X, 3X, and 10X) of dyes
(ANS and HPsensor 2) for 1 h at room temperature. In addition, 5 µg of BSA
was also incubated with the two dyes (ANS and HPsensor 2) at increasing
concentration (1X, 5X. and 25X) for 1 h at room temperature. Proteins incubated
with dye were then mixed (1:1) with native sample buffer before polyacrylamide
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gel electrophoresis (PAGE) at 80 V.

The proteins were run on different

percentage gels for separation by electrophoresis on native PAGE. BSA protein
was run on a 10% gel for 3 h and ApoMb and Mb were run on a 15% gel for 6
h. UV images of gels were acquired using the Bio Doc-It imaging system before
staining with Coomassie blue.

Surface Electrostatic and Hydrophobic Molecular Modeling. In order to
evaluate the differences between proteins surface properties used in this study,
surface electrostatic maps were generated for Mb (PDB ID: 3RJ6), ApoMb
(Modified from 3RJ6), beta lactoglobulin (PDB ID: 2Q2M) and BSA (PDB ID:
3V03) using the APBS software (http://www.poissonboltzmann.org/) at pH
8.51,52,53 This was then displayed using the included web viewer Jmol_S. In
addition, the Swiss-Prot software SPDB (http://spdbv.vital-it.ch/) was used to
generate surface hydrophobic maps for each of these proteins.42

Computational methods. To identify the mechanism responsible for the
selective enhancement of fluorescence behavior of the HPsensors, we have
used a first-principles density functional theory (DFT)54 that employs a range
separated hybrid functional HSEH1PBE for the exchange and correlation55 to
carry out the electronic structure calculations. This functional has been used
recently to study the electronic structure of various materials including organic
molecules56,57. An all electron Gaussian basis set55, 6-311g**, is used for the
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calculations. To include the solvent effect due to water or ethanol, we have used
a polarizable continuum model (PCM) using Gaussian 09 suite program55.
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Abstract
The major driving force in protein aggregation process are the intermolecular
interactions in which hydrophobicity plays a dominant role.

In case of

neurodegenerative diseases, one classical question that arises is: “what is the
toxic species?” This question has remained unanswered for a very long time
due to the limitations of current techniques that fail to identify the toxic fold or its
interacting surface hydrophobic region on the misfolded protein. The current
studies on proteins links its aggregation propensity to surface hydrophobicity.
Therefore, it is important to understand the role surface hydrophobicity plays in
biological functions or the disease process. Currently, probes such as 1Anilinonaphthalene-8-Sulfonic Acid (ANS) are used, but this probe preferentially
binds to the hydrophobic pocket and is thus limited in its reporting ability. The
anionic nature of ANS allows for increased solubility over other commercial
probes and the potential to be used for surface hydrophobicity mapping. This
study addressed the problem of surface hydrophobicity measurements at a
quantitative level using hydrophobic labeling. To overcome the limitations
discussed, we functionalized the well characterized hydrophobic probe, ANS,
enabling it attach to available lysine/arginine residues on the protein surface.
The caveat is that this covalent attachment is biased towards amine
(lysine/arginine) residues on aqueous phase located near surface hydrophobic
regions. The three test proteins used (BSA, Apomyoglobin, Myoglobin) all show
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various degrees of labeling that correspond well to the expected level of surface
exposed hydrophobicity (BSA > Apomyoglobin > Myoglobin). This is in line with
surface hydrophobicity (S 0 ) measurements using this novel probe. This is also
in line with steady state fluorescence experiments which showed a similar
pattern. SDS PAGE experiments showed similar trend with labeled proteins
displaying a strong signal for BSA and Apomyoglobin, but a weak signal for
Myoglobin.
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Introduction
In neurodegenerative diseases protein misfolding and aggregation play a
central role wherein several non-native protein structures such as misfolded
monomer, oligomers, and fibrils are observed.1 All these diverse misfolded
protein structures share one common property which is increase in surface
hydrophobicity.2 This aberrant hydrophobic exposure combined with disulfidebond scrambling have been shown to influence the nature of aggregate formed.3
This is a result of combination of insults (cellular stress, oxidative stress, metal
ion loss, etc) to the protein structure or instability introduced through point
mutation.4 However, mapping of the surface hydrophobicity due to lack of
suitable probes is a challenge.

Currently in the field of protein chemistry, hydrophobicity of proteins is described
by two terms ‘average hydrophobicity’ and ‘surface hydrophobicity’. The
‘average hydrophobicity’ of a protein is calculated by the percentage of
hydrophobic amino acids present in the protein sequence and information on
proteins structural fold is not taken into consideration.5,6 Specifically, a score is
calculated based on the number of hydrophobic amino acids present within the
sequence. However, this measure is useful in predicting HPLC retention and
protein interaction in hydrophobic interaction chromatography.7 While this is
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useful, it fails to account how structural change (that can be due to misfolding
of protein or natural fold) can impact the proteins hydrophobicity.
The ‘surface hydrophobicity’ is directly dependent on proteins structure and
measures exposure of hydrophobic amino-acid residues to solvent environment
of proteins due to a natural fold or as a consequence of misfolding. This is hard
to measure accurately due to lack of proper tools and limitations of existing
techniques. Some of these limitations include poor solubility of probes in
aqueous media,8,9 and high fluorescence signal for probe such ANS when it
binds to proteins buried hydrophobic pockets but very poor or no signal when it
binds to hydrophobic surface that is solvent exposed.10 In addition, techniques
such as X-ray crystallography and NMR spectroscopy prove of limited use as
large amounts of protein are required. Furthermore, misfolded proteins may be
very difficult to crystallize. Currently, ‘surface hydrophobicity’ and its impact on
aggregation mechanisms are still poorly understood. Therefore, any
improvement in quantitative measurement and ability to identify exposed
hydrophobic surface will lead to a better understanding of aggregation
mechanisms. In addition, it will provide structural insights that will help with
rational drug design approach for exploring novel therapeutic avenues.
Therefore to address this gap, we propose to map the hydrophobic surface
using fluorescent probes that can covalently bind to the protein.
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Hydrophobic labeling is the biased labeling of proteins using an extrinsic
fluorescent tag. The exact location and driving force for covalent localization is
directed by nearby regions of hydrophobicity on the protein surface. Labeling
the protein allows a quantitative analysis of protein topography including the
exposed hydrophobic surface but can be biased depending upon the probe
used. To date, a few extrinsic fluorescent probes are available for protein folding
and aggregation studies, including ANS,10-12 Bis-ANS,11,13,14 ThT.15,16 However,
these report total hydrophobicity and cannot be used for surface hydrophobicity
in their current forms.

A modification that restricts localization of a probe such as ANS to the surface
of the protein would allow its use in measuring surface hydrophobicity of
proteins that tend to misfold, aggregate, and form fibrils.17 This kind of
modification can be achieved through coupling systems such as the ɛ-amino
group of lysine, the α-amino group of the N-terminus, or the thiol group of
cysteine that have all been used previously.18

ANS has been used for a long time as a preferred hydrophobic probe for
proteins due to its small size and high fluorescence when it binds to hydrophobic
pocket, giving it distinct advantage over other fluorescent probes.19,20 Upon
binding to buried hydrophobic cavities, the fluorescence intensity of ANS is
significantly increased and is accompanied by a stokes shift to shorter
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wavelength.20,21 Probes such as ANS are noted to work through either solvent
relaxation, intramolecular charge transfer or even twisted intramolecular charge
transfer mechanisms.18 ANS fluorescence is also impacted by the charged
sulfonate group through electrostatic interactions with charged protein side
chains.20,22 In addition, its use is limited for surface hydrophobicity
measurements as it shows very low to no fluorescence in aqueous media. Due
to the relatively small size of ANS, it has been shown that ANS dimerization is
important at acidic pH and as a result, electrostatic interactions play a significant
role.23 However, at physiological conditions near pH 7, ANS has been shown to
be monomeric.23 This feature can be further exploited as this dye is coupled to
proteins. Along with this, research conducted almost two decades ago also
showed that ANS was able to qualitatively differentiate several proteins based
on levels of hydrophobicity.24

Therefore, we chose ANS dye for functionalization due to its small size, its well
characterized properties for measuring protein hydrophobicity, and its ability to
be modified with a succinimide-functionalized ethynyl derivative for covalent
linking to amine groups on proteins near surface hydrophobic regions. The
structure of this new dye shown in figure 1 differs from ANS only in the addition
of a succinimide-functionalized ethynyl derivative (NHS linker) at position 5 of
ANS. The succinimide group offers facile reaction with amine residue of proteins
in buffer solution at pH 7.4.
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Figure 5.1. Structure of the commercially available ANS (A) and the
functionalized ANS (B). The succinimide-functionalized ethynyl derivative (NHS
linker) is shown in blue and is linked to ANS at position 5.
The introduction of an NHS linker allows a non-cleavable covalent bond
targeted at amine groups such as lysine or arginine that are common but not
overly abundant in most proteins.25 This design limits the number of dye
molecules that can bind to proteins surface hydrophobic regions at two levels:
1) requires a hydrophobic patch on proteins surface to interact, and 2) needs to
have a lysine/arginine amino acid residue within few Å of the hydrophobic patch
to covalently interact. In addition, the increase in size of ANS due to the linker
also provides steric hindrance for interaction with the hydrophobic pocket of
proteins. This unique combination of ANS characteristics24

26 18 10 27

with NHS

crosslinking ability can provide information on surface hydrophobicity as well as
prospect to determine its precise location which could not be addressed
previously24.
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To aid in the proof of concept of application of these ANS modified dyes for
surface hydrophobic mapping we used three well characterized test proteins for
the study. We chose 1) bovine serum albumin which has been studied
extensively,28 - 33 2) apomyoglobin and 3) myoglobin which is the holo-protein
counterpart of apomyglobin . BSA has 60 lysine and 26 arginine residues in
comparison apomyoglobin and myoglobin contain 19 lysine and 2 arginine
residues. In addition, apomyoglobin and myoglobin differ only in the lack of the
metal ion (Fe) in apomyoglobin making the apo-protein more hydrophobic.34
Exploiting the above properties, biased labeling of each test protein was
achieved showing a difference in the level of ANS fluorescence for each protein.

Methods and Materials
5.3.1.

Instrumentation and Materials

Unless otherwise indicated, all reagents and solvents were obtained from
commercial suppliers such as Sigma-Aldrich, Fisher and Bio-Rad or affiliated
major

suppliers

and

used

without

further

purification.

Absorbance

measurements were taken using the Perkin Elmer Lambda 35 UV/VIS
spectrometer. Fluorescence spectra measurements were recorded on a Jobin
Yvon Fluoromax-4 spectrofluorometer. 1H NMR and
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13

C NMR spectra were

taken on a 400 MHz Varian Unity Inova spectrophotometer instrument.
Apomyoglobin was prepared according to previously reported protocol.34
5.3.2.

Dye synthesis

The ANS-modified probe was prepared according to the following scheme.
Details of synthesis are included in Appendix B.
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Figure 5.2. Synthetic scheme for ANS-modified probe. Commercially
available ANS was modified to include a succinimide-functionalized ethynyl
derivative (NHS ester).
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5.3.3.
5.3.3.1.

Spectroscopy experiments
Dye in various solvents

The dye was prepared at a concentration of approximately 5 µM in 0.1 M sodium
bicarbonate buffer (pH 8.3), DMSO and 100% ethanol. The absorption was then
measured from 250 – 500 nm followed by the fluorescence measurements
using an excitation λ= 385 nm, excitation slit width of 2 nm with an emission slit
width of 2 nm. An average of three scans was collected at 1 nm intervals over
the range of 390 – 750 nm.
5.3.3.2.

Dye in ethanol-water dilutions

The dye was prepared at a 5 µM concentration in various ethanol/water dilutions
(0%, 20%, 40%, 60%, 80% and 100%). The absorption was then measured
from 250 – 800 nm followed by the measurement of fluorescence using an
excitation λ= 385 nm, excitation slit width of 2 nm with an emission slit width of
2 nm. An average of three scans was collected at 1 nm intervals over the range
of 390 – 750 nm.
5.3.3.3.

Surface Hydrophobicity of Proteins

Surface hydrophobicity (S 0 ) measurements for proteins (Mb, ApoMb, and BSA)
were determined using 5 µM ANS in 0.1 M Sodium Bicarbonate buffer (pH 8.3)
as per established protocol.6,34 Proteins were prepared at 8 – 10 concentrations
that showed a linear dye response to increasing protein concentration (BSA: 0.5
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– 5 µM; Apomyoglobin: 2 -10 µM) and incubated for 1 h at 25 °C before acquiring
the emission spectra. Measurements with Mb showed little to no significant
response compared to noise and could not be acquired. The net relative
fluorescence intensity (RFI) was then calculated by subtracting the fluorescence
of protein in water from protein + ANS. The slope (linear regression fit) of net
RFI (at 500 nm – BSA; 504 nm – ApoMb) vs protein concentration gave the
surface hydrophobicity of each protein.
5.3.3.4.

Dye with Proteins

The dye was prepared at a 5 µM concentration with 5 µM protein (BSA,
Lysozyme, Apomyoglobin or Myoglobin) in 0.1 M sodium bicarbonate buffer (pH
8.3). The dye was then incubated with protein for 1 hours at 25 °C. The
fluorescence was then measured using an excitation λ= 385 nm, excitation slit
width of 2 nm with an emission slit width of 2 nm. An average of three scans
was collected at 1 nm intervals over the range of 390 – 750 nm.
5.3.3.5.

Surface Electrostatic and Hydrophobic Molecular Modeling

In order to evaluate the difference between proteins surface properties used in
this study, surface electrostatic maps were generated for Mb (PDB ID: 3RJ6),
ApoMb (Modified from 3RJ6), and BSA (PDB ID: 3V03) using the APBS
software (http://www.poissonboltzmann.org/) at pH 8.3.
displayed using the included web viewer Jmol_S.
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This was then

5.3.3.6.

Labeling of protein

The protein labeling was conducted using a molar ratio for protein:dye of 1:15
in fresh 0.1M sodium bicarbonate buffer (pH 8.3). The reaction was then allowed
to proceed for 2 hours at room temperature. The reaction was then quenched
using 10% of 1.5 M hydroxylamine (pH 8.5). Proteins were also incubated
concurrently with ANS following the same labeling protocol. Labeled and
unlabeled protein along with protein incubated with ANS were then analyzed
using denaturing SDS PAGE by running the gel for approximately 2.5 - 3 hrs at
80 V after reduction with 2-mercaptoethanol and exposure to 100 °C for 5
minutes. Gels were visualized first with UV and then stained with Coomassie
blue R250 overnight before acquiring the image at 600 dpi.

Results
The synthesis of the modified ANS dye was conducted as described in the
methods section of appendix B. The new dye was then characterized using
several techniques including NMR, mass spectrometry, UV VIS and
fluorescence spectroscopic techniques and finally, SDS PAGE.
The modified ANS dye was first characterized by 1H NMR and

13

C NMR

(Appendix Figure B2 - 9). Peak locations and relative intensities are described
in the methods and shown in the supplementary data. Due to the high reactivity
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of the NHS linker attached to the ANS moiety, ESI-MS data showed a mass of
approximately 411 Da for the final product described in Appendix B.

A comparison of the spectroscopic properties of the modified ANS and the
commercial ANS dye revealed a few differences in absorption and emission
spectra (Appendix Figure B1; Figure 5.3 – 5.5). The absorption and
corresponding emission spectra of the ANS modified dye was noted to be red
shifted compared to that of ANS in the various solvents (Figure 5.4). Absorption
spectra was red shifted by an average of 10 nm while the emission spectra was
red shifted by an average of 20 nm (figure 5.4; Appendix figure B1). In contrast,
both dyes were shown to respond similarly to solvents of differing polarity or
dielectric constant (figure 5.3 – 5.4) except in the overall magnitude of the
fluorescence intensity.
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Figure 5.3. ANS response to solvent polarity. Emission spectra of ANS in (a)
varying polarity solvents (DMSO, 100% Ethanol and 0.1 M Sodium Bicarbonate
Buffer (pH 8.3)) as well as in (b) ethanol-water dilutions.
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Figure 5.4. ANS modified dye response to solvent polarity. Emission spectra of
ANS in (a) varying polarity solvents (DMSO, 100% Ethanol and 0.1 M Sodium
Bicarbonate Buffer (pH 8.3)) as well as in (b) ethanol-water dilutions.
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Figure 5.5. Stokes shift of modified ANS dye. Emission spectra of ANS and
ANS-NHS in 100% ethanol showing 20 nm red shift in emission maxima, from
474 nm to 494 nm.
Further analysis of the ANS modified probe with protein samples also revealed
a similar response to that of ANS with the order of surface hydrophobicity
indicated as BSA>Apomyoglobin>Myoglobin (figure 5.7 – 5.8). This was further
supported by surface hydrophobicity measurements of the proteins using the
ANS modified probe. The S 0 values for proteins were as follows: Mb (not
determined); Apomyoglobin (912); and BSA (26563). Again, as observed
previously, the ANS modified dye showed lower levels of fluorescence
compared to ANS samples.
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Figure 5.6. Surface hydrophobicity (S 0 ) of proteins with the modified ANS
probe. (a) BSA; (b) Apomyoglobin; (c) Myoglobin. Surface hydrophobicity
measurements for BSA showed a value of 26563 in comparison to
apomyoglobin which showed a value of 912. No value could be determine for
myoglobin due to the negative exponential decay relationship observed.
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Figure 5.7. Surface hydrophobicity of proteins (Myoglogbin,
Apomyoglobin, Lysozyme and BSA) using ANS. ANS (5 µM) incubated with
5 µM proteins (Myoglobin, Apomyoglobin, Lysozyme and BSA) at r.t. for 1 h. (a)
Myoglobin; (b) Apomyoglobin; (c) BSA. Where shown, insets show spectra on
smaller scale for easy comparison.
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Figure 5.8. Surface hydrophobicity of proteins (Myoglogbin,
Apomyoglobin, Lysozyme and BSA) using ANS modified dye. ANS
modified dye (5 µM) incubated with 5 µM proteins (Myoglobin, Apomyoglobin,
Lysozyme and BSA) at r.t. for 1 h shown on the same scale as that of ANS
samples (Fig. 2). (a) Myoglobin; (b) Apomyoglobin; (c) BSA. Where shown,
insets show spectra on smaller scale for easy comparison.
After labeling of protein with the ANS modified dye, the samples were analyzed
via SDS PAGE. Gel images showed a strong signal for labeled BSA and
apomyoglobin but there was no signal detected for myoglobin (figure 5.9 – 5.11).
In addition, comparison of labeled protein to unlabeled control or proteins with
ANS via UV illumination (figure 5.9 – 5.10) showed much greater signal for BSA
and Apomyoglobin. In contrast, the labeled myoglobin (figure 5.11) showed no
difference for labeled protein compared to the controls. In addition, the
Coomassie stained version of each gel showed comparable levels of proteins
in each lane (figure 5.9 – 5.11).
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Figure 5.9. SDS-PAGE gel images of BSA after labeling with ANS probe.
Images of 10% TRIS-GLY gel of BSA shown of gel illuminated with UV light (a)
or stained with Coomassie blue (b). Lanes indicate position of protein markers,
unlabeled protein, protein incubated with ANS and labeled protein. All proteins
were run in triplicate of 2, 5 and 10 µg respectively.
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Figure 5.10. SDS-PAGE gel images of apomyoglobin after labeling with
ANS probe. 15% TRIS-GLY gel illuminated with UV light (a) or stained with
Coomassie blue (b). Lanes indicate position of protein markers, unlabeled
protein, protein incubated with ANS and labeled protein. All proteins were run in
triplicate of 2, 5 and 10 µg respectively.
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Figure 5.11. SDS-PAGE gel images of myoglobin after labeling with ANS
probe. 15% TRIS-GLY gel illuminated with UV light (a) or stained with
Coomassie blue (b). Lanes indicate position of protein markers, unlabeled
protein, protein incubated with ANS and labeled protein. All proteins were run in
triplicate of 2, 5 and 10 µg respectively.
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Discussion
This study shows application of a novel modified version of ANS with a linker
tail for mapping protein surface hydrophobicity. The modified ANS dye used in
this experiment showed physicochemical properties comparable to commercial
ANS with a reduction in overall intensity but no change in the overall emission
spectra. However, a reduction in quantum yield was observed (Figure 5.3 – 5.4)
between free ANS and the modified version (Figure 5.12 – 5.13).

Modified ANS is restricted to surface hydrophobic regions resulting in weak
fluorescence whereas free ANS is able to bind in the hydrophobic pocket
resulting in the higher fluorescence levels observed. On the surface of proteins,
lysine groups are the most abundant amines and a source of nucleophiles.25 In
a typical globular protein, the amount of lysine residues can be 6 – 9%.35 In
contrast, arginine has an abundance of 3 – 5%.35 Of the proteins used in this
study, BSA contained the most lysine and arginine residues with 60 and 26
residues respectively. Apomyoglobin and Myoglobin contained 19 lysine and 2
arginine residues respectively. However, not every lysine or arginine residue is
near a region of surface hydrophobicity (Figure

167

H 2O

H 2O

H2O

H 2O

H2O

H 2O

Fluorescent

H 2O

HO

3S

H 2O

Weakly
fluorescent

NH

H 2O

HO

3S

HO

NH

H2O

N
H

H2O

3S

Weakly
fluorescent

Protein

H2O

H2O

H2O
H2O

HO

3S

NH

H2O

H2O

H 2O

Nonfluorescent
H2O

H2O

H 2O

H2O
H2O

H2O

Figure 5.12. ANS is fluorescent when bound to hydrophobic pocket. ANS
molecules bound to the hydrophobic pocket are most fluorescent and weakly
fluorescent when bound to exposed hydrophobic surface of proteins.
This difference in quantum yield was attributed to the difference in mechanism
5.14). This allows the labeling process to be biased towards amine groups that
are near surface exposed hydrophobicity. As a result, we have designed an NHS
modification to a well characterized fluorescent probe ANS10-12,19,20,22,26,36 which
has been successfully used in mapping the surface hydrophobicity of proteins.
This type of technology can improve our understanding of and help characterize
toxic species that cause protein aggregation.
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Figure 5.13. ANS binds to hydrophobic pocket while modified ANS detects
surface hydrophobicity. Free ANS is able to fit into and bind to the
hydrophobic pockets of proteins. Modified ANS is restricted to only surface
hydrophobicity of proteins due to covalent attachment to an amine group near
region of surface hydrophobicity.
The modification of ANS with the NHS ester increases the steric hindrance of
the probe in addition to increasing the size of the protein by approximately 415
Da. The NHS modification also increases sensitivity of this probe to surface
hydrophobicity as seen with myoglobin. In the presence of ANS, the
fluorescence signal is significant compared to just the probe alone (Figure 5.7).
However, in the presence of the modified-ANS probe, the signal is significantly
reduced. Also, a comparison of myoglobin and apomyoglobin shows that the
modified ANS probe is sensitive to the increase in surface hydrophobicity due
to the loss of the metal ion stabilizing the holo-protein (Figure 5.7 – 5.8).
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Figure 5.14. Mechanism of covalent linkage of ANS-modified probe to
lysine or amine side chain group of protein.37 In the two step process, the
lone pair of electrons from a lysine or amine side chain of the protein first attack
the carbocation closest to the pyrrole group and then cause the release of 1hydroxypyrrole. The ANS-modified probe is then covalently bound to the protein
A 20 nm stokes shift was observed for the modified-ANS probe in ethanol
compared to ANS. One possible explanation for this shift may be due to the
addition of the NHS ester. The addition of the NHS ester at position 5 may result
in the nitrogen lone pair of electrons stabilizing the polarized carbonyl on the
ester chain as opposed to activating the naphthalene ring.

Analysis of the surface hydrophobicity of protein using the modified probe were
in line with previous publications

34,36

showing increase in surface

hydrophobicity as BSA > Apomyoglobin > Myoglobin.34 The negative
exponential slope of the modified-ANS probe with myoglobin was unexpected
but may be explained by the quenching of solvent exposed ANS8,12,22,38 as well
as the lack of surface exposed hydrophobicity. As a result, a covalent linkage of
this modified probe to myoglobin would result in very little fluorescence. In
addition, an increase in the concentration of protein results in greater
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fluorescence signal from intrinsic fluorescence than from the modified-ANS
probe. Therefore, correcting for this intrinsic fluorescence with very weak
fluorescence from the probe results in a reduction of fluorescence compared to
free probe.

Labeling efficiency and success were analyzed through gel electrophoresis.
Labeling conditions were such that maintaining the pH just above 8 allowed the
ε-amino group to be deprotonated.39 Deprotonation was key for labeling
success as this initial step allowed for nucleophilic attack toward the NHS ester
while minimizing unwanted attacks from hydroxyl ions.39

Comparison of the labeled proteins using SDS PAGE revealed that the
interaction between the modified ANS probe and with proteins was not a
hydrophobic interaction (Figure 5.8 – 5.10). In comparison to ANS samples
incubated with protein, the UV signal was stronger with the modified probes. In
addition, because solvent exposed ANS has weak fluorescence, the presence
of a signal was an indicator of a hydrophobic interaction as well (Figure 5.8 –
5.10). The denaturing conditions under which SDS PAGE were conducted were
strong enough to abolish hydrophobic interactions of ANS with protein, but had
no impact on the covalently bound ANS (Figure 5.8 – 5.10).
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Exposed surface hydrophobicity
ANS probe
Modified ANS probe
Amine group (anchor)

Protein

Limited proteolysis

Protein
Figure 5.15. Hydrophobic Mapping of proteins. ANS probes that are
covalently bound to the protein are retain post proteolysis and can be used to
identify hydrophobic regions via ESI-Mass spectrometry.
The mechanism of covalent labeling of proteins with the modified ANS probe
was calculated as a 415 Da change in mass (Figure 5.14). This mass change
further allows identification of modified region by electrospray ionization mass
spectrometry techniques after limited proteolysis (Figure 5.15) to identify the
location of modified residue. An understanding of the location of each attached
probe would allow for a map of the hydrophobic surface to be developed. The
ability to map the protein hydrophobic surface will then allow for visualization of
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hydrophobic surface using crystallographic database that can be used for insilico screening of small molecules for rational drug design.

Conclusion
This paper shows how a conventional hydrophobic probe such as ANS can be
potentially modified for mapping surface hydrophobic regions on proteins. The
modified ANS probe was able to distinguish between the different levels of
surface hydrophobicity for BSA, apomyoglobin and myoglobin as shown by
SDS-PAGE. This also opens up possibility of modifying other hydrophobic
probes such as HPsensors and adding this covalent linking properties that will
provide a strong fluorescence signal as well help in identification of surface
hydrophobic regions on proteins at very low concentrations. Combining this tool
with mass spectrometry will allows us to the map the hydrophobic surface of
proteins. Eventually, employing this tool to oligomeric species that are known to
be toxic would provide details about its structures that can be targeted for
rational drug design to combat neurodegenerative diseases.
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Chapter 6: Future work
The work described here was done primarily with a focus of applying the new
tools in the field of neurodegeneration. The use of the HPsensors with proteins
such as superoxide dismutase 1 (SOD1) would provide valuable structural
information on the toxic species as well as provide enough details for
mechanism formulation. Beyond this, there is still much room for improvement
of the HPsensors by modulating the substituent groups at the meso position.

Sensor

O

Fluorescent
moiety

N
H N

Solubilizer

B

N
N H

F F
O

O

Figure 6.1. HPsensor design. The different parts work together to improve
solubility and sensitivity of the probes.
These groups found in the sensor portion of the probe impact sensitivity of the
probes to surface hydrophobicity and thus could be further improved. Currently,
we have used some moderate to strong activating groups on the aryl groups.
Use of slightly weaker activating groups may provide the ideal band gap for
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increased sensitivity. In addition, the use of amine-free solubilizers may also
significantly reduce the sensitivity to pH of these sensors. The ideal probe would
be pH insensitive, water soluble, yet extremely responsive to surface
hydrophobicity.

To map the hydrophobic surface on proteins, covalently modified proteins will
be digested and analyzed using mass spectrometry (Figure 6.2). Analysis of
protein fragments would then allow for identification of the regions of surface
exposed hydrophobicity. Including also in-silico techniques such as homology
modeling, it would be possible to determine 3D structures of each protein and
the dimensions of the hydrophobic regions. The 3D model of the proteins can
then be combined with docking studies to screen small molecule libraries.
These small molecules will be tailored to the exposed hydrophobic surface
using a rational drug design approach. As a result, novel therapeutic avenues
can then be explored.
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Figure 6.2. Hydrophobic mapping of protein surface hydrophobicity.
Limited proteolysis of labeled proteins will allow ESI-MS analysis and the
formulation of a surface hydrophobicity map for the protein.
Improvements to the process of hydrophobic labeling can also be accomplished
by using more sensitive probes than the test probe ANS. HPsensors have
shown greater sensitivity than ANS in detecting surface hydrophobicity and
would allow for fluorescence visualization as well as improved sensitivity in
hydrophobic mapping.

A combinatory approach of hydrophobic sensing and hydrophobic mapping
would provide the necessary quantitative details for rational drug designs and
would impact the way that toxic aggregation-prone species are characterized
and visualized.
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Summary
This work describes the design and application of fluorescent probes for
characterizing the surface hydrophobicity of proteins. The disparity between
average hydrophobicity and surface hydrophobicity has been a concern in the
field of protein chemistry for some time. While importance of protein surface
hydrophobicity in health and disease is well recognized, the lack of tools that
are highly sensitive and can quantitatively measure the surface hydrophobicity
of proteins has seriously hampered progress in this area. In addition, a more
recent question in the field of proteinopathies have focused on the need to
identify the toxic protein species in these diseases including neurodegenerative
diseases.

While, the major driving force for these observed aggregates (oligomer,
amorphous or fibrillary aggregates) is surface hydrophobic interactions, probes
that can quantitatively and precisely measure this property are lacking. To
address this major need in the protein field, we used two pronged approach: 1)
Develop tools for sensing surface hydrophobicity of proteins with high
sensitivity, and 2) develop tools to accurately map the hydrophobic surface of
proteins. Finally, the future goal is to combine these two properties in a new
generation of sensors that can detect surface hydrophobicity with high
sensitivity and also map that area accurately.
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The work reported in Chapter 4 focuses on developing sensors that can detect
surface hydrophobicity of proteins with high sensitivity. These hydrophobicity
sensors (HPsensors 1, 2, and 3) were capable of detecting surface
hydrophobicity with high sensitivity. Improvements in sensitivity were noted to
be up to 60-fold when compared to a commonly used commercial probe ANS.
Method development of these probes allowed us to outline several parameters
that were essential to sensitivity and function of these probes. Parameters such
as the HOMO-LUMO gap, the nature of the substituent groups and the type of
solubilizer were all very important considerations and will serve as a good
foundation for building and improving future generation of probes.

The work reported in Chapter 5 addresses the mapping of surface hydrophobic
regions on protein with high accuracy. For this work we started with ANS as it
has been successfully used for sensing protein hydrophobicity. Despite its
several limitations (discussed in great detail in chapter 5) it was a very suitable
candidate for further modification as its physicochemical properties are very well
known. The ANS dye was modified to add an NHS-ester that can covalently tag
to an amine residue in the vicinity of hydrophobic region. Although, the
conventional ANS probe is known to bind to hydrophobic pockets on protein,
the modification will add a tail that will prevent binding to tight pockets due to
steric hindrance. This new modified ANS dye was successfully used to label
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three proteins with varying degree of hydrophobicity (BSA, myoglobin,
apomyoglobin) and verify the covalent binding by luminescence on
electrophoretic gels. This new tool, coupled with high resolution mass
spectrometry techniques can be utilized to map the hydrophobic surface of any
protein at a quantitative level.

In future the goal will be to combine the high fluorescence sensing of the
proteins surface hydrophobicity with a catalytic side chain that can covalently
tag to nearby amine, carboxylic, or free sulfhydryl group. The linker chains of
varying length will be used. This will help us precisely target surface regions of
proteins to identify the surface folds which in turn can be modeled to screen for
small molecules that can act as drug. This has potential for application not only
in the neurodegenerative disease field but any area of protein chemistry where
surface hydrophobic interactions are key to their function.
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Methods:
Apomyoglobin preparation:
Myoglobin was dissolved in water at (1 to 3 % w/v) and then incubated 4 °C. To
the solution, 1 M HCl was added until pH 2.0 was achieved. Then an equal
volume of -20 °C 2-butanone was added followed by thorough mixing. After
phase separation at 4 °C the top layer of ketone supernatant containing heme
was then removed and discarded. This was repeated two more times until the
remaining solution was pale yellow to whitish. The solution was then dialyzed
against buffer for a total of nine washes using the Spectra/Por 7 dialysis tubing,
6-8K MWCO. Protein concentration was determined using absorbance at 280
nm (ε280 equine apomyoglobin: 15,700 M–1cm–1).1
Buffer solutions used to dialyze apomyoglobin solution in order of
progression:
•

Deionized MQ water (pH 2.5, adjusted with 1M HCl; 1 mM EDTA)
at 4oC for 1 h and then repeat for 2 h.

•

20 mM glycine HCl buffer (pH 2.5) with 2 mM EDTA at 4oC for 4
h.

•

20 mM glycine HCl buffer (pH 2.5) with 2 mM EDTA at 4oC for 8
h.

•

20 mM glycine HCl buffer (pH 2.5; with chelex) at 4oC for 1 h
initially and then for 6 h for two runs.
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•

20 mM citrate buffer at pH 5.5 with chelex at 4oC.

•

Deionized MilliQ water overnight.

Dye Synthesis
Instrumentation and materials. 1H NMR and 13C NMR spectra were taken on
a 400 MHz Varian Unity Inova spectrophotometer instrument. 1H and 13C NMR
spectra were recorded in CDCl 3 , chemical shifts (δ) are given in ppm relative to
solvent peaks (1H: δ 7.26;

13

C: δ 77.3) as internal standard. Unless otherwise

indicated, all reagents and solvents were obtained from commercial suppliers
(Aldrich, Sigma, Fluka, Acros Organics, Fisher Scientific, and Lancaster) and
used without further purification.

Compound 1 was prepared according to a reported procedure (J. Org. Chem.,
2008, 73 (5), 1963–1970). 1H NMR (400 MHz, CDCl 3 ): δ 7.43 (d, J = 8.8 Hz,
2H), 7.02 (d, J = 8.8 Hz, 2H), 6.86 (d, J = 5.2 Hz, 2H), 6.41 (d, J = 5.2 Hz, 2H),
3.89 (s, 3H). 13C NMR (100 MHz, CDCl 3 ): δ 162.5, 144.1, 133.8, 132.6, 131.8,
124.8, 118.8, 114.5, 114.4, 55.8.
OCH3

OCH3
OCH3

H
N
H 2N

H

O

N
Cl

F

B

O
reflux, 48%

N
F

Cl

1
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N
NH F
O

B

N
F HN

HPsensor 2

O

HPsensor 2: The mixture of compound 1 (40 mg, 0.11 mmol) in 2methoxyethylamine (10 mL) was refluxed overnight under nitrogen atmosphere,
and concentrated under reduced pressure. The residues were purified by
column chromatography using hexanes/CH 2 Cl 2 /EtOAc (3:2:1, v/v) to yield 2 as
oil (23 mg, 48%). 1H NMR (400 MHz, CDCl 3 ): δ 7.36 (d, J = 8.4 Hz, 2H), 6.92
(d, J = 8.4 Hz, 2H), 6.54 (d, J = 4.4 Hz, 2H), 5.72 (d, J = 4.4 Hz, 2H), 3.84 (s,
3H), 3.57 (t, J = 5.6 Hz, 4H), 3.42 (t, J = 5.6 Hz, 4H), 3.39 (s, 6H). .

13

C NMR

(100 MHz, CDCl 3 ): δ 160.2, 156.7, 131.8, 131.6, 129.3, 128.6, 127.6, 113.6,
101.2, 71.4, 59.2, 55.5, 44.5. IR (cm-1): 3417, 3132, 2923, 2300, 1732, 1593,
1542, 1504, 1472, 1423, 1390, 1368, 1337, 1304, 1290, 1275, 1247, 1194,
1175, 1155, 1094, 1055, 1011, 969, 918, 886, 836, 781, 764, 750, 726, 702,
680. HRMS (ESI) calcd for C 22 H 27 BF 2 N 4 O 3 Na [M+Na]+ 467.2042; found
467.2039.
NO2

NO2
NO2

H
N
H 2N

H

O

N
Cl

F

B

O
reflux, 52%

N
F

Cl

Control

N
NH F
O

B

5

N
F HN
O

Control was prepared according to a reported procedure (J. Org. Chem., 2008,
73 (5), 1963–1970).

Compound 5 was prepared from control in 52% yields according to the method
for HPsensor 2. 1H NMR (400 MHz, CDCl 3 ): δ 8.25 (d, J = 8.4 Hz, 2H), 7.59 (d,
189

J = 8.4 Hz, 2H), 6.42 (d, J = 4.8 Hz, 2H), 5.77 (d, J = 4.8 Hz, 2H), 3.58 (t, J =
5.6 Hz, 4H), 3.44 (t, J =5.6 Hz, 4H), 3.39 (s, 6H). 13C NMR (100 MHz, CDCl3):
δ 157.1, 148.2, 142.1, 131.4, 128.7, 128.1, 127.9, 123.5, 102.3, 71.3, 59.3, 44.5.
IR (cm-1): 3410, 3316, 3106, 2919, 1590, 1546, 1475, 1427, 1344, 1098, 1013,
971, 848, 788, 764, 735, 707, 674. HRMS (ESI) calcd for C 21 H 24 BF 2 N 5 O 4 Na
[M+Na]+ 482.1787; found 482.1789.

NO2

NH2

10%Pd/C, NH2-NH2
N
NH F
O

B

N

EtOH, reflux, 92%

N

F HN

NH F
O

5

O

B

N
F HN

HPsensor 3

O

HPsensor 3 was prepared according to a reported procedure (J. Org. Chem.,
2008, 73 (5), 1963–1970).

1

H NMR (400 MHz, CDCl 3 ): δ 7.20 (d, J = 8.4 Hz,

2H), 6.65 (d, J = 8.4 Hz, 2H), 6.58 (d, J = 4.4 Hz, 2H), 5.70 (d, J = 4.4 Hz, 2H),
3.56 (t, J = 5.6 Hz, 4H), 3.42-3.35 (m, 10H).

13

C NMR (100 MHz, CDCl 3 ): δ

156.5, 147.4, 132.3, 131.8, 129.1, 128.6, 125.1, 114.6, 100.9, 71.4, 59.2, 44.4.
IR (cm-1): 3413,3229, 3129, 2924, 1729, 1589, 1539, 1422, 1337, 1263, 1156,
1093, 1052, 1010, 965, 884, 835, 781, 764, 728, 679. HRMS (ESI) calcd for
C 21 H 26 BF 2 N 5 O 2 Na [M+Na]+ 430.2226; found 430.2227.
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F HN

HPsensor 1

O

The solution of HPsensor 3 (20 mg, 0.047 mmol), acetic

anhydride (0.2 mL), triethylamine (0.5 mL) and 4-DMAP(cat.) in CH 2 Cl 2 (10 mL)
was stirred under ice bath for 2 h, diluted by EtOAc, washed by H 2 O, aqueous
NH 4 Cl, saturated aqueous NaHCO 3 and brine respectively, and dried
(anhydrous Na 2 SO 4 ), concentrated by rotated evaporation and purified by
column chromatography using hexanes/CH 2 Cl 2 /EtOAc (3:2:1, v/v) to yield
HPsensor 1 as oil (21 mg, 96%). 1H NMR (400 MHz, CDCl 3 ): δ 7.64 (br, 1H),
7.50 (d, J = 8.4 hz, 2H), 7.32 (d, J = 8.4 Hz, 2H), 6.48 (d, J = 4.4 Hz, 2H), 5.70
(d-br, J =4.8 Hz, 4H), 3.56 (t, J = 5.2 Hz, 4H), 3.37-3.30 (m, 10H), 2.16 (s,
3H).

13

C NMR (100 MHz, CDCl 3 ): δ 168.9, 156.7, 138.7, 131.2, 131.0, 129.0,

128.6, 119.4, 101.4, 71.3, 59.2, 44.4, 29.5, 24.7. IR (cm-1): 3421, 3308, 3180,
3111, 2925, 2893, 1731, 1665, 1594, 1545, 1474, 1425, 1339, 1260, 1086,
1055, 1009, 894, 846, 781, 762, 696. HRMS (ESI) calcd for C 23 H 28 BF 2 N 5 O 3 Na
[M+Na]+ 494.2151; found 494.2148.
Quantum yields of dyes in various solvents:

Quantum yield measurements were conducted in accordance with previously
published protocol from Zhu et al 2012.2 Quantum yields of dyes were
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calculated from absorption and emission measurements of dyes in
dichloromethane, ethanol and water corrected for quantum yield of the dye
standard at test wavelengths. Quantum yields of dyes were calculated using the
following equation where st = standard; x = test dye; Grad – gradient of fitted
slope; Q = quantum yield and 𝛈𝛈 = refractive index of test solvent.

𝑄𝑄𝑥𝑥 = 𝑄𝑄𝑠𝑠𝑠𝑠 (

𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝑥𝑥

𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝑠𝑠𝑠𝑠

)(

𝜂𝜂𝑥𝑥2

2
𝜂𝜂𝑠𝑠𝑠𝑠

)

(equation 1)
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Figure A1. Normalized emission spectra for control and HPsensors
incubated with myoglobin (blue), apomyoglobin (green), and BSA (red).
(a) Control dye, (b) HPsensor 1 dye, (c) HPsensor 2, (d) HPsensor 3 and (e)
ANS were all incubated with protein at 1:1 ratio (2 µM) for 1 hour at 25 °C with
appropriate controls before emission spectra were acquired. For ANS with Mb,
no significant fluorescence signal was measured, and as a result, the
normalized plot was not included.
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Figure A2. Native PAGE of BSA (5 µg) with ANS and HPsensor 2. 5 µg of BSA
was incubated with dyes (ANS or HPsensor 2) at 1X, 5X, and 25X concentration
for 1 h at room temperature. BSA was then run on 10% Tris-HCl gel for 3 h at
80 V before exposure to UV light or Coomassie blue. Full length gel is included
in supplementary figure 33. Brightness and contrast settings were adjusted for
aesthetic purposes.
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(a)

(b)

Figure A3. Electrostatic and Hydrophobic patch maps of Myoglobin (Mb:
PDB ID 3RJ6). Maps show (a) the electrostatic surface potentials of Mb
visualized as isocontours at +5.0 kT/e (blue) and -5.0 kT/e (red) using APBS
and (b) predicted hydrophobic patches (yellow) visualized against the molecular
surface (blue) using SPDB software.
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(a)

(b)
Figure A4. Electrostatic and Hydrophobic patch maps of Apomyoglobin
(ApoMb: modified from PDB ID 3RJ6). Maps show (a) the electrostatic
surface potentials of ApoMb visualized as isocontours at +5.0 kT/e (blue) and 5.0 kT/e (red) using APBS and (b) predicted hydrophobic patches (yellow)
visualized against the molecular surface (blue) using SPDB software.
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(a)

(b)
Figure A5. Electrostatic and Hydrophobic patch maps of beta
lactoglobulin (β-lg: PDB ID 2Q2M). Maps show (a) the electrostatic surface
potentials of β-lg visualized as isocontours at +5.0 kT/e (blue) and -5.0 kT/e
(red) using APBS and (b) predicted hydrophobic patches (yellow) visualized
against the molecular surface (blue) using SPDB software.

197

(a)

(b)
Figure A6. Electrostatic and Hydrophobic patch maps of bovine serum
albumin (BSA: PDB ID 3V03). Maps show (a) the electrostatic surface
potentials of BSA visualized as isocontours at +5.0 kT/e (blue) and -5.0 kT/e
(red) using APBS and (b) predicted hydrophobic patches (yellow) visualized
against the molecular surface (blue) using SPDB software.
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Figure A7. Calculated frontier molecular orbitals for dyes in ethanol. (Top
panel) LUMO energy distribution for control, dye 5, and HPsensors 1, 2,
and 3. (Bottom panel) HOMO energy distribution for control, dye 5 and
HPsensors 1, 2, and 3.
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Figure A8. Calculated frontier molecular orbitals for dyes in water. (Top
panel) LUMO energy distribution for control, dye 5, and HPsensors 1, 2,
and 3. (Bottom panel) HOMO energy distribution for control, dye 5 and
HPsensors 1, 2, and 3.
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Table 1. HOMO-LUMO energy gap calculation and associated wavelength of
dyes (control, dye 5, HPsensors 1, 2, and 3) in vacuum, ethanol and water
with range separated functional (HSEH1PBE) and 6-311g** basis set.
Vacuum
Molecule

energy

H0 (a.u.)

L0 (a.u.)

Gap (eV)

Wavelength (nm)

Control

-2035.022

-0.23003

-0.14207

2.393532336

518.76

Dye 5

-1612.674

-0.16895

-0.1044

1.75650878

706.06

HPsensor 1

-1616.161

-0.16294

-0.08283

2.179921276

569

HPsensor 2

-1522.741

-0.1572

-0.07547

2.224004068

557.48

HPsensor 3

-1463.623

-0.15493

-0.07279

2.235160824

554.74

Ethanol
Molecule

energy

H0 (a.u.)

L0 (a.u.)

Gap (eV)

Wavelength (nm)

Control

-2035.038

-0.22556

-0.1357

2.445234376

507.09

Dye 5

-1612.696

-0.17143

-0.1112

1.638954668

756.92

HPsensor 1

-1616.187

-0.16947

-0.08897

2.1905338

566.14

HPsensor 2

-1522.762

-0.16877

-0.08705

2.223731952

557.56

HPsensor 3

-1463.646

-0.16801

-0.08563

2.241691608

553.25

Molecule

energy

H0 (a.u.)

L0 (a.u.)

Gap (eV)

Wavelength (nm)

Control

-2035.039

-0.22707

-0.13734

2.441696868

508.13

Dye 5

-1612.698

-0.17184

-0.11255

1.613375764

770.9

HPsensor 1

-1616.189

-0.17022

-0.09014

2.179104928

569

HPsensor 2

-1522.764

-0.16979

-0.08846

2.213119428

560.25

HPsensor 3

-1463.648

-0.16932

-0.08731

2.231623316

555.98

Water
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Table 2. HOMO-LUMO energy gap calculation and associated wavelength of
dyes (control, dye 5, HPsensors 1, 2, and 3) in ethanol and with range
separated functional (HSEH1PBE) and 6-311g** basis and internal rotation of
up to 58°.
Degree
5
15
25
35
45
58

Degree
5
15
25
35
45
56

Rotation of HPsensor 2 in ethanol
H0
L0
energy
(a.u.)
(a.u.)
Gap (eV)
1522.686 -0.1709 0.09822 1.977739088
1522.716 0.17039 0.09635 2.014746864
1522.741 -0.1697 0.09334 2.077877776
1522.755 0.16915 0.09043 2.142097152
1522.761 0.16885 0.08835
2.1905338
1522.762 0.16877 0.08705 2.223731952
Rotation of HPsensor 3 in ethanol
H0
L0
energy
(a.u.)
(a.u.)
Gap (eV)
1463.574 0.16971 0.09547 2.020189184
1463.603 0.16926 0.09365 2.057469076
1463.627 0.16864 -0.0908 2.118150944
-1463.64 0.16819 0.08816 2.177744348
1463.645 0.16799 0.08643 2.219378096
1463.646 0.16801 0.08563 2.241691608
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Wavelength
(nm)
626.91
615.61
596.71
578.82
566.14
557.56

Wavelength
(nm)
613.78
602.74
585.38
569.34
558.74
553.25

Figure A9. 1H NMR spectrum of control dye in CDCl 3 solution.
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Figure A10 13C NMR spectrum of control dye in CDCl 3 solution.
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Figure A11. 1H NMR spectrum of HPsensor 1 in CDCl 3 solution.
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Figure A12. 13C NMR spectrum of HPsensor 1 in CDCl 3 solution.
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Figure A13. 1H NMR spectrum of HPsensor 2 in CDCl 3 solution.
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Figure A14. 13C NMR spectrum of HPsensor 2 in CDCl 3 solution.

208

Figure A15. 1H NMR spectrum of HPsensor 3 in CDCl 3 solution.
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Figure A16. 13C NMR spectrum of HPsensor 3 in CDCl 3 solution.
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Figure A17. 1H NMR spectrum of dye 5 in CDCl 3 solution.
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Figure A18. 13C NMR spectrum of dye 5 in CDCl 3 solution.
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Figure A19. Full length gel of Native PAGE of 2 µg Mb with 1X, 3X, and
10X Dye (ANS or HPsensor 2). Full gel image of 2 µg of Mb incubated with
1X, 3X, and 10X concentration of dyes (ANS or HPsensor 2) for 1 h at 25 °C.
The Mb and protein was run on a 15% gel for 6 h at 80 V. M – indicates
molecular weight marker.
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Figure A20. Full length gel of Native PAGE of 2 µg ApoMb with 1X, 3X,
and 10X Dye (ANS or HPsensor 2). Full gel image of 2 µg of ApoMb
incubated with 1X, 3X, and 10X concentration of dyes (ANS or HPsensor 2)
for 1 h at 25 °C. The ApoMb protein was run on a 15% gel for 6 h at 80 V. M –
indicates molecular weight marker.
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Figure A21. Full length gel of Native PAGE of 2 µg BSA with 1X, 3X, and
10X Dye (ANS or HPsensor 2). Full gel image of 2 µg of ApoMb incubated
with 1X, 3X, and 10X concentration of dyes (ANS or HPsensor 2) for 1 h at 25
°C. The BSA protein was run on a 10% gel for 3 h at 80 V. M – indicates
molecular weight marker.
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Figure A22. Full length gel of Native PAGE of BSA (5 µg) with ANS and
HPsensor 2. Full length gel of 5 µg of BSA incubated with dyes (ANS or
HPsensor 2) at 1X, 5X, and 25X concentration for 1 h at room temperature.
BSA was then run on 10% Tris-HCl gel for 3 h at 80 V before exposure to UV
light or Coomassie blue. M – indicates molecular weight marker.
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Figure A23. Full length gel of Native PAGE of 2 µg of Proteins [Myoglobin
(Mb), Apomyoglobin (ApoMb), BSA] with HPsensor 2. Full length gel of 2
µg of each protein incubated with HPsensor 2 at 1X, 3X, and 10X
concentration for 1 h at room temperature. Proteins were then run on 10%
Tris-HCl gel for 4 h at 80 V before exposure to UV light or Coomassie blue. M
– indicates molecular weight marker.
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Synthesis of modified-ANS probe
Compound 1. ANS was purchased from Sigma Aldrich and used without further
purification.

O

OH
O
S HN

O

O
O
S HN

N

1

N

2

Compound 2. To a suspension of the aromatic amine (2.18 mL, 24.0 mmol) in
water (20 mL) was added concentrated hydrochloric acid (6 mL) until the mixture
was homogeneous. The solution was cooled and kept at 0-5 °C in an ice bath
and diazotized by addition of a solution of sodium nitrite (1.68 g, 24.4 mmol) in
cooled water (10 mL), followed by stirring for 30 min at 0 - 5 °C. To a solution of
compound 1 (6.0 g, 20 mmol) and NaHCO 3 (25 g) in ethanol (200 mL) and water
(50 mL) was slowly added a solution of the diazonium salt at 0 - 5 °C. The
resulting mixture was stirred for 5 h and then evaporated under vacuum to
dryness. The residues were purified by column chromatography, eluting with a
mixture of dichloromethane, acetone and ethanol (6:3:0.3) to obtain compound
2 as red foamy solid (5.8 g, 72%). 1H NMR (400 MHz, acetone-d6): δ 11.02 (br,
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1H), 9.22 (d, J = 8.8 Hz, 1H), 8.50 (d, J = 7.6 Hz, 1H), 7.94 (d, J = 8.8 Hz, 3H),
7.56-7.44 (m, 5H), 7.31-7.29 (m, 4H), 6.98 (m, 1H).

13

C NMR (100 MHz,

acetone-d6): δ 153.9, 146.1, 143.0, 140.1, 136.3, 129.8, 129.4, 127.5, 126.1,
125.5, 122.6, 122.3, 120.9, 113.7, 111.5. HRMS (ESI) calcd for C 22 H 16 N 3 O 3 S[M]-, 402.0918; found, 402.0911.

O

O
O
S HN

N
2

O

O
O
S HN

NH2

N
3

Compound 3. A mixture of compound 2 (403 mg, 1.0 mmol), zinc powder (640
mg) and ammonium chloride (1.06 g) in the ethanol (16 mL) with 3 drops water
was strongly stirred at 60 °C for 2 hrs under a nitrogen atmosphere and for
another 5 hrs at room temperature. After the completion of the reaction
(monitored by TLC), the reaction mixture was filtered through a Celite pad and
washed with ethanol. After the filtrate was dried in a rotary evaporator, the
residue was dissolved in acetone, filtered through a Celite pad again and
washed with acetone. After the filtrate was concentrated in a rotary evaporator,
the mixture was purified by TLC plate suing dichloromethane, acetone and
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ethanol (6:3:0.7) to obtain compound 3 as yellow powder solid (52 mg, 17%). 1H
NMR (400 MHz, acetone-d 6 ): δ 8.40 (dd, J = 7.6, 1.6 Hz, 1H), 7.86 (dd, J = 8.4,
1.6 Hz, 1H), 7.50 (d, J = 8.0 Hz, 1H), 7.29 (dd, J = 8.4, 7.6 Hz, 1H), 7.14-7.05
(m, 4H), 6.77 (dd, J = 8.4, 2.4 Hz, 1H), 6.68 (t, J = 7.2 Hz, 1H).

13

C NMR (100

MHz, acetone-d 6 ): δ 146.2, 141.7, 140.8, 135.7, 129.5, 129.0, 128.1, 127.3,
124.1, 123.9, 118.5, 115.9. HRMS (ESI) calcd for C 16 H 13 N 2 O 3 S- [M]-, 313.0652;
found, 313.0639.
O

O
Cl

Cl

O
O

O
4

+

N

HO N

O
O

O
5

O

O
O

O

O
N

O

6

Compound 6. To a solution of compound 5 (2.2 g, 14.6 mmol) and 4-DMAP (2.5
g, 20 mmol) in dichloride methane (30 mL) was added compound 4 (1mL, 7.4
mmol) at 0 °C. After stirring for 5 h, the mixture was transferred into a separatory
funnel and washed by ice water three times. The organic layer was separated
out, dried with anhydrous Na 2 SO 4 and filtered. After the filtrate was
concentrated in a rotary evaporator, the crude product 6 was formed as white
solid. The crude product 6 can be used in the next step without further. 1H NMR
(400 MHz, DMSO-d6): δ 4.75 (s, 4H), 2.80 (s, 4H). 13C NMR (100 MHz, DMSOd 6 ): δ 170.6, 166.3, 66.4, 26.1.
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Compound 7. The solution of compound 3 (58 mg, 0.185 mmol), compound 6
(606 mg, 1.85 mmol), triethylamine (5 drops) in dry DMF (20 mL) was stirred at
room temperature under nitrogen atmosphere. After stirring for 36 h, the mixture
was concentrated in a rotary evaporator and purified by TLC plate using
dichloromethane, acetone and ethanol (6:3:0.5) to obtain compound 7 (29 mg,
30%). 1H NMR (400 MHz, acetone-d 6 ): δ 10.71 (s, 1H), 8.40 (dd, J = 7.6, 1.2
Hz, 1H), 7.72 (dd, J = 8.4, 1.2 Hz, 1H), 7.56 (d, J = 7.6 Hz, 1H), 7.38 (t, J = 8.4
Hz, 1H), 7.28 (d, J = 8.4 Hz, 1H), 7.24-7.23 (m, 4H), 6.87-6.84 (m, 1H), 4.66 (d,
J = 16.0 Hz, 4H), 2.97-2.92 (m, 4H). 13C NMR (100 MHz, acetone-d 6 ): δ 170.2,
144.7, 143.4, 142.0, 133.8, 129.2, 127.6, 127.4, 125.4, 125.3, 123.2, 122.1,
120.4, 118.3, 113.5, 68.1, 46.4. ESI MS (m/z): 411.1 (M-C 4 H 5 NO 3 )-.
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ANS

ANS modified

Figure B1. Normalized absorption and emission spectra of ANS and ANS
modified dye in 0.1 M NaHCO 3 (a – b), ethanol (c-d) and DMSO (e-f).
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Figure B2 1H NMR in acetone-d 6

Figure B3. 13C NMR in acetone-d 6
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Figure B4. 1H NMR in acetone-d 6

Figure B5. 13C NMR in acetone-d 6
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Figure B6. 1H NMR in DMSO-d 6

Figure B7. 13C NMR in Acetone-d 6
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Figure B8. 1H NMR in acetone-d 6

Figure B9. 13C NMR in acetone-d 6
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229

Figure B10. Electrostatics maps of proteins (Myoglobin, Apomyoglobin,
Lysozyme and BSA) at pH 8.3 using the blue-white-red scheme. (a) Myoglobin;
(b) Apomyoglobin; (d) BSA.
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