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SCIENTIFIC REPLIRTS
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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 is 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.

Protein folding and stability in aqueous solution is governed by a delicate balance of hydrogen bonding, electro-
. static interaction, and hydrophobic interactions; hydrophobic interactions provide the major structural stability
© to the proteins!~. Surface hydrophobic interactions are fundamental to protein-ligand interaction, molecular
* recognition?, and may influence intermolecular interactions and biological functions>®. Furthermore, point muta-
. tions and (or) oxidative damage of proteins can result in increased surface hydrophobicity of proteins and have
. been linked to several age-related proteinopathies’ 2. As a result, there has been a growing interest and need for
. developing probes and methods for sensing protein surface hydrophobicity'*~'7 as this can help to design better

drug molecules based on surface properties!®-2!.
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 neurode-
generative diseases. However, only a few fluorophores that can measure protein surface hydrophobicity have been
reported thus far: this includes dyes such as 8-anilino-1-naphthalene sulfonic acid (ANS), 4,4’ -dianilino-1,1’-bi
. naphthyl-5,5'-disulfonic acid (Bis-ANS), 6-propionyl-2-(N,N-dimethylamino)naphthalene (PRODAN), tetrap-
. henylethene derivative, and Nile Red>!>16222%, For characterization of most of these dyes, bovine serum albumin

(BSA) and human serum albumin (HSA) have been used as test proteins. Of all these dyes, ANS is the most com-

monly used dye for measuring surface hydrophobicity. However, ANS dye is fraught with many issues such as: 1)
: itis 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™!>?4-%6, The other dye PRODAN, is a
. solvent-sensitive, neutral, fluorescent probe that has comparable fluorescence signal to ANS near physiological pH
. but has very poor solubility in water>'". 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 hydro-
. phobicity 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 non-polar media but are also fluorescent

in polar (aqueous) media, have sharp and narrow emission peaks, and possess reduced solvatochromic shifts*”?.
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* Taipei, Taiwan 11529, Republic of China. "Present address: Department of Chemistry & Biochemistry, University of
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Figure 1. BODIPY dye structures in order of increasing electron donating ability. Schematic of dyes
(control, dye 5, and HPsensors 1, 2, and 3) shown here were synthesized according to detailed protocol outlined
in the supplementary methods.
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Figure 2. Synthetic route to HPsensors (1, 2, and 3), control dye, and dye 5. Probe 1 and control were
prepared by using 4-methoxybenzaldehyde and 4-nitrobenzaldehyde. Dye 5 and HPsensor 2 were prepared
by replacing the chlorine groups at 3,5-positions of dyes 1 and control with a nucleophile, 2-methoxyethan-
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.

In addition, BODIPY dyes are highly tunable?*-** making them excellent candidates for the purpose of selectively
reporting the hydrophobicity of proteins.

In this article we have focused our efforts on aryl substitution at 8-position (meso) on BODIPY dye for hydro-
phobic sensing of proteins. In Fig. 1, we show the structures of the synthesized HPsensors along with the control
dye?”*3** 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 measura-
ble fluorescence signal in water but are highly fluorescent in non-polar environment (Supplementary Figure 1).
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 60-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
(So)-

Results

Synthesis and characterization of fluorescent probes.  The synthesis of dyes (Figs 1 and 2; see supple-
mentary methods for details) was done by aryl substitutions at the meso position of the BODIPY core that increases
dye sensitivity to solvent polarity and protein hydrophobicity; and substitution of chloro groups with 2-methox-
yethylamine groups at the 3,5-positions enhances water solubility (Fig. 2). All dyes synthesized were fluorescent
except for dye 5 (Supplementary Fig. 1). We calculated the quantum yield of each dye in three different solvents
water, ethanol, and dichloromethane (Supplementary Table 1; Supplementary Figs 2 to 5). Quantum yield data on
the HPsensors showed the greatest yield in ethanol and dichloromethane with the yield in water being the lowest
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Figure 3. 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 were 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.

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. The measurements indicated an extinction coefficient of 14880 pM ! cm ™ for control
dye. In contrast, for the HPsensors 1, 2, and 3 extinction coefficients were 50990, 31930 and 53920 puM~'cm ™},
respectively (Supplementary Table 1). 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) (Supplementary Figs 1 and 6). In addition, the dyes showed negligible response to ions
(Na™, Mg?*, Fe*™, Fe**, Ca?*, Zn*") commonly found in buffer solutions (Supplementary Fig. 8).

Response of dyes to protein hydrophobicity. We first tested the dyes with BSA to determine the appro-
priate concentration to be used for protein studies. The dyes show a linear fluorescence response for 2 .M of BSA at
low dye concentration i.e. 1:1 or 1:2 protein:dye ratio (Supplementary Fig. 9). Therefore, for measuring the relative
protein hydrophobicity, HPsensors were tested with BSA, ApoMb, and Mb at 1:1 ratio of dye to protein (2pM
each) (Fig. 3, Supplementary Figs 10-12). In the presence of proteins, dyes exhibited a strong fluorescence signal
for ApoMb and BSA but a weak signal for Mb (Fig. 3, Supplementary Figs 10-12). 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. 3); HPsensor 2 showed the greatest fluorescence increase for BSA. The
signal for HPsensor 1 was nearly half of the signal observed for HPsensors 2 (Fig. 3). In comparison, the control
dye showed very weak fluorescence signal for proteins (Fig. 3). When compared to ANS, a well-known hydropho-
bic 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, Supplementary Fig. 13). Therefore, we measured the dissociation constant (K;) for
HPsensor 2 for the three proteins and determined it to be 1.2 pM for Mb, 0.33 pM for ApoMb, and 0.034 pM for
BSA (Supplementary Fig. 16). In addition, we measured the surface hydrophobicity (S0) of proteins in presence of
HPsensor 2 and determined it to be 2934 for Mb, 65212 for ApoMb, and 658608 for BSA (Supplementary Fig. 17).
To ascertain if change in surface polarity of proteins also affects HPsensor binding, we tested HPsensor 2 with two
well studied proteins BSA and beta-lactoglobulin (3-1g) (Fig. 5). HPsensor 2 shows reduced fluorescence signal at
low pH (Fig. 5). In comparison, heated proteins (both BSA and 3-1g) showed even lower fluorescence signal than
respective unheated proteins (Fig. 5). The only exception was pH 9 fluorescence signal for 3-1g (Fig. 5).

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. 6) upon UV exposure
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Figure 4. 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.
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Figure 5. HPsensor 2 sensitivity to change in proteins surface polarity. 0.1 .M of proteins (a) BSA and (b)
beta lactoglobulin (3-1g) were incubated with 0.5 M 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.

for all 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 (Supplementary Fig. 18) which is in line with the fluorescence data.

Discussion

The novel BODIPY dyes with aryl substitutions (with NH,, NHAc, or OCHj; groups) at the meso position for
sensing protein hydrophobicity and 2-methoxyethylamine substitution at the 3,5-positions for increasing water
solubility were synthesized. The control dye (nitroaryl substitution at meso position) has been reported in an earlier
study and is known to have weak fluorescence®''c 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%%.

With previous literature suggesting that the meso aryl substitution has a profound effect on fluorescence char-
acteristics irrespective of the lack of 7t-conjugation®, we sought to investigate the role of the electron donating
ability on fluorescence. The three donor groups (NH,, NHAc, and OCH3), substituted to aryl group at the meso
position have been known to cause an enhancement in fluorescence®® 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 sol-
ubility 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. 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,,)*, a total loss of fluorescence (quenching)
was unexpected. Quantum mechanical calculations for HOMO and LUMO gap by first-principle density func-
tional theory showed a significant decrease in HOMO-LUMO gap for dye 5 (1.639 V) compared to control dye
(2.445eV) (Fig. 7 and Supplementary Table 2). 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. However, the other substitutions (NH,, NHAc, and OCHj)
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Figure 6. Native PAGE of 2 pg proteins with 1X, 3X, and 10X Dye (ANS or HPsensor 2). 2 g of proteins Mb
(a), ApoMb (b), and BSA (c) were incubated with 1X, 3X, and 10X concentration of dyes (ANS or HPsensor 2)
for 1h at 25°C. The BSA protein was run on a 10% gel for 3h 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.

showed a significant increase in fluorescence of the HPsensors upon binding to hydrophobic proteins (ApoMb
and BSA) (Figs 3 and 4). The HPsensors 1, 2, and 3 showed a red-shift 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 (®¢) in different solvents (Supplementary Table 1). This shift in excitation and emission maxima towards
longer wavelength with decreasing solvent polarity could be due to slight decrease (~0.22eV) in the energy gap
for HPsensors (Fig. 7 and Supplementary Table 2) compared to control dye leading to increased conjugation of
w-system of the chromophore®.

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. 3). This increase in fluorescence of HPsensors can be attributed to
aryl substituents®® (with NH,, NHAc, or OCHj groups) restricting free rotation at the meso position. In addition,
increased rigidity of dye due to binding of ring structure to protein’s hydrophobic surface and increased hydrogen
bonding of 2-methoxyethylamine group with aqueous phase can reduce non-radiative deactivation resulting
in fluorescence enhancement (Fig. 8)*. In addition, HPsensor 2 showed remarkable reporting ability of hydro-
phobicity with signal strength 10- to 60-fold higher compared to ANS when tested with Mb, ApoMb and BSA
under identical conditions (Fig. 4 and Supplementary Fig. 13). We evaluated the relative surface hydrophobicity
of the three proteins (Mb, ApoMb, and BSA) using HPsensor 2 and showed BSA to be the most hydrophobic and
Mb to be the least hydrophobic (Supplementary Fig. 17). In addition, evaluation of the surface electrostatic and
hydrophobic maps for proteins using computational modeling software SPDB*’ showed BSA to be the most hydro-
phobic (Supplementary Fig. 19-22) compared to the other proteins tested. However, the difference in calculated
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Figure 8. Plausible model for increase in fluorescence of HPsensors. (a) Cartoon shows that free HPsensor
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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.

SCIENTIFICREPORTS | 5:18337 | DOI: 10.1038/srep18337



www.nature.com/scientificreports/

hydrophobicity for Mb and ApoMb is negligible (Supplementary Fig. S19 and S20), suggesting limitations of such
calculations and delineation from the experimental evidence*!~*. Independent studies show that ApoMb is partially
unfolded and more flexible due to loss of heme group resulting in loosening of helical structure when compared
to Mb##2, 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'2.

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. 6). 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 (Supplementary Fig. 18).

We also evaluated the response of the most sensitive dye, HPsensor 2, to change in surface polarity of BSA and
B-1g upon heating and compared it to unheated proteins at different pHs (Fig. 5). Thermal denaturation of proteins
at different pHs'>*4*> have been shown to influence the extent of surface hydrophobic exposure of BSA and 3-Ig
as measured by dyes such as PRODAN and ANS'". ANS being an anionic probe overestimates hydrophobicity at
acidic pH due to electrostatic interactions whereas PRODAN being uncharged is not influenced by changes in pH".
Our results show that HPsensor 2 was more responsive to change in surface hydrophobicity (Fig. 5). Furthermore,
these surface hydrophobicity measurements of BSA and 3-1g 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,) 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 specif-
ically 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.

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)* and Adams (1977)* outlined in supplementary information.

Instrumentation. 'HNMR and '*C NMR spectra were procured on a 400 MHz Varian Unity Inova spectro-
photometer 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 method* outlined in the supporting methods.
The sulforhodamine 101 dye (®,, = 95% using an excitation wavelength of 577 nm in ethanol)*® 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 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 .M 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 series* from pH 2 to pH 12. Dyes were incubated at a concentration of 2uM in increasing pH for 30 mins
after which the emission spectra were acquired in triplicate. To check for dye stability with pH, fluorescence of
2uM 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 5uM to 30 pM.

In addition, the sensitivity of these dyes were investigated for ions (Na*, Mg?*, Zn?", Fe*™, Fe*t, Ca*") com-
monly found in aqueous solutions and buffers. The fluorescence emission spectra of dyes at 2 .M concentrations in
distilled water (adjusted to pH 8 using 0.1 M NaOH) with increasing concentration of each test ion (0 to 150 .M)
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 uM range) in the presence and
absence of 2 .M 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 uM dyes with 2 .M proteins (1:1 ratio) for 1 hour before acquiring the
absorption and emission spectra. ANS dye was similarly tested at 2 1M concentration with Mb, ApoMb and BSA
for comparison to these BODIPY based dyes (Supplementary Fig. 13). All protein and dye samples were freshly
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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>*. For
the SO measurements, 0.5 M 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 pM for Mb; 0.002-0.1 pM for ApoMb; and 0.006-0.1 pM
for BSA) for 1h 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 for the proteins, fluorescence titration
curves were acquired using 21-28 different concentrations of protein in the presence of 0.5 M HPsensor 2. The
range of protein concentrations used were: 0.1-3.0 pM for Mb, 0.002-3 pM for ApoMB, and 0.006-8.5 M 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
protocol'® 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
30mins) or unheated for analysis. To begin with, 0.1 uM of each protein (heated/unheated BSA or (3-1g) tested was
incubated with HPsensor 2 (0.5M) for ~30 mins in Carmody buffer series*® 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. 2geach 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 addi-
tion, 5p.g of BSA was also incubated with the two dyes (ANS and HPsensor 2) at increasing concentration (1X,
5X. and 25X) for 1h at room temperature. Proteins incubated with dye were then mixed (1:1) with native sample
buffer before polyacrylamide 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 3h and ApoMb and
Mb were run on a 15% gel for 6h. 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°°->2 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*.

Computational methods. To identify the mechanism responsible for the selective enhancement of fluores-
cence behavior of the HPsensors, we have used a first-principles density functional theory (DFT)* that employs
a range separated hybrid functional HSEH1PBE for the exchange and correlation® to carry out the electronic
structure calculations. This functional has been used recently to study the electronic structure of various mate-
rials including organic molecules®>¢. An all electron Gaussian basis set™, 6-311g**, is used for the calculations.
To include the solvent effect due to water or ethanol, we have used a polarizable continuum model (PCM) using
Gaussian 09 suite program®.
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