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Abstract

Fluorescent biosensors based on environmentally sensitive dyes enable visualization and
quantification of endogenous protein activation within living cells. Merocyanine dyes are
especially useful for live cell imaging applications as they are extraordinarily bright, have long
wavelengths of excitation and emission, and can exhibit readily detectable fluorescence changes in
response to environment. We sought to systematically examine the effects of structural features on
key photophysical properties, including dye brightness, environmental responsiveness, and
photostability, through the synthesis of a library of 25 merocyanine dyes, derived from
combinatorial reaction of 5 donor and 5 acceptor heterocycles. Four of these dyes showed optimal
properties for specific imaging applications and were subsequently prepared with reactive side
chains and enhanced aqueous solubility using a one-pot synthetic method. The new dyes were then
applied within a biosensor design for Cdc42 activation, where dye mero60 showed a remarkable
1470% increase in fluorescence intensity on binding activated Cdc42 in vitro. The dye-based
biosensors were used to report activation of endogenous Cdc42 in living cells.

INTRODUCTION

Visualizing protein activation dynamics /n vivo has proven essential to understanding how
signaling networks are transiently configured to generate different cell phenotypes.1—3
Fluorescent biosensors have become a valuable tool for quantifying the spatio-temporal
dynamics of cellular signaling.*~7 Biosensors based on environment sensing fluorescent
dyes can provide important advantages: 1) they can be brighter than fluorescent proteins, 2)
unlike biosensors based on fluorescence resonance energy transfer (FRET), their
fluorescence is the product of direct rather than indirect excitation, and 3) in some biosensor
designs they report the conformational changes of endogenous, unmodified proteins.8-11
Nonetheless, currently available environment-sensing dyes for use in live cell imaging
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applications often suffer from one or more limitations, including less than adequate changes
in fluorescence response on target binding, insufficient brightness, poor photostability, and/
or short fluorescence wavelengths that are toxic to cells and overlap with autofluorescence.
Elegant studies have resulted in several fluorophores that are sensitive to their environment
and have been used to report protein activity in vitro.12: 13 For applications in vivo, a dye
must be capable of providing sufficient signal/noise to report protein activities at biosensor
concentrations that minimally perturb normal physiology. This is a product of both the
fluorescence change in response to protein activity, and the brightness of the dye. Dyes used
in vitro sometimes undergo impressive changes in fluorescence intensity, but are too dim to
be used in living systems. Here we focus on fluorophores with the requisite combination of
brightness and fluorescence responsiveness for use in living cells.

Merocyanine dyes are characterized by electron donor and acceptor components linked by
conjugation, usually a system of double bonds. This results in a ground state that may be
represented as a resonance hybrid of charged and uncharged forms.14 15 The potential for
resonance delocalization across the polyene system renders these dyes especially sensitive to
the effects of hydrogen bonding from the surrounding solvent.16 Changes in the local
solvation environment can result in large changes in fluorescence intensity, as well as shifts
in excitation and emission maxima. These changes can be used in quantitative live cell
imaging applications to measure the activity of a target protein, usually by attaching the dyes
to an ‘affinity reagent’ that binds only to the activated stated of the targeted protein. When
the affinity reagent binds the activated, endogenous target, the dye is placed in a different
solvent environment, leading to fluorescence changes.1% 17 Dyes can also be directly
attached to the protein of interest to report conformational changes.1’-20

Pioneering work by Brooker demonstrated that absorbance properties of the merocyanines
are strongly affected by varying the terminal donor and acceptor groups?=24, and later
studies confirmed the profound effect on fluorescence properties that arises from the use of
different donor and acceptor components.25-29 Nonetheless, a relatively small number of
specific donor-acceptor combinations have been synthesized and fully characterized with
respect to the photophysical properties relevant to live cell imaging. In the present work, 25
merocyanine dyes were prepared, each with a different combination of donor and acceptor
groups, in order to examine structure-property relationships and to identify dyes with
optimal characteristics for different types of imaging applications. Four of these dyes that
showed the most promising characteristics were further prepared as water soluble
derivatives containing a reactive side chain for protein labeling and utilized to measure the
GTP-induced activation of Cdc42.

EXPERIMENTAL PROCEDURES

Materials and Methods

1,2-Diphenyl-3,5-pyrazolidinedione was purchased from Acros Organics. 2,3,3-
Trimethylindolenine was purchased from TCI America. All other reagents were purchased
from Sigma-Aldrich. Reactions were run using anhydrous solvents. Microwave reactions
were carried out on a CEM Discovery instrument. Automated column chromatography was
performed using a Teledyne-Isco Combiflash Rf system. UV-visible spectra were obtained
with a Hewlett-Packard 8453 diode array spectrophotometer. HPLC separations were
performed on Shimadzu Prominence system using a 250 x 21.2 mm, 15 micron Phenomenex
C18 preparative column and elution at 8 mL/min with a gradient of 10% solvent B (H,O/
ACN 5:95, TFA 0.05%) 90% solvent A (H,O/ACN 95:5, TFA 0.05%) for 2 min, increasing
to 90% solvent B over 30 min and held for a total of 45 min. Emission and excitation spectra
were obtained using a Spex Fluorolog 2 spectrofluorometer at room temperature. Mass
spectra were obtained on a Hewlett-Packard 1100 mass-selective detector (MS-ESI) using
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direct infusion. NMR spectra were obtained on Varian Mercury-300 or Inova-400
spectrometers. Reference peaks of 7.26 ppm (CDClj3), 3.31 ppm (MeOH-d4) and 2.50 ppm
(DMSO-d6) were used for 1H spectra and 77.23 ppm (CDCls3) and 39.50 (DMSO-d6)

for 13C spectra. All operations with dyes were performed under dim light.

General procedure for the quaternization of donor heterocycles

Representative example for compound I: 2,3,3-Trimethylindolenine (0.228 mL, 1.42 mmol)
and iodomethane (0.444 mL, 7.09 mmol) were added to a small microwave vial and heated
to 120 °C for 5 min. The mixture was cooled, filtered, and washed with ice-chilled ether to
give 0.341 g (80%) pale pink powdery solid. Spectral data matched those previously
reported.30 1H NMR (400 MHz, DMSO) & 7.96 - 7.87 (m, 1H), 7.85 - 7.78 (m, 1H), 7.67 -
7.57 (m, 2H), 3.97 (s, 3H), 2.77 (s, 3H), 1.53 (s, 6H). 13C NMR (100 MHz, DMSO) 6 195.9,
142.0, 1415, 129.2,128.7, 123.2, 115.1, 53.9, 34.7, 21.7, 14.2.

General procedure for the preparation of acceptor heterocycles as the activated enol ether

Representative example for compound Pht: 1,3-Indandione (0.146 g, 1.00 mmol) was added
to a small microwave vial with 1,1,3,3-tetramethoxypropane (0.823 mL, 5.00 mmol),
followed by addition of trifluoroacetic acid (7.7 pL, 0.10 mmol). The vial was capped and
heated to 150 °C for 15 min. The reaction was cooled and the precipitate was filtered and
rinsed with ice chilled 3:1 hexanes/Et,0. Isolated 0.158 g (74%) brown solid. 1H NMR (400
MHz, CDClI3) 6 7.95 - 7.85 (m, 2H), 7.76 — 7.70 (m, 2H), 7.51 (d, /= 12.2 Hz, 1H), 7.42 (d,
J=12.3 Hz, 1H), 7.27 (dd, J= 12.4, 11.6 Hz, 1H), 3.93 (s, 3H). 13C NMR (100 MHz,
CDCl3) & 191.4, 190.5, 168.9, 145.0, 142.0, 140.7, 134.8, 134.7, 124.1, 123.0, 122.7, 103.9,
58.5.

General procedure for the synthesis of merocyanine dyes not bearing reactive side chains

Representative example for 1-Pht: Donor | (38 mg, 0.13 mmol), sodium acetate (11 mg,
0.13 mmol), and acceptor Pht (21 mg, 0.10 mmol) were added to a small microwave vial
and diluted in 1:1 MeOH/CHCI3 (1 mL). The vial was capped and heated to 75 °C for 30
min. The reaction mixture was cooled and concentrated with 250 mg SiO, and eluted on a
12 g silica column with 0 — 3% MeOH in CH,Cl, over 20 min. Isolated 29 mg (82%) dark
blue solid. IH NMR (400 MHz, DMSO) & 8.12 (t, J= 13.1 Hz, 1H), 7.82 — 7.63 (m, 5H),
7.52 (dd, J=17.4,10.2 Hz, 2H), 7.33 (t, J= 7.7 Hz, 1H), 7.23 (d, J= 8.0 Hz, 1H), 7.12 (t, J
= 7.4 Hz, 1H), 6.14 (d, J= 13.5 Hz, 1H), 3.49 (s, 3H), 1.62 (s, 6H). 13C NMR (100 MHz,
CDCl3) 6 191.8, 168.1, 152.5, 146.6, 143.7, 142.2, 140.8, 140.1, 133.9, 133.7, 128.4, 123.0,
122.2,122.1,122.0, 120.8, 120.3, 108.5, 99.7, 47.8, 30.1, 28.5. MS-ESI m/z356.2 ([M +
H]* requires 356.2).

3-[(3-bromopropyl)ammonio]propane-1-sulfonate (3)

Bromopropylamine hydrobromide (10.95 g, 50.0 mmol) and propane sultone (12.21 g, 100
mmol) were added together to a flame dried round bottom flask. The flask was evacuated
and argon flushed and EtOH (100 mL) was added. After complete dissolution, EtzN (7.67
ml, 55.0 mmol) was added quickly drop wise and the reaction mixture was stirred at room
temp under argon for 24 h. The resulting white precipitate was filtered and recrystallized
from methanol to give 4.83 g (37%) white solid. 1TH NMR (400 MHz, DMSO) & 8.59 (s,
2H), 3.59 (t, /= 6.6 Hz, 2H), 3.14 — 2.93 (m, 4H), 2.62 (t, /= 6.7 Hz, 2H), 2.12 (p, /= 6.6
Hz, 2H), 1.93 (p, J= 6.8 Hz, 2H). 13C NMR (100 MHz, DMSO) 6 48.7, 46.7, 45.4, 30.9,
28.8,21.9.

Bioconjug Chem. Author manuscript; available in PMC 2014 February 20.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

MacNevin et al.

Page 4

2,3,3-Trimethyl-1-(3-((3-sulfopropyl)amino)propyl)indolinium bromide (5)

Compound 3 (1.44 g, 5.54 mmol) was added to a flame dried round bottom flask and the
flask was evacuated and flushed with argon. 2,3,3-Trimethylindolenine (4.44 mL, 27.7
mmol) was added and the flask was added to a pre-heated oil bath at 150 °C and stirred for
30 min. The flask was cooled to room temperature, and then further cooled in an ice bath.
Excess liquid was decanted and further removed by syringe. The residue was rinsed with
Et,0 (3 x 10 mL), then dried under vacuum. The product was isolated as 1.86 g pink
granular solid and used in the following step without further purification.

General procedure for the synthesis of conjugatable merocyanine dyes

Representative example for dye mero60: Compound 5 (0.628 g, 1.50 mmol), chloroacetic
anhydride (0.855 g, 5.00 mmol), and NaOAc (0.246 g, 3.00 mmol) were dissolved in DMF
(4 mL) under argon. After 10 min, acceptor Pht (0.214 g, 1.00 mmol) was added. The flask
was covered in foil and allowed to stir at room temperature under argon for 24 h. The DMF
was removed with addition of toluene (3 x 40 mL) in the presence of Celite (3 g) and the
cake was eluted on a 24 g silica column with a 0 — 10% MeOH in CH,Cl, gradient over 10
min, followed by 15 min at 10% MeOH. The main product containing fractions were
combined, concentrated, and dried under vacuum to give a crude yield of 0.291 g dark blue
crystalline solid.

The chloroacetamide dye intermediate (0.060 g, 0.100 mmol) was diluted in 1:1 MeOH/
CHCl3 (2 mL) and sodium iodide (0.150 g, 1.00 mmol) was added. The flask was fitted with
a condenser topped with a drying tube and the reaction was heated to reflux for 16 h. The
solvent was then removed and the crude reaction mixture was concentrated, diluted in
methanol, and submitted to HPLC column purification to give 0.030 g (21% from Pht) dark
blue crystalline solid. 1H NMR (400 MHz, DMSO) 6 8.12 (t, J= 13.1 Hz, 1H), 7.79 - 7.67
(m, 5H), 7.57 (dd, J=13.1, 9.5 Hz, 1H), 7.50 (d, /= 7.5 Hz, 1H), 7.38 — 7.28 (m, 1H), 7.23
(d, J=8.0 Hz, 1H), 7.13 (t, J= 7.2 Hz, 1H), 6.26 (d, J= 13.4 Hz, 1H), 4.05 — 3.82 (m, 4H),
3.52-3.36 (m, 4H), 2.48 — 2.37 (m, 2H), 2.00 — 1.72 (m, 4H), 1.64 (s, 6H). MS-ESI m/z
687.3 ([M — H]™ requires 687.1).

General procedure for the synthesis of B-mercaptoethanol derivatives of conjugatable
merocyanines

Representative example for dye mero60: Mero60 (6.6 mg, 9.6 umol) was added to a 5 mL
conical vial with DMSO (10 pL) and 50 mM aqueous NayHPOy, pH 7.5 (490 pL). The
mixture was stirred and p-mercaptoethanol (3.4 pL, 48 umol) was added. The vial was
capped, covered in foil, and stirred at room temp for 24 h. The reaction mixture was
subjected neat to HPLC column purification. The main product fractions were combined,
concentrated, and lyophilized to give 2.1 mg (33%) dark blue powdery solid.

Quantum yield determinations

Quantum yield (QY) values were determined using the following equation: QY samp = QYstg
(gradsamp / gradstq) (nzsamp I n2sq), where “grad” is equal to the slope of a plot relating the
integrated emission to the absorbance (x axis) at a given concentration, using a minimum of
four different concentrations per sample, and n is the refractive index of the solvent used for
the fluorescence readings. Merocyanine 54031 and sulforhodamine 10132 were used as
standards.

Photostability measurements

Each sample dye and fluorescein standard solution was prepared at 1 mM in degassed 7~
BuOH and placed in a capped 1 cm x 1 cm cuvette. Samples were irradiated with a 90 W
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halogen tungsten lamp with fan cooling to maintain a temperature of 25 °C + 1 °C during
the study. Absorbance measurements were taken prior to irradiation and at designated
intervals during irradiation.

CBD-MBP dye labeling and Cdc42 binding assay

The Cdc42 binding domain (CBD) from Wiskott Aldrich Syndrome Protein (WASP) was
covalently derivatized with dye to generate a biosensor, using protein sequences and
methods described previously.10 Freshly prepared CBD fused to Maltose-binding protein for
enhanced solubility (CBD-MBP,100 pL of a 132.5 pM stock solution in 50 mM NayHPOy,
pH 7.5 buffer) was mixed with 5 molar equivalents conjugatable dye in DMSO (3 uL of 20
— 25 mM solution) and stirred at room temperature for 2 h. The reaction was quenched by
adding 1 pL of p-mercaptoethanol. Excess dye was removed by passing the reaction mixture
through a 1 x 20 cm G-15 column pre-equilibrated with 50 mM Nay,HPO,, pH 7.5 buffer
and wrapped in aluminum foil. Labeling efficiency and concentrations of CBD-MBP dye
conjugates were determined using absorption measurements at protein and dye maximum
absorption wavelengths, using protein dissolved in DMSO to overwhelm solvent effects on
dye and produce a sample with known extinction coefficient (see Table 5 for dye absorption
maxima and extinction coefficients, CBD-MBP abs max = 280 nm, e = 74830 M~1 cm™).
Dye-labeled CBD-MBP (100 nM in 50 mM NayHPOy4, 150 mM NacCl, pH 7.5 buffer)
aliquots were treated with varying concentrations of Cdc42 Q61L (constitutively active
mutant) and fluorescence intensity measurements were taken after incubation for 10 min at
room temperature.

Live cell imaging of Cdc42 biosensors

Imaging experiments utilized a CBD-Cerulean C49S construct for fluorescence ratio
analysis. Labeling reactions were carried out as for CBD-MBP. After size exclusion
chromatography, the dye-labeled proteins were dialyzed in 50 mM Na2HPO4, pH 7.5 buffer
at 4 °C overnight and then concentrated to 60 uM by centrifugation at 12000 rpm, 4 °C
(Millipore, Amicon Ultra-0.5mL, MWCO 10K). NIH 3T3 mouse embryonic fibroblasts
(MEFs) were microinjected with biosensor solution and imaged for 20 min with acquisition
at every 1 min. Image processing was carried out as previously described.33: 34

RESULTS

Synthesis of the merocyanine library

Synthesis of the dyes utilized commercially available donor and acceptor components, with
the exception of diethylbarbituric acid, which was synthesized using a previously described
method.3> Donor and acceptor groups will be henceforth referred to by their letter code
names, derived from the parent heterocycle, in order to clarify discussion3® (Table 1). Donor
groups are ordered according to their Brooker basicity, with indolenine (1) being the weakest
and quinoline (Q) the strongest.3”: 38 Donor components of the dyes were activated for
conjugation through quaternization with iodomethane (Table 1). Each acceptor ring was
prepared as its corresponding methyl enol ether through acid catalyzed reaction with
malonaldehyde bis(dimethyl) acetal (Table 2).

The dyes for initial screening were synthesized through reaction of an acceptor enol ether
with a donor in the presence of 1.25 equivalents base (Table 3). All dyes were made with
three intervening double bonds between the terminal heterocycles as this provided the
optimum compromise between solvent-sensitive fluorescence and photostability.39: 40
Following reflux, the dyes were purified by column chromatography or in some cases by
precipitation through concentration of the reaction mixture, followed by addition of diethyl
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ether and washing with MeOH. Donor Q did not react successfully with acceptors when
using NaOAc and instead required the use of the stronger base A-methylpiperidine.

Brightness and solvatochromism of the dyes

The synthesized library dyes were screened for relative brightness based on the fluorescence
intensity value at the emission peak maximum (EPM) when the dye is excited at its
excitation maximum. Given that the emission peak shapes for the dyes were generally
similar, the EPM value provided a straightforward measurement that is useful for the
comparison of brightness across a broad range of dye structures. The solvents 1,4-dioxane,
dimethylsulfoxide (DMSO), butanol (BuOH), and methanol (MeOH) were used to evaluate
the solvent-dependence of dye brightness (Table S1). These solvents were selected to
provide a range of polarities as well as examples of both weak and strong hydrogen
bonding.#1: 42 Dyes with weaker donor groups such as indolenine (1), benzoxazole (O), and
benzothiazole (S) tended to have the largest EPM values (Figure 1). As a whole, dyes
containing the quinoline (Q) donor group were significantly dimmer than the other dyes.
The presence of BA, TBA, or SO acceptor groups led to the highest brightness levels,
regardless of the donor component of the dye. Conversely, the Pz acceptor group was
associated with diminished relative brightness, regardless of the donor group with which it
was paired. The reduced brightness for Pz-containing dyes may be attributable to an
alternative de-excitation pathway generated through the unrestricted rotation of phenyl
substituents around the C-N bonds.*3 No clear trend was observed when the solvents were
ordered based on dipolar characteristics but dye brightness in all cases was maximized in
solvents with intermediate hydrogen bonding capacity. The fluorescence intensity of several
of the brightest dyes (EPM > 8 x106) was strongly solvent-dependent. As solvent-dependent
changes in brightness can be harnessed to report protein activity,! this was an important
consideration when selecting dyes for synthesis of reactive derivatives (see below).

Excitation and emission maxima of the dyes in each of the four solvents were also recorded.
Most of the solvatochromic shifts were modest (<20 nm), especially among the weaker
donor groups (Figure S1). The largest shifts were seen among the Q donor group dyes,
which uniformly exhibited negative solvatochromism (Figure 2). A hypsochromic shift
when going from low to high polarity solvent (e.g. from dioxane to MeOH, Figure 2) is
typically observed when the ground state structure of the dye is more dipolar than that of the
excited state. This result would be consistent with an increased propensity of the quinoline
heterocycle to establish aromaticity in the ground state relative to the other donor groups.

Photostability measurements

A previously reported method,® was used to determine the photobleaching rates of each dye
relative to fluorescein®* (Figure 3). The most photostable dyes contained the weakest donor
() and values fell sharply with increasing donor strength. Dyes containing the Pz acceptor
group tended to show greater photostability relative to other acceptor groups in the library.
Photobleaching in merocyanines is thought to be mediated by singlet oxygen attacking the
polyene chain due to its strongly electrophilic character.? In dyes with weaker donors, such
as |, electron density in the polyene is reduced and therefore the extent of reaction with
excited oxygen species and subsequent disproportionation reactions would also be
decreased.

Selection and synthesis of water soluble, conjugatable merocyanines

Several dyes showed extraordinary and useful combinations of brightness, photostability,
and solvent-dependent fluorescence. We therefore developed these further by incorporating
water solubilizing and reactive side chains to generate derivatives that could be used for
protein labeling. Dyes containing the | donor group were selected based on their
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photostability and because the geminal dimethyl group of I is known to assist in limiting dye
aggregation that can result in reduced solubility and fluorescence.® Despite the considerable
photostability of 1-Pz, this dye was not selected for further development due to its low
brightness. Although the dyes containing donor Q showed the greatest solvatochromism,
their poor photostability and relatively low brightness led us to eliminate them from further
consideration.

Synthesis of the water soluble, conjugatable versions of the selected dyes began with
reaction of 1-bromopropylamine with propane sultone to give 3-((3-
bromopropyl)amino)propane-1-sulfonic acid (3, Scheme 1). The donor heterocycle was then
quaternized with compound 3 and subsequently coupled with the acceptor enol ether in the
presence of chloroacetic anhydride and sodium acetate using a one-pot procedure.*®
Refluxing in MeOH for 3 h in the presence of an excess of Nal gave merocyanines
containing iodoacetamide (IAA) for protein labeling. Consistent with the nomenclature for
merocyanines used in our lab,11 these conjugatable dyes were named mero60, mero61,
mero62, and mero87 (Table 4). Physical constants were obtained for both the reactive
derivatives and for beta-mercaptoethanol adducts that eliminate effects of iodine on quantum
yield, and better mimic dye attached to protein.

Biosensor applications

Conjugates of the reactive dyes with the Cdc42 binding domain (CBD) of Wiskott Aldrich
Syndrome Protein (WASP) were prepared and evaluated for their ability to report the
activated, GTP-bound conformation of Cdc42. As shown in previous studies using dye-
labeled CBD as a biosensor for Cdc42 activity /n vitroand in vivo,'9 CBD binds selectively
to the activated, GTP-bound conformation of Cdc42. Upon binding, a solvent-sensitive dye
on CBD can respond to a change in environment as it is brought near Cdc42.

All of the newly prepared dyes exhibited an increase in fluorescence intensity on binding to
activated Cdc42 /n vitro, with mero60 showing a remarkable 14.7 fold increase (Figure 4a).
The mero61 and mero62 dyes exhibited the greatest absolute brightness at saturating levels
of Cdc42 (Figure 4b) but their brightness changes upon binding Cdc42 were smaller relative
to mero60 and mero87 dyes due to their much higher initial brightness in aqueous solution
(Figure S2). Biosensors based on these new dyes showed significant improvements in both
brightness and extent of change upon Cdc42 binding relative to the mero221-based
biosensor that has been used in other successful live cell studies (Figure $3).1: 10
Dissociation constant (K) values calculated for the binding of the meroCBD constructs to
Cdc42 ranged from 144 + 62 nM (mero61-CBD) to 186 + 40 nM (mero87-CBD) (Figure
S4). These values are similar to that of the previously reported Ky for mero221-CBD (150 +
50 nM)10 and are slightly higher than that reported for the unlabeled CBD fragment (77 + 9
nM).46 This relatively modest difference indicates that the presence of the dye does not
substantially perturb the overall binding affinity.

To test the dyes in live cell imaging applications, Cdc42 biosensors were prepared with each
of the four new conjugatable dyes as well as the previously reported mero221. For these
biosensors, CBD was fused to Cerulean fluorescent protein for ratio image analysis*’ and
mutation F271C was included for conjugation of the dye.33: 34 The biosensors were
microinjected into mouse embryonic fibroblasts (MEFs) and used to examine the Cdc42
activity in constitutive cell protrusions and retractions (Figure 6).The biosensors based on
mero61, mero62, and mero87 each reported endogenous Cdc42 activation during
protrusion at the cell’s leading edge, consistent with previously reports of Cdc42 behavior
(Figure 5). Although the mero60 biosensor had shown the greatest fluorescence change
upon activation /n vitro, its signal bleached too rapidly to provide Cdc42 data /n vivo
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without using concentrations that clearly caused cell contraction and otherwise affected cell
behavior.

DISCUSSION AND CONCLUSIONS

For imaging, it is useful to define dye brightness as the product of quantum yield and
extinction coefficient (QY x &), as this gauges the total light output per unit illumination
intensity. By this measure, all dyes except mero62 showed maximum brightness values
comparable to those of fluorophores frequently used as intracellular markers but which have
little solvent-dependent fluorescence (e.g. Cy5, QY x e = 67500,%8 rhodamine = 61000,4°
and eGFP = 33000%0).

It is difficult to use our solvent-dependent fluorescence data to predict how each dye will
behave in a given application. The brightness of these dyes on proteins will depend on the
specific protein environment, and optimization of positioning is usually required to place the
fluorophore in an environment mimicking a hydrophobic solvent, where most dyes are at
their brightest. The fluorescence response of merocyanines is complex, involving interplay
of multiple factors including solvent viscosity, local solvent polarity, and hydrogen bonding
of specific dye heteroatoms.51-53 Physical constants were determined for B-mercaptoethanol
adducts of the dyes, to mimic cysteine conjugates and eliminate the quenching effects of
iodine.9 However even these brightness values may not be as large as when the dye is in a
very hydrophobic protein environment. The reactive dyes could not be dissolved in highly
nonpolar solvents, but the parent compound I-SO has been reported to reach a brightness
valuengY x g) of 123,000 in octanol, which is among the largest values reported for organic
dyes.

Although the solvent dependence studies of the screening library can be useful in guiding
the selection of fluorophores likely to show a strong response to changes in protein
environment, only direct testing can ultimately determine which dye will be best for any
given biosensor application. The dyes showed different trends in their response to solvent,
implying that each may show unique behavior on proteins. Mero62 achieved its maximum
brightness in butanol, unlike all the other reactive dyes, which achieved maximum
brightness in DMSO. Fluorescence in water was not measured in our initial screening assay
because side chains for water solubilization had not been added to the dyes. For the reactive
dye derivatives, QY x e values in water were very low, consistent with previous studies
indicating that biosensor response is due to increased shielding from water when biosensors
interact with their targets.>1-53 For the nonreactive versions of compounds that were later
converted to reactive forms, solvent-dependent differences in brightness ranged from three
to twenty fold. For the reactive versions of these same dyes, with values in water included,
brightness varied from seven to twenty-nine fold. The brightness of mero60 was so low in
water that the extent of increase could not be precisely quantified. However, mero60 was
among the brightest dyes in organic solvents, indicating a potential for very large changes
when it is used in favorable protein environments. None of the dyes showed a significant
pH-dependent change in fluorescence intensity when tested from pH 5.0 to 8.0 for 6 hours
(Figure S5).

There were several parent fluorophores that showed not only changes in fluorescence
intensity, but also changes in excitation and emission maxima. Such fluorophores are very
valuable for ratio imaging applications, as they can be used without adding a second
fluorophore to the biosensor; however these dyes were not pursued because of their poor
photostability. Additional structural modifications aimed at reducing the susceptibility of
these dyes to photodegradative attack by singlet oxygen may make them useful for protein
applications in the future.®®
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The potential of the new dyes in biosensor applications was demonstrated by making new
versions of dye-based Cdc42 biosensors. When substituted for the dye mero221, which was
utilized in a previously published biosensor that had proven successful /n vivo, each of the
new dyes produced a several fold improvement in brightness or change in fluorescence
intensity upon protein binding. Dyes mero61, mero62, and mero87 proved to be superior to
the original mero221, but mero60 was difficult to use because of its more rapid
photobleaching. This dye underwent the largest fluorescence change upon protein activation,
so still may prove valuable in screening assays and other applications not requiring repeated
measurements over time.

In conclusion, the systematic variation of donor and acceptor groups on merocyanine
fluorophores, coupled with the synthesis of reactive and water soluble derivatives, has led to
a set of new dyes with proven utility for biosensor applications requiring solvent sensitive
fluorescence. The combined properties of these dyes should enable experimentalists to
develop biosensors that can effectively report endogenous protein activity at low
intracellular biosensor concentrations, thereby reducing perturbation of normal cell
physiology. Biosensors based on these dyes may be used to enhance the sensitivity of
biophysical measurements across a range of potential applications in which a dye is directly
conjugated to a protein or peptide to report conformational changes or ligand interactions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Brightness values at the emission peak maximum when exciting the dye at its excitation
maximum. Values are grouped by donor heterocycle and are presented for the set of 4
solvents (dioxane, DMSO, BuOH, MeOH) in order of increasing hydrogen bonding
capacity.
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photostability relative
to fluorescein

Figure 3.
Photostability of library dyes. Photostability values were calculated as: (photobleaching rate
of fluorescein) / (photobleaching rate of dye).

Bioconjug Chem. Author manuscript; available in PMC 2014 February 20.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

MacNevin et al.

Page 16

max fold
change

o
N

14.7 mero60

mero87
mero221
mero62
mero61

BRRE.

fluorescence intensity
fold change

il bk
o~

[Cdc42] uM

(b)

600000-
500000-
400000-
300000-
200000-
100000-

fluorescence intensity
(arbitrary units)

o-

Figure 4.

In vitro binding assay of dye labeled CBD to Cdc42. (a) Fold change increase of emission
intensity upon binding of labeled CBD to Cdc42. (b) Maximum fluorescence intensity at
saturated binding of Cdc42. Mero221 was used in previously published successful biosensor
applications (see Figure S3 for structure and photophysical data).
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Figure 5.
Cdc42 biosensors based on the new dyes show the localization of Cdc42 activation in

moving MEF cells. Cells were injected with CBD biosensor labeled with mero61 (A),
mero62 (B), or mero87 (C). Biosensors show increased Cdc42 activation in areas where the
cell edge is protruding, as indicated by white arrows (see supplemental movies S1 — S3).
Some activity is also seen at perinuclear compartments and in the nucleus of some cells,
consistent with previous observations.10
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Scheme 1.

Synthesis of water soluble, conjugatable merocyanines.
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Table 2
Synthesis of activated acceptor enol ethers.
. (0]
1,1,3,3-TMP (2, 5 equiv.),
TFA (0.10 equiv.)
—\_ acc.
/] TFA, uw 15 min, 150 °C — /)
(0] MeO o)
heterocycle acceptor  product %
code yield
phthal. Pht o] 74
MeO (0]
barbituric acid BA O S 61
N
—( =0
— N
MeO o —
benzothiophene SO 73
thiobarbituric acid  TBA o) S 55
N
—(  )»=s
— N
MeO 0o
lidi P (@] 70
pyrazolidine z Ph
N
— N
- Ph
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