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ABSTRACT: Malachite green (MG) is a fluorogenic dye that shows
fluorescence enhancement upon binding to its engineered cognate protein, a
fluorogen activating protein (FAP). Energy transfer donors such as cyanine
and rhodamine dyes have been conjugated with MG to modify the spectral
properties of the fluorescent complexes, where the donor dyes transfer energy
through Forster resonance energy transfer to the MG complex resulting in
binding-conditional fluorescence emission in the far-red region. In this article,
we use a violet-excitable dye as a donor to sensitize the far-red emission of
the MG-FAP complex. Two blue emitting fluorescent coumarin dyes were
coupled to MG and evaluated for energy transfer to the MG-FAP complex via
its secondary excitation band. 6,8-Difluoro-7-hydroxycoumarin-3-carboxylic
acid (Pacific blue, PB) showed the most efficient energy transfer and
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maximum brightness in the far-red region upon violet (405 nm) excitation.

These blue-red (BluR) tandem dyes are spectrally varied from other tandem dyes and are able to produce fluorescence images of
the MG-FAP complex with a large Stokes shift (>250 nm). These dyes are cell-permeable and are used to label intracellular
proteins. Used together with a cell-impermeable hexa-Cy3-MG (HCM) dye that labels extracellular proteins, we are able to
visualize extracellular, intracellular, and total pools of cellular protein using one fluorogenic tag that combines with distinct dyes

to effect different spectral characteristics.

B INTRODUCTION

Fluorescence microscopy uses fluorescent labels that absorb
and emit light of different wavelengths. The quantitative nature
of the fluorescence signal and the ability to achieve visualization
of labeled cellular components with high spatiotemporal resolu-
tion makes this technique attractive."” There is a sustained effort
to develop different fluorescent labels to enhance our under-
standing of various cellular components and their functions.”™
Fluorescent labels that have a long Stokes shift, are bright, cell
permeable, and genetically encodable are preferred for biological
imaging.

The development of green fluorescent protein (GFP) as a
fluorescent label has spurred tremendous interest in the
development of genetically encodable fluorescent labels since
it can be used to selectively label a protein of interest (POI)
practically and within living cells.*~"" Despite the development
of a blue to near-infrared palette using fluorescent proteins, their
brightness and size remain major bottlenecks. Another way of
achieving genetic encoding is the use of modifiable amino acids
like cysteine or lysine that covalently react with labile functional
groups in the fluorescent label.""'> While practical for some
purified proteins, this approach lacks specificity in the cellular
context,”” and there is an effort to improve selectivity using
unnatural amino acids with bio-orthogonal coupling chemistry."*
A variety of methods use enzymes, either expressed as fusion

-4 ACS Publications  © 2016 American Chemical Society

1525

proteins or preloaded with fluorescent substrates to catalyze
covalent ligation of a dye onto an encoded tagging domain
on a protein of interest (POI).">'° However, for most of these
approaches, the background fluorescence due to nonligated
labels remains a challenge, requiring a washing step.

An alternate approach to reducing background fluorescence
is to use a fluorogenic dye. Fluorogenic dyes have their fluoresc-
ence masked until they come in contact with an analyte.
Xanthene-based dyes—fluorescein, seminaphthorhodafluor,
and rhodamine derivatives have been used as pH responsive
fluorogens.'” Various derivatives of these scaffolds have been
used to detect different analytes including metals,'” reactive
oxyen species (ROS),"” and other biologically relevant sub-
strates."” ™2 To achieve better targeting, recent advances in
covalent ligation approaches like the SNAP tag and PYP tag
have produced several fluorogenic dye labels as demonstrated
by SNAP-SiR,*"** SNAP-NileRed,”” and PYP-dye.”® However,
the fold-activation achieved remains modest."

The development of fluorogen activating proteins (FAPs)
that activate otherwise nonfluorescent dyes (fluorogens) upon
binding has established a robust fluorogenic activation tagging
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approach that functions both in vitro and in vivo. Single-chain
variable fragment (scFv) derived fluorogen activating proteins
that bind unsymmetrical cyanine dyes and triarylmethane dyes
have shown 10°—10*fold enhancement of the dye fluorescence.
In some cases, the ready exchange of the fluorogen in the protein
delivers high photostability of the dye—protein complex.”*~*°
Further, the brightness of these probes have been enhanced by
using Forster resonance energy transfer (FRET) using one or
multiple donors in a dendron-like architecture connected to
the acceptor fluorogen. The fluorogen activation is achieved
by binding the single fluorogen, which otherwise effectively
quenches the whole light—harvesting system.”””® The genetic
encodability of FAP is versatile,”””’ and we are chemically
modifying the fluorogens to achieve a palette of colors.”'~*
Further, FRET has been exploited to develop probes for physio-
logical pH changes,”* and an expanded suite of energy transfer
donors and acceptors™ will lead to new biosensor options.

FRET is a mechanism by which an excited donor chromo-
phore transfers energy to an acceptor chromophore. The two
chromophores should be closely linked, typically well below
the Forster radius, to ensure highly efficient energy transfer,
and the acceptor excitation must overlap significantly with the
donor emission spectra. When the acceptor dye is a constraint-
activated fluorogen, as in the case of MG, the FRET pair also
shows highly fluorogenic activation upon binding. The low
quantum yield of the free fluorogen serves as an efficient
quencher of the tandem dye for either direct or FRET-sensitized
excitation. Binding of the tandem dye results in activation of the
fluorogen acceptor, revealing both direct and FRET-sensitized
acceptor fluorescence. Using FRET probes, one can achieve
greater Stokes shift and thereby more effectively separate the
excitation from the detected emission signal. Long Stokes shift
probes are highly desired in biological labeling, allowing rapid
detection without splitting the emission pathway in a micro-
scope and enhancing signals relative to cellular autofluor-
escence.>>*¢ Quantum dots,>**” lanthanide nanopa1‘ticles,38’39
various dyes’”*' and fluorescent proteins’ are available that
show large Stokes shifts. Chromophores with long Stokes shift
have been employed for applications in super-resolution imaging
as well.

Malachite green (MG) is a chromophore with two well-
resolved absorbance bands. The primary absorbance band has
a Apa of 608 nm, and the secondary absorbance band has a
Amax Of 468 nm. When MG binds to a fluorogen activating
peptide (FAP), dL5*** in particular, the A, of both bands
shift bathochromically to 636 and 480 nm, respectively. The
noncovalent binding of MG to FAP makes the MG-FAP dye—
protein complex fluorescent, and the excitation of either band
results in the characteristic far-red fluorescence of the MG-FAP
complex.”** Two fluorescent dyes, tetramethyl rhodamine
(TMR) and tricarbocyanine (Cy3), have been used to donate
energy into the primary absorbance band of the fluorescent
MG-FAP dye-protein complex. The fluorogenic FRET dyes
were covalent conjugates of donor dyes, TMR and Cy3, that
have yellow excitation and emission. We were able to achieve
dual-color fluorescence by excitation in the green (514 nm, 532
or 561 nm) and red (640 nm) regions and detection in the far-red
(680 nm).”**

Coumarins are benzopyran structures which absorb in the
violet region of the visible spectrum and show tunable photo-
physical properties like quantum yield, extinction coefficient,
and photostability.**~*® These attractive features coupled with
the demonstrated utility of coumarins for fluorogenic sensing*”**
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of different analytes and the ability of a donor to transfer
energy to a MG-dLS** acceptor prompted us to synthesize
coumarin—MG conjugates. In this article, we demonstrate the
use of violet-excited, blue-emitting coumarin-based donor dyes
for energy transfer into the secondary excitation band of the
MG-FAP complex. These tandem dyes are highly fluorogenic,
bright and specific labels, enabling dual-excitation measurements
with a long Stokes shift. The synthesis, photophysical properties,
and cellular labeling studies of these blue-red (BluR) tandem
dyes are reported in this article. Further, the applications of these
structures in the biological context have been demonstrated
by using BIuR dyes to selectively label FAP. The fluorescence
response of BluR dyes in conjunction with a cell-excluded
FAP-fluorogen pair allows visual discrimination of intracellular
and extracellular proteins in two distinct FRET channels, while
measuring the total protein distribution from the direct MG-FAP
excitation. This three-color labeling approach provides quantifi-
able information about protein distribution in living cells with
chemical resolution that exceeds the resolution available by
image segmentation or other labeling approaches.”"

B RESULTS AND DISCUSSION

Dye Synthesis. Initially, a commerecially available coumarin,
7-hydroxycoumarin-4-acetic acid (7HC), was chosen for the
synthesis of the coumarin—MG (BluR1 dye) conjugate. BluR1
was synthesized using amide coupling leading to the formation
of a covalent conjugate between coumarin-carboxylic acid and
MG[H]EDA, an amine derivative of MG, followed by oxidation
to afford the bichromophoric structure. The BluR2 dye was
synthesized using the same procedure, in that Pacific blue was
used instead of 7-hydroxycoumarin-4-acetic acid.*’ Scheme 1
outlines the process of conjugation of the coumarins and MG.
Pacific Blue (PB) was synthesized from 1,3-difluoro-2,4-
dimethoxybenzene. """ A detailed procedure for the individual
dyes is documented in the Supporting Information, section S1.

Spectroscopic Characterization. The absorbance profiles
of BluR1 and BluR2, recorded in phosphate buffer saline (PBS)
at a pH of 7.4, clearly indicate the conjugation between MG
and the respective coumarin. In both the cases, MG does not
show any change in its absorbance characteristics (Supporting
Information, section S2 and Figure S2.4a). The absorbance
maxima for the primary and the secondary absorbance bands of
MG in the BluR dyes remains at 608 and 464 nm for the free
dye. In the case of BluR1, the 7-hydroxycoumarin-4-acetic acid
has an absorbance maximum at 333 nm, a shift from 340 nm in
the case of free 7-hydroxycoumarin-4-acetic acid (Supporting
Information, section S2 and Figure $2.2). Pacific blue has an
absorbance maximum at 420 nm in BluR2, a shift from 385 nm
for the free dye in PBS at pH 7.4 (Supporting Information,
section S2 and Figure S2.2). MG bound to its cognate FAP
dL5** results in a red-shifted absorbance maxima of the
primary and the secondary bands from 608 to 636 nm and
464 to 480 nm, respectively. The absorbance peak of 7HC in
BluR1 is unaffected by the binding of BluRl to FAP and
continues to be at 333 nm, while in the case of PB (BluR2), the
maxima is shifted to 406 nm aligning conveniently with widely
available violet lasers in use on confocal microscopes and flow
cytometry (Supporting Information, section S2 and Figure S2.5a).

For the measurements of steady-state fluorescence of the
BluR dyes, 1 uM dye and S yM dL5** were precomplexed for
an hour at room temperature in PBS at pH 7.4. The proper-
ties of these protein complexes were compared to those
of the MG2p-dL5** complex. As a control, a dye only solution
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Scheme 1. Synthesis of BluR Dyes”
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Figure 1. Steady-state fluorescence spectra of BluR dyes recorded using 1 4uM dye and S uM dLS**. For the excitation spectra (left), the emission
wavelength was set to 700 nm, and for the emission spectra (right), the excitation wavelength was set to 40S nm. Excitation spectra have been
normalized to the peak with the highest fluorescence intensity for each dye-dL5** complex. Emission spectra are normalized to the peak emission of
the BluR2-dL5** complex. The spectra in the figures have each been offset by 0.05 units using Origin 8.0 for clarity.

corresponding to each dye—dLS5** complex was prepared.
All measurements were carried out on a Photon Technology
International (PTI) spectrofluorometer using a slit width of
3 mm corresponding to a spectral bandwidth of 6 nm. Excitation
profiles (Figure 1) were recorded from 380 to 670 nm using an
Aem of 700 nm. BluR1-dL5** and BluR2-dL5** show excitation
maxima at 644 and 640 nm, respectively. The excitation profile
indicates the presence of a very pronounced coumarin band in
BluR2 only. A discernible excitation profile for BluR1-dLS**
could not be obtained due to the overlap of second order
reflection and the excitation peak. (Supporting Information,
section S2 and Figure S2.6b).

The emission profiles were obtained by exciting the BluR-
dLS** complexes dyes at two wavelengths. The 405 nm
excitation corresponded to an available laser line and enabled
energy transfer from the donor coumarin to the acceptor MG-
dLs** (Figure 1). The emission maxima for BluR1 and BluR2
were at 672 and 666 nm, respectively (Table 1). BluR2-dLS5**
was 10-fold brighter than BluR1-dLS** or MG2p-dLS**,
indicating that PB is a very good donor under 405 nm excitation.
Quantum yield under direct excitation was similar for all
dye—dL5** complexes. When excited at 405 nm, BluR1-dLS**
showed a maximum of 66-fold enhancement in fluorescence
compared to that of BIuR1 in the region beyond 600 nm where
there is limited to no coumarin fluorescence. This ratio was
much higher, at 417-fold, in the case of BluR2-dL5** to BluR2.
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The emission profiles of the dyes had similar intensities when
excited at 600 nm. Excitation using 600 nm refers to direct
excitation of the primary absorbance band of the MG—dLS**
complex. The profiles of BluR1—dL5** and BluR2—dLS5**
are expected to be similar to that of MG—dL5**, the control
dye. Accordingly, the emission maxima for BluR1—dL5*%,
BluR2—dL5**, and MG2p—dLS** were 672, 666, and
666 nm, respectively (Supporting Information, section S2 and
Figure S2.8). The spectral properties of BluR2 were similar to
those of MG2p, both when free or bound to dLS**. The MG
in BluR1 showed a bathochromic shift in absorbance maxima,
excitation maxima, and emission maxima. This could be due
to the formation of aggregates. We hypothesize that the high
pK, (7.8) of 7HC might enable hydrogen bonding interac-
tion between the dye bound to the dL5** and some polar
functional groups present in the dLS5**. Nevertheless, it is
unusual to see an effect on the MG that is bound in the dL5**
pocket. The spectral analysis was not further explored due to
the limited utility of probes with UV excitation in biological
microscopy.

The energy transfer behavior of the two coumarins,
7-hydroxycoumarin-4-acetic acid and PB, to MG in BluR1—
dL5** and BluR2—dL5** were estimated by comparing the
coumarin fluorescence intensities of the free or bound BluR dyes
and the appropriate coumarin donors (Supporting Information,
section S2 and Figures S2.9a and S2.9b) to estimate FRET
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Table 1. Photophysical Properties of BluR1 and BluR2 Compared to those of MG2p

dye/property units BluR1 BluR2 MG2p
absorbance maxima dye only (1°, 2°, donor)” nm 608 464 333 608 464 420 608 464 n/a
absorbance maxima dye-protein (1° 2°, donor)” nm 636 481 333 636 480 406 636 480 n/a
excitation maxima (1°, 2°, donor)‘ nm 640 480 n/a 644 480 408 638 482 n/a
relative excitation (1°, 2°, donor)“ nm 1 0412 n/a 1 0.419 0.499 1 0.416 n/a
emission maxima® nm 672 666 666
quantum yield® 0.2 0.2 0.2
energy transfer efﬁciencyf % 234 95.4
dissociation constant® nM <1 <1 <1

“Absorbance was recorded in PBS at pH 7.4. bAbsorbance was recorded in PBS at pH 7.4 using 5X dLS**. “1 yM dye and 5 uM dLS** were used
for the measurement of steady-state fluorescence on a PTI instrument with a slit-width of 3 mm corresponding to 6 nm spectral bandwidth.
Excitation spectra were measured from 380 nm —670 nm using dem of 700 nm. 9FRET emission spectra were measured from 420 nm -780 nm
using Aex: 405 nm. “Quantum yield was determined using MG2p-dL5** as a standard. J] Energy transfer efficiency was determined by comparing the
drop in the fluorescence of the donor vs the donor—acceptor-dL5** complex. #Dissociation constant (Ky) was determined by titrating dLS** against
different concentrations of the dye. Details in Supporting Information, section S3.
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Figure 2. FAP-BKa labeling with HCM and BluR2. (A) Cell surface labeling of FAP-BKa is accomplished with 50 nM cell-impermeable HCM dye
for S min followed by subsequent labeling of FAP-BKar expressed within the cell with 1 #M cell-permeable BluR2 dye for 10 min. The 640—680
(excitation—emission) column shows the MG signal at each labeling step. The 514—680 column depicts the improvement in signal selectivity for the
HCM surface labeling. The 405—680 (excitation—emission) FRET column shows the intracellular labeling of protein with the BluR2 dye. A final
FRET channel merge displays the localization of FAP-BKa on the inside and outside of the cell. (B) Spectral properties of the dLS**-BluR2 and
HCM complexes used for labeling.

efficiency. Analysis of donor quenching indicated that
7-hydroxycoumarin4-acetic acid was able to transfer only
23.4%, while PB transferred 95.4% of its energy to MG—dLS**.
By determining the fluorescence of the dye—dL5** complex
(Supporting Information, section S$2.10), the quantum yield for
both BluR1 and BluR2 was calculated to be 0.20, the same as
that of the standard. The quantum yield of MG2p—dL5** was

previously obtained by comparison with CyS.18 as a reference
fluorophore.” The binding affinities of the BluR dyes to dL3**
were in the same range as that of MG2p—dL5** indicating no
significant perturbation in the binding behavior of MG to
dLS** due to the presence of the coumarin (Tablel). A detailed
explanation of the method used can be found in Supporting
Information, section S3.
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BluR2—dL5** is a superior FRET tandem dye, both in vitro
and in vivo, as compared to BluR1—dL5**. The subtle
differences in the structure and the chemical composition of
the donor coumarin play an important role in determining
the energy transfer behavior of the dyes. On the basis of the
spectral properties, these dyes are expected to show similar
Forster radii (~50 A), but E values were markedly different.
A detailed explanation of the procedure used to calculate
the Forster radii is described in Supporting Information,
section S2.3. The presence of 3-carboxylic acid red-shifts the
absorbance maximum*”>* providing a large excitation cross-
section at 405 nm which corresponds to a commercially
available laser line. Other laser sources (e.g, 355 or 375 nm)
that can be used to excite coumarin dye might result in greater
cellular toxicity. Further, the fluorescence behavior and energy
transfer abilities depend largely on the ability of the coumarin to
be in an excitable state. In this case, the 7-hydroxy group should
exist as an anion to be efficiently excited. Since all measurements
were carried out in a pH of 7.4, pK, plays an important role. The
pK, of the 7-hydroxy group in 7HC is 7.8,>* while in the case of
PB the pK, is 3.7." The two fluorines ortho to the 7-hydroxy
group are electron withdrawing in nature and make it more
acidic. As a result, PB would be in a near-complete anionic state
at a pH of 7.4, while 7HC would be just 30%. Under the basic
conditions (pH > 8) required to activate the 7-HC, the MG
chromophore is decolorized by carbinol formation, resulting
in reduced donor quenching, reduced FAP binding, and no
fluorescence activaton, precluding the determination of the pH
dependence of FAP-fluorogen spectral properties for this dye.”*
We tested the absorbance of BluR1 (only) from pH 7—9 and
found that the coumarin band increased and shifted to ~375 nm
under alkaline conditions (Supporting Information, section S2.4c)
The binding affinities of the BluR dyes and MG2p are
comparable (Supporting Information, section S3) indicating
no effect on the binding of MG to dL5** due to the presence
of a donor coumarin. This is in agreement with the crystal
structure data that indicates the linker to be projecting well-
outside the binding pocket of dL5**.*

Cellular Imaging. The large Stokes shift of BluR2—dL5%*,
greater than 250 nm, allows multicolor FRET FAP labeling to
identify protein localization while using MG (640—680) fluores-
cence to image total FAP tagged protein. To demonstrate an
in vivo application of BluR2, sequential dye labeling was employed
to gain a representative visualization of protein expressed within a
cell and on the cell surface. The inside/outside cellular model
used the expression of the large conductance, voltage-and calcium-
activated potassium (BK) channel, which has pronounced BK
channel expression intracellularly and on the plasma membrane.
The dLS** FAP-BKa fusion construct has been previously
established and validated in HEK-293 cells.*" The initial labeling
of FAP-BKa at the cell surface was achieved with Hexa-Cy3-MG
(HCM) dye,™a cell impermeable dyedron, consisting of six Cy3
dyes linked to one MG fluorogen. Each Cy3 dye is negatively
charged making the dyedron robustly cell-excluded. Coumarin
and monocationic MG in BluR2 make the dye zwitterionic and
as a result cell permeable. After preincubation with HCM to
label the cell surface population of dL5**, FAP-BKa BluR2 was
subsequently used to label the intracellular protein (Figure 2).
This two dye labeling procedure uses simple dye additions
without any media removal or wash steps. Use of 514 excitation,
where MG excitation is minimal, provides excitation selectivity
and is used in lieu of 560 nm for Cy3-MG FRET fluorescence
(Figure 3 and Supporting Information, section S4).
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Figure 3. Result of surface and intracellular labeling of FAP-BKa
expressing HEK-293 cells. The HCM only row shows surface labeling
and low 405—680 (excitation—emission) fluorescence. BluR2 only
presents total protein labeling (outside and inside). The 514—680
FRET channel of BluR2 shows low signal. In the HCM and BluR2
row, the 640—680 (excitation—emission) panel depicts total protein,
and the last panel of the FRET channels exhibits the merge of the
514—680 and 405—680 fluorescence. The FRET channel merge gives
a visual representation of protein expressed on the surface, shown by
the strong yellow signal, and the protein present in the inside is
represented by the cerulean fluorescence. Scale bar: 20 ym.

B CONCLUSIONS

In conclusion, we have developed a new class of fluorogenic,
long Stokes shift tandem dyes that binds to a fluorescence
activating protein. The tandem dye allows for imaging cellular
proteins using two different channels, 405 and 640 nm. Also,
the large fluorescence activation eliminates the need for a wash
step during imaging. BluR2, a cell-permeable dye, was used in
sequential labeling with another fluorogenic dye, HCM, to
selectively label extracellular and intracellular pools of protein,
allowing excitation-dependent visualization of extracellular,
intracellular, and total protein pools in the same cells. The
establishment of coumarin as a donor that can be excited
orthogonally provides significant opportunities for the develop-
ment of a series of probes for different analytes by exploiting
the chromogenic behavior of the 7-hydroxyl group.
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