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Genetically expressed fluorescent proteins (FPs)[1–3] revolutionized the field of cell biology,
especially enabling live-cell studies.[4–16] The limitations of FPs however are related to the
photophysical properties of their fluorophores, mainly brightness and photostability, which
are still are inferior to organic fluorophores.[17–19] Hybrid tagging strategies, such as SNAP-
tag[20–22] and HaloTag[23], as well as genetic encoding of fluorescent amino acids[24] are
alternatives to FPs that allow genetic targeting of synthetic dyes.[25] Fluorogen activating
proteins (FAPs) belong to a recently developed hybrid-tagging strategy that allows target-
specific activation of the fluorescence of otherwise nonfluorescent dyes (fluorogens)[26] by
hundreds-to-thousands fold. FAPs that bind derivatives of Malachite Green (MG) displayed
the greatest fluorogenic activation, up to 20000-fold, primarily because of an extremely low
unbound dye fluorescence in water.[26] The high specificity and extremely low background
signal from FAP tagging were shown to be very useful in fluorescence microscopy of live
cells[27] including super-resolution STED imaging.[28]

Recently we developed an efficient approach for the preparation of fluorogenic dyes with
significantly improved brightness.[29] In a strategy derived from significant historical work
on light-harvesting polymers[30–32], this approach is based on the decoration of a single MG
fluorogen with one or more dyes that have a high extinction coefficient, for example, Cy3, at
a short enough distance to undergo efficient intramolecular Forster Resonance Energy
Transfer (FRET). As a result a tandem such as Cy3-MG dye possesses brightness under the
Cy3 excitation that is two-fold higher than the inherent brightness of the MG-FAP complex.
Increasing the number of donors increased the molecular brightness in step with the number
of donors. The extinction coefficients achieved with 4 donors are up to 5×105 M−1cm−1,
approaching quantum dot extinction coefficients. The genetically expressed protein is ~25
kDa, and the multi chromophore structure is 3 kDa, an overall fluorescent complex about the
size of GFP, but nearly a factor of 10 brighter.[29]
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These Cy3-MG structures, however bright, have some limitations as live-cell labels: 1) due
to the presence of multiple negative charges these dyes do not penetrate through the plasma
membrane of living cells and as result have limited application for intracellular studies; 2)
while the ability to monitor non-bound dye may be useful for many studies, Cy3-MG
tandems (similarly to MG) are practically non-fluorescent in the absence of FAP; 3) they
have low brightness under 2-photon irradiation that limits their application in more complex
tissue experiments where the bright fluorogenic properties could be highly valuable.

In this work we present tetramethyl rhodamine-MG tandem dyes (Scheme 1) which are
designed to overcome these shortcomings. These cationic dyes penetrate through the plasma
membrane of live cells and have photophysical properties suitable for 2-photon imaging.
Surprisingly, the TMR-para-MG dye with a 3-carbon linker displays colour-switching
properties upon binding the FAP, rather than the fluorogenic activation that was seen with
Cy3-MG and is shown here for TMR-meta-MG tandem dye. This finding provides a new
class of targeting and fluorescence modification that can potentially be exploited in the
design of genetically encoded biosensors using fluorogen activating peptides.

The TMR-MG dyes were designed for efficient energy transfer from TMR to MG (SI Figure
S10). As result these dyes have a strong fluorescence of the MG fluorophore with an
emission maximum ~660 nm in the presence of FAP and virtually complete quenching of
the TMR fluorophore (Figure 1). In the absence of FAP, the TMR-para-MG dye is
characterized by a pronounced fluorescence of the TMR fluorophore with emission
maximum at 580 nm (Figure 1). This switch in the emission spectrum of TMR-MG upon
binding to the FAP is due to the chemical properties of MG. The MG dye exists in
equilibrium between two forms at physiological pHs: the dye form which is characterized by
strong absorbance with maximum at 609 nm and the decolourized carbinol form (SI Figure
S1.5).

The pKa of MG-NH2, the precursor of TMR-MG, is close to 7.7 (SI Figure S16) and at pH
7.4 approximately 35% of this compound exists in carbinol form (cMG-NH2). MG retains
these chemical properties after coupling to TMR in the TMR-para-MG dye (Figure 2b), but
it has a slightly higher pKa (8.0). As result in TMR-para-MG at pH 7.4, ~70% of the TMR
fluorescence is quenched due to FRET to the MG acceptor, which is not fluorescent in the
absence of FAP. The remaining unquenched TMR donors (30%) are responsible for the
emission of TMR-para-MG when the dye is not bound to FAP (Figure 2, 4b). In the
presence of FAP only TMR-MG binds and the TMR-cMG does not bind until it is converted
to the TMR-MG form. For this reason the TMR-MG-FAP complex displays efficient energy
transfer from TMR to MG and is characterized by pronounced energy transfer-sensitized
fluorescence emission from the MG fluorophore and quenched TMR fluorescence (Figure
1).

We found that the colour-switching behaviour of the TMR-MG dye requires a short linker
between the two chromophores, preventing the intramolecular heterochromophore
interaction. When permitted, this interaction leads to quenching of the TMR fluorescence, as
is evident in the meta isomer (Figures 2, 3). The interaction between MG and TMR
fluorophores in TMR-meta-MG dye is also confirmed by absorbance and NMR data (SI). In
aqueous solutions TMR-meta-MG displays a ~15 nm hypsochromic-shift in the TMR
absorbance and a ~30 nm bathochromic shift in the MG absorbance, along with a change in
the relative absorbance of these spectral components (Figure 2b, SI Figure S11, Table S1).
These spectroscopic changes are consistent with formation of an intramolecular hetero-H-
aggregate through pi-pi stacking of the MG and TMR chromophores.[33] In this case, the
antisymmetric H-aggregate dipole is not reduced to zero because the MG and TMR dipole
moments are not of equal magnitude. Unlike MG and TMR-para-MG dyes TMR-meta-MG
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shows no response from pH 6—8 (Figure 2b) decolorizing only at high pH (SI Figure S19).
Interaction of TMR-meta-MG with FAP also leads to the disruption of the
heterochromophore complex but this is much slower process than binding of MG or TMR-
para-MG to the same FAP under identical conditions (SI Figure S17). Elongation of the
linker between MG and TMR fluorophores leads to a pair of isomeric TMR-2p(meta/para)-
MG dyes with indistinguishable spectroscopic and very similar chemical properties (SI
Figure S6, Table S1, Figure S11–S12). Their absorbance and fluorescence spectra are
intermediate between TMR-meta-MG and TMR-para-MG dyes. They display much lower
pH sensitivity as compared to TMR-para-MG, but somewhat higher as compared to TMR-
meta-MG dye (Figure 2c, SI). This is likely due to the intramolecular heterochromophore
interaction between MG and TMR in TMR-2p(meta/para)-MG dyes analogously to TMR-
meta-MG. However this interaction is not as pronounced as in the case of the 3-carbon
linked TMR-meta-MG.

Because of their positive charge TMR-MG dyes can penetrate through the plasma
membrane of living cells. Similar to other cationic dyes, such as TMRM[34], they
predominantly accumulate in mitochondria (SI Figure S24, Movie S1). Due to such
accumulation and the relatively high pH in mitochondria (~8.0)[35], TMR-para-MG stains
these organelles well (Figure 3a, b) with pronounced fluorescence in the TMR channel.

One advantage of TMR-para-MG dye is its ability to distinguish the cells that express FAP
from the cells that do not express FAP (Figure 3a). In this virally transduced population,
some cells in the presence of TMR-para-MG show only TMR signal (in green, white
arrows) while other cells that do express FAP show both TMR fluorescence from
mitochondria and site-specific fluorogen labelling with the MG fluorophore (~660 nm) in
the region of FAP expression (actin filament, in red, on Figure 3a or membrane-tethered
FAP on Figure 3b, yellow arrows). Treatment of T M R-para-MG stained cells that express
intracellular membrane-displayed FAP with carbonyl cyanide m-chlorophenyl hydrazone
(CCCP), a drug that causes rapid depolarization of mitochondria membrane potential[36],
leads to rapid loss of TMR signal from the mitochondria (Figure 3b, SI Movie S2). Based on
the spectroscopic properties of the dye, we attribute this loss of fluorescence to two
phenomena: 1) loss of TMR-para-MG dye from the cell after depolarization of the
mitochondria, as is seen for TMRM[37] (SI Figure S26) and 2) decrease of mitochondrial pH
that leads to reversal of carbinol formation (SI Figure S21).

Another advantage of the TMR-para-MG dye is its usability for 2-photon imaging, which is
known to be superior to confocal microscopy for imaging live and thick specimens. Because
TMR has a good 2-photon cross-section[38], cells expressing FAPs and stained with TMR-
para-MG are ~10-fold brighter under two photon excitation than the same cells stained with
Cy3-MG or MG dye (Figure 3c).

In conclusion, we have developed a genetically targetable fluorescent probe TMR-para-MG
that switches its fluorescence emission upon binding to a FAP, as well as a fluorogenic
isomer TMR-meta-MG, which is efficiently activated by binding. These dyes penetrate
through the plasma membrane effectively to stain different structures inside live cells. In
cells that express FAP the TMR-para-MG dye labels target sites in one colour (MG
emission) and mitochondria in another colour (TMR emission). Such dual colour emission
of TMR-para-MG makes this dye a suitable tool for monitoring changes in mitochondrial
membrane potential in response to drug treatment. In addition TMR-MG dyes have better 2-
photon characteristics than MG dye alone or other tandem fluorophores that have previously
been reported. Finally, the synthesis of multichromophore structures based on the TMR
donor may result in cytosol directed genetically targeted light-harvesting materials that do
not require cellular permeabilization for labeling. By applying approach described in this
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work it should be possible to synthesize colour-switching or fluorogenic tandem dyes by
careful control of their geometry and interchromophore interactions.

Experimental Section
Details of the procedures for probes synthesis, including NMR, ESI, absorption and
fluorescence characterization are provided in the Supporting Information. The procedures
used for FAPs expression, cells transfection, mitochondria depolarization and fluorescence
imaging are also described in details in the Supporting Information.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Schematic representation of dual-colour behaviour of TMR-para-MG dye and emission
spectra of TMR-para-MG (and TMR-meta-MG, dashed lines) in the absence and in the
presence of FAP. Fluorescence spectra are normalized to absorbance at 515 nm, excitation
515 nm.
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Figure 2.
A) Hypothetical scheme of the chromophore-chromophore interaction in TMR-para-MG,
TMR-meta-MG and TMR-2p-MG dyes; B) Absorbance and normalized fluorescence
spectra of TMR-para-MG, TMR-meta-MG and TMR-2p(para)-MG dyes in phosphate buffer
at different pH.
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Figure 3.
A) Live-cell confocal microscopy images of HeLa cells that express FAP dH6 fused to the
filament forming protein actin after incubation with 150 nM TMR-para-MG dye for 30 min.
Green channel corresponds to emission of TMR (575–630 nm) excited with 561 nm laser;
red channel corresponds to emission of MG bound to FAP (650–710 nm) excited with 633
nm laser; B) Time series of live-cell spinning-disc images of the HEK293 cells that express
dL5 E52D L91S fused to the transmembrane domain of B7-1 protein for inner-leaflet
display in the presence of 150 nM TMR-para-MG after treatment with 100 μM CCCP.
Green: TMR channel; Red: MG channel; C) Confocal images of live yeast cells with
surface-displayed dL5 E52D L91S in the presence of 150 nM TMR-para-MG, Cy3-MG and
MG dyes correspondingly. Red: MG channel; Blue: 2-photon channel, excitation is 850 nm
and emission is 650–710 nm. Scale bar is 10 μm.
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Scheme 1.
Chemical structures of TMR-MG tandem dyes.

Yushchenko et al. Page 9

Chembiochem. Author manuscript; available in PMC 2013 July 23.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text


