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Abstract: Protein labeling with fluorogenic probes is a power-
ful method for the imaging of cellular proteins. The labeling
time and fluorescence contrast of the fluorogenic probes are
critical factors for the precise spatiotemporal imaging of
protein dynamics in living cells. To address these issues, we
took mutational and chemical approaches to increase the
labeling kinetics and fluorescence intensity of fluorogenic
PYP-tag probes. Because of charge-reversal mutations in PYP-
tag and probe redesign, the labeling reaction was accelerated
by a factor of 18 in vitro, and intracellular proteins were
detected with an incubation period of only 1 min. The bright-
ness of the probe both in vitro and in living cells was enhanced
by the mutant tag. Furthermore, we applied this system to the
imaging analysis of bromodomains. The labeled mutant tag
successfully detected the localization of bromodomains to
acetylhistone and the disruption of the bromodomain–acetylhi-
stone interaction by a bromodomain inhibitor.

Chemical methods for protein labeling have emerged as an
alternative to fluorescent proteins and are attracting attention
in the field of bioimaging.[1, 2] Some of these new techniques
use a protein tag paired with a synthetic fluorescent probe for
the specific labeling of intracellular proteins.[1] In particular,
fluorogenic probes for the labeling of protein tags are useful
tools for live-cell imaging of proteins.[3–14] Whereas free forms
of these probes are nonfluorescent, their fluorescence inten-
sity increases following labeling reactions. Because of this
beneficial property, the location of proteins in living cells can
be quickly verified without the necessity for washout proce-
dures to remove free probes. Following a report on the probe
FlAsH and its tag,[3] various fluorogenic probes were devel-
oped for the labeling of intracellular proteins fused to protein
tags, such as the SNAP-tag,[4–6] the HaloTag,[6] the BL-tag,[7]

the TMP-tag,[8] FAPs,[9] the dC10a-tag,[10] and the photoactive
yellow protein tag (PYP-tag).[11] Key factors for the perfor-
mance of fluorogenic systems are labeling time and fluores-

cence contrast. In current “no-wash” systems, labeling
reactions are conducted with an incubation time of more
than 10 min to provide fluorescence images of intracellular
proteins with sufficient contrast,[5–10, 12] with the exception of
the PYP-tag paired with its probe, which rapidly detects
cellular proteins in 6 min.[11] However, even these time
periods are long enough for the removal of free probes by
washing cells. Thus, further efforts to acquire fluorescence
images with shorter incubation times are required for making
the best use of fluorogenic systems. The fine-tuning of
a protein tag and its probe is essential to fulfill this require-
ment and will lead to practical biological applications, which
have been limited thus far.

We have developed a PYP-tag-based labeling system.[11, 13]

The small size of PYP-tag (14 kDa) makes it attractive for use
as a protein tag. Previously, we designed and synthesized the
fluorogenic probes TMBDMA and CMBDMA for intra-
cellular protein labeling.[11] These probes contain a newly
designed PYP-tag ligand, which is an environment-sensitive
fluorophore. Fluorescence enhancement is triggered by
recruiting these probes to a hydrophobic ligand-binding
pocket in PYP-tag, whereas the probe loses fluorescence in
a high-polarity aqueous buffer. Of these two probes,
CMBDMA shows more interesting properties. Despite its
anionic net charge, the probe can cross cell membranes.
Furthermore, we noticed that live-cell images obtained with
CMBDMA are brighter than those obtained with TMBDMA
(see Figure S1 in the Supporting Information). Thus,
CMBDMA is more practical and suitable for the high-
contrast live-cell imaging of proteins. However, CMBDMA
requires more than 10 min for the intracellular imaging of
PYP-tagged proteins. Therefore, the labeling reactions need
to be accelerated for rapid imaging and to take advantage of
the fluorogenic probe. In this study, to solve this problem, we
created a PYP-tag mutant, in which the charges on the protein
surface were modulated, and redesigned the chemical struc-
ture of CMBDMA (Figure 1a). Furthermore, the labeling
system was applied to bromodomain imaging. Bromodomain
is an epigenetic reader-protein domain that binds to acetylhi-
stone and plays an important role in transcriptional activa-
tion.[15] Small molecules that inhibit the bromodomain–
acetylhistone interaction are expected to be promising drugs
for the treatment of cancer and inflammation.[15] Thus, the
development of a live-cell assay for examining this interaction
is in high demand. In this study, by using our redesigned
labeling system, we conducted live-cell analyses of the
bromodomain–acetylhistone interaction.

Previous results suggested that the charges of PYP-tag
contribute to its labeling kinetics.[11] To investigate the effects

[*] Dr. Y. Hori, S. Hirayama, M. Sato, Prof. K. Kikuchi
Graduate School of Engineering, Osaka University
Osaka 565-0871 (Japan)
E-mail: kkikuchi@mls.eng.osaka-u.ac.jp

Dr. Y. Hori, Prof. K. Kikuchi
IFReC, Osaka University
Osaka 565-0871 (Japan)

Dr. Y. Hori
JST, PRESTO
Osaka 565-0871 (Japan)

Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/anie.201506935.

..Angewandte
Communications

14368 Ó 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2015, 54, 14368 –14371

http://dx.doi.org/10.1002/ange.201506935
http://dx.doi.org/10.1002/anie.201506935
http://dx.doi.org/10.1002/anie.201506935


of surface charges close to the ligand-binding pocket on
labeling reactions, we analyzed three mutants, PYP-D71R,
PYP-E74R, and PYP-D97R, in which each anionic residue
was converted into arginine (Figure 1b). All the mutants
bound covalently to CMBDMA and enhanced the fluores-
cence intensity (see Figures S2a and S3 and Table S1 in the
Supporting Information). The mutants reacted with
CMBDMA more rapidly than the wild-type PYP-tag
(PYPwt; see Table S2 and Figure S4). These results indicate
that electrostatic interaction between the probe and PYP-tag
enhances labeling reactions. Interestingly, as compared with
PYPwt, PYP-D71R enhanced the fluorescence of CMBDMA
more intensely at an excitation wavelength of 450 nm (see
Figure S3). It is known that dialkylaminocoumarins emit
strong fluorescence from the intramolecular-charge-transfer
(ICT) state.[16] One probable reason for the higher fluores-
cence enhancement is that the mutation affects the protein
conformation around the fluorophore and leads to the
promotion of emission from the ICT state. However, further
structural analysis will be required to verify the detailed
mechanism.

Next, we created a novel mutant with three arginine
residues at these amino acid positions, PYP3R (Figure 1a),
with the expectation that the triple mutation would further
enhance both the brightness and the labeling kinetics of
CMBDMA. In labeling reactions of PYP3R, the fluorescence
intensity increased notably, and was 62% higher than that of
the probe bound to PYPwt (see Figures S2 a and S3). The
labeling reaction of PYP3R was faster than that of PYPwt

(see Table S2 and Figure S4).
The k2 value of PYP3R with
CMBDMA was determined to
be 1.3 × 103m¢1 s¢1, whereas
PYPwt binds to the probe
with a k2 value of 1.1 ×
102m¢1 s¢1. These results indi-
cate that the triple mutation
significantly improved bright-
ness and labeling kinetics.

To further improve label-
ing kinetics, we redesigned the
probe structure by scrutinizing
the labeling mechanism. When
CMBDMA binds to PYP-tag
through transthioesterification
with Cys69, a thiophenyl
moiety is released from the
probe. A previous study sug-
gested that the pKa value of
the leaving group of
CMBDMA could affect the
labeling kinetics.[11] Thus, we
developed a new probe,
CMBDMA2, which has a thio-
phenyl leaving group with
a lower pKa value (Fig-
ure 1a,c; see also Scheme S1
in the Supporting Informa-
tion). The thiophenyl group

has the electron-drawing carbonyl group of an amide at the
para position and is estimated to have a pKa value of 5.8,
whereas the pKa value of the corresponding thiol of
CMBDMA is estimated to be 6.9.[17, 18] CMBDMA2 cova-
lently labeled both PYPwt and PYP3R (see Figure S2 b), and
increased fluorescence intensity (see Figure S5). A model
structure of the labeled PYP3R was created by using Macro-
Model (see Figure S6). The background hydrolysis reaction of
CMBDMA2 was not detected (see Figure S7). Specific label-
ing in cell lysate was observed (see Figure S2c). CMBDMA2
bound to PYPwt with a k2 value of 6.2 × 102m¢1 s¢1, which is
5.6 times higher than that of CMBDMA (see Table S2 and
Figure S4). Furthermore, the combinatorial use of PYP3R
and CMBDMA2 led to a remarkable acceleration of the
labeling kinetics (k2 = 2.0 × 103m¢1 s¢1) by a factor of 18 in
comparison with the labeling kinetics of the parent pair,
PYPwt and CMBDMA. These results clearly indicate that the
lowering of the pKa value of the leaving group promoted
labeling reactions.

No-wash live-cell imaging of intracellular proteins was
conducted by adding CMBDMA2 to HEK293T cells trans-
fected with the fusion gene of maltose binding protein (MBP)
with PYPwt (MBP-PYPwt) or PYP3R (MBP-PYP3R).
Fluorescence was observed only from CMBDMA2-treated
cells expressing these genes (see Figure S8 a). Cells trans-
fected with the genes of PYP-tags fused to nuclear local-
ization signals (PYPwt-NLS and PYP3R-NLS) were also
imaged by using CMBDMA2. The cells exhibited fluores-
cence from their nuclei, but only when the cells expressed the

Figure 1. a) Design of the PYP-tag mutant PYP3R and its fluorogenic probe, with a focus on electrostatic
interactions and the pKa value of the leaving group. b) Structure of PYP (PDB ID: 1otb). A natural PYP-tag
ligand is indicated in magenta. c) Chemical structures of CMBDMA and CMBDMA2.
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PYP constructs (see Figure S8 b). These results show that
CMBDMA2 permeated the cell membrane, specifically
labeled intracellular proteins, and enabled the imaging of
protein localization. Moreover, PYP3R and CMBDMA2
gave brighter fluorescence than the pair composed of PYPwt
and CMBDMA when the same measurement conditions were
used (see Figure S1). Importantly, the CMBDMA2/PYP3R-
NLS pair enabled the rapid and clear detection of fluores-
cence in nuclei only 1 min after the addition of the probe
(Figure 2). The fluorescence signal was saturated after 3 min,

whereas the pair composed of CMBDMA and PYPwt
required more than 20 min for the saturation of fluorescence
intensity (see Figure S8 c,d).

Finally, we conducted live-cell imaging of bromodomains.
We fused the PYP-tags with bromodomains of BRD4[19]

(PYPwt-BRD or PYP3R-BRD). In PYPwt-BRD-expressing
cells, fluorescence was observed throughout nuclei (Fig-
ure 3a). In contrast, the fluorescence in PYP3R-BRD-
expressing cells was observed to be uneven. Quantitative
analysis confirmed that as compared to PYPwt-BRD,
PYP3R-BRD was distributed less homogeneously (Fig-
ure 3b,c). This difference might be explained by considering
the pI values of the PYP-tags. Whereas PYPwt is an acidic
protein with a calculated pI value of 4.8, PYP3R has a pI value
of 6.7.[20] The anionic properties of PYPwt may cause
a decrease in affinity for nucleosomes containing acetyl-
histone owing to electrostatic repulsion of DNA. Thus, it is
possible that PYPwt-BRD may be partially dissociated from
the nucleosome, thus causing a more uniform distribution of
fluorescence, whereas PYP3R-BRD might be localized to
genomic regions rich in acetylhistone, since the repulsive
interaction between the protein tag and DNA is diminished,
thus causing a nonuniform distribution of fluorescence. A
previous report also showed that endogenous BRD4 was
localized in a speckled pattern similar to that of PYP3R-BRD,
thus suggesting that the tagging of PYPwt affected the
localization of BRD4.[21]

To check the localization of the bromodomains to
acetylhistone, we used a bromodomain inhibitor, JQ-1,
which binds to bromodomains and interrupts bromodo-
main–acetylhistone interactions.[19] We found that the fluo-
rescence derived from PYP3R-BRD was distributed more
uniformly in the presence of JQ1 (Figure 3a). This observa-

tion is supported by quantitative analysis (Figure 3b,c). These
results strongly suggest that PYP3R-BRD is localized to
acetylhistone-containing nucleosomes, and that JQ1 causes
dissociation of the fusion protein from the acetylhistone.
Importantly, this system is useful for investigating the effect of
bromodomain inhibitors in live cells. Previously, GFP, which
is also an acidic protein, was fused to BRD4 and was used to
analyze the inhibition of the bromodomain–acetylhistone
interaction.[19,22] However, fluorescence recovery after photo-
bleaching (FRAP) was applied to examine inhibitory effects
of bromodomain inhibitors. In these studies, no clear change
of the fluorescence localization was observed in the presence
of inhibitors. In contrast, the surface-charge mutations of
PYP-tag led to a clear change in the localization of
bromodomains in the presence of a bromodomain inhibitor.

In summary, we redesigned a PYP-tag–fluorogenic-probe
pair by using mutational and chemical approaches that
focused on electrostatic interaction and pKa values. The new
tag–probe pair rapidly detected fluorescence signals of
proteins inside living cells after a significantly shorter
incubation time (1 min) than that reported previously and
showed greater brightness than that of a previous pair
composed of PYPwt and CMBDMA. These features and
the small size of the tag are attractive advantages for protein
labeling. Furthermore, this system was successfully applied to
the detection of bromodomain–acetylhistone interactions.
Previously, inhibition of the bromodomain–acetylhistone
interaction was only detected in living cells by the use of
special microscopic techniques, such as FRAP. Furthermore,
our results suggest that the mutational modulation of protein
surface charges provides a useful and promising strategy for
live-cell imaging with protein-tag systems. The redesigned
labeling system is valuable as an easy-to-use analytical tool to
examine the bromodomain interaction and its inhibition. We
believe that this new tool will also be useful for various live-
cell studies on the localization, movement, and interaction of
proteins.

Figure 2. Time-lapse imaging with CMBDMA2. a) Fluorescence images
of PYP3R-NLS acquired after the addition of CMBDMA2 (5 mm). The
excitation wavelength was 473 nm. Scale bar: 5 mm. b) Time course of
fluorescence intensity, as quantified by the use of imaging data for
CMBDMA2-treated cells expressing PYP3R-NLS (N = 5).

Figure 3. Imaging of the bromodomain–acetylhistone interaction and
its inhibition. a) Fluorescence images of CMBDMA2-treated NIH3T3
cells expressing PYPwt-BRD and PYP3R-BRD in the absence or
presence of JQ-1. The excitation wavelength was 473 nm. The probe
(5 mm) was incubated with the cells for 5 min. Scale bar: 10 mm.
b,c) Fluorescence profiles plotted along the red lines in (a).
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