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Long-lifetime photoluminescence (PL) enables the use
of time-resolved (TR) measurements, which can elimi-
nate short-lifetime luminescent signals.[1] Thus, lantha-
nide luminescence measurement has been utilized as a
highly sensitive biochemical assay technique.[2] Recent
progress in optical instrumentation has enabled the
development of time-resolved luminescence (TRL)
microscopy with pulse excitation techniques,[3] making
lanthanide-based TRL imaging of biomolecules a prom-
ising technology for next-generation bioimaging.
Recently, a TRL-based protein imaging technique was
reported.[4] This system exploits a protein labeling
system based on Escherichia coli dihydrofolate reduc-
tase and its specific inhibitors modified with a lanthanide
complex. Because this system uses a noncovalent
enzyme-inhibitor complex model,[5] dissociation of the
labeled probe from the tag protein is a potential
limitation, especially for long time-lapse imaging over
several hours.

We recently developed a versatile protein labeling
method using a mutant TEM-1 b-lactamase (BL-tag)
and its fluorescent substrates.[6] By extending this
covalent labeling technology, we aimed to develop a
TRL imaging method for cell-surface proteins (Fig-
ure 1a). We designed and synthesized a novel lumines-
cent europium(III) complex probe, TPA-Eu (Figure 1b
and Scheme S1 in the Supporting Information). This
compound consists of a terpyridinetetraacetate Eu3+ com-
plex[7] connected to an ampicillin moiety, which covalently
binds BL-tag.[6a] The wavelengths of excitation and emission
maxima of TPA-Eu were 341.5 and 616.0 nm, respectively
(Figure 1c). The emission spectrum was characteristic of Eu3+

luminescence. The luminescence lifetime was 1.25 ms (Fig-
ure S2 in the Supporting Information), which is long enough
for TRL microscopy with a xenon flash lamp.

Next, the tag-labeling properties of TPA-Eu were inves-
tigated. TPA-Eu was incubated with BL-tag or wild-type
TEM-1 (WT TEM) for 1 h, and the mixtures were analyzed
by SDS-PAGE. Red PL of TPA-Eu labeled with the BL-tag
was observed, but no labeling with WT TEM was seen
(Figure 2a, b). The cell lysate did not interfere with labeling
specificity (Figure 2c). Covalent labeling was also confirmed
by MALDI-TOF MS. The mass spectrum of TPA-Eu-labeled
BL-tag showed that TPA-Eu bound to the tag with a 1:1
stoichiometry (Table S1 in the Supporting Information). The
PL spectra and lifetime of TPA-Eu labeled with BL-tag were
measured, and both excitation and emission spectra were
found to be almost identical to those of free TPA-Eu (data not
shown), while the PL lifetime of the labeled TPA-Eu was also
scarcely changed (1.27 ms, Figure S2 in the Supporting
Information). These results indicated that TPA-Eu labeled
with the tag protein maintained the photophysical properties
of free TPA-Eu.

Figure 1. a) Covalent labeling of cell-surface protein of interest (POI) with a
luminescent lanthanide complex for time-resolved photoluminescence imag-
ing. b) Structure of TPA-Eu. c) Normalized steady-state excitation (b,
lem = 616.0 nm), steady-state emission (c, lex = 341.5 nm), and TR emis-
sion (a, lex = 341.5 nm, delay time: 60 ms, gate time: 2 ms) spectra of
10 mm TPA-Eu in 100 mm HEPES buffer (pH 7.4) at 25 8C; HEPES: 2-[4-(2-
hydroxyethyl)-1-piperazinyl]ethanesulfonic acid.
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TRL microscopy measurements of TPA-Eu were then
performed. The TRL microscopy system (Figure S3 in the
Supporting Information) was a slight modification of a
reported system.[3b] Because this system excludes any short-
lifetime luminescent signals, long-lifetime luminescent signals
can be selectively detected. We confirmed the selective
detection of long-lifetime PL of TPA-Eu over short-lifetime
PL using silica gels (Figure S4d in the Supporting Informa-
tion).

We next analyzed TPA-Eu-labeled cellular proteins using
the TR microscopy system. BL-tag was fused to the extracel-
lular region (N terminus) of epidermal growth factor receptor
(EGFR) and expressed in HEK293T cells. The cells were
treated with 10 mm TPA-Eu for 1 h at 37 8C, washed with
buffer, and observed with a microscope (Figure 3a, left and
center columns). Under UV excitation (l = 340–390 nm),
cellular autofluorescence severely interfered with the short-
lifetime PL signals from TPA-Eu in the total PL images,
which include no delay time, thereby providing almost
identical results to steady-state measurements. On the other
hand, the delayed PL images detected only TPA-Eu-labeled
BL-EGFR. No long-lifetime PL was observed from the cells
not expressing BL-EGFR.

The cells were also observed in the presence of 10 % fetal
bovine serum (FBS, Figure 3a, right column). In the total PL
image, various fluorescent components in FBS interfered with
the visualization of the TPA-Eu-labeled target proteins.
However, the delayed PL image showed only long-lifetime
components of the TPA-Eu signals on the cell surface. This
property is useful for general bioimaging studies, because the
inclusion of serum would enhance the robustness of living
samples and would enable imaging over long periods. Long
time-lapse imaging experiments, which can be performed in
the presence of FBS, demonstrated no distinct dissociation of
the labeled TPA-Eu from the target protein even after several
hours (Figure 3b). This result demonstrated one of the
advantages of our covalent-labeling-based method over
previous technologies.[4]

Finally, we tested the application of TPA-Eu to lifetime-
based multicolor imaging. As illustrated in Figure 4 a, short-
and long-lifetime PL signals, generated by organic dyes and
lanthanide complexes, respectively, can be discriminately
detected by the time-resolved gating technique, even if their
emission spectra mostly overlap. After verifying the principle
by using silica gels (Figure S3c–e in the Supporting Informa-
tion), HEK293T cells expressing BL-EGFR were simulta-
neously labeled with TPA-Eu and MitoTracker Orange
(MTO), which is a rhodamine-based fluorescent dye that
stains mitochondria. The short-lifetime fluorescence of MTO
was selectively visualized by accumulating the prompt PL
component (delay time: 0 s, gate time: 10 ms; Figure 4c),
while the long-lifetime PL of TPA-Eu on the cell-surface BL-
EGFR was selectively detected as a delayed PL component

Figure 2. Specific labeling of BL-tag with TPA-Eu. a) BL-tag, b) WT
TEM, and c) BL-tag mixed with HEK293T cell lysate were analyzed by
electrophoresis. Fluorescent gel images were excited with a handheld
UV lamp (lex = 365 nm). CBB-stained gel image; CBB: Coomassie
Brilliant Blue; Fl: fluorescent gel image.

Figure 4. a) Illustration of time-gating discrimination of short- (organic
fluorophores) and long-lifetime (lanthanides) luminescence compo-
nents. b)–e) Lifetime-based multicolor imaging. Scale bar: 50 mm.
b) DIC, c) prompt PL image, d) delayed PL image, and e) merged
image. Short (MTO) and long (TPA-Eu) lifetime PL components were
drawn with different pseudocolors (pseudo color: green for prompt PL
and red for delayed PL).

Figure 3. a) Microscopy images of HEK293T cells labeled with TPA-Eu.
DIC: differential interference contrast images, total: total PL images,
delayed: delayed PL images. b) Time-lapse imaging of HEK293T cells
expressing BL-EGFR labeled with TPA-Eu. Incubation times are shown
beside TR microscopy images. Scale bar: 50 mm.
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(delay time: 85 ms, gate time: 10 ms; Figure 4d). These two
signals can be overlaid with different pseudocolors (Fig-
ure 4e). Although frequency-domain fluorescence lifetime
imaging microscopy (FLIM)[8] is an existing similar technique
utilizing fluorescence lifetimes, this method requires a much
longer accumulation time than our technique and also has the
disadvantage of its high cost.

In conclusion, we have developed a novel protein imaging
system based on covalent protein labeling with the lanthanide
probe TPA-Eu combined with TRL microscopy. This tech-
nology separates live-cell imaging from background auto-
fluorescence. The long-lifetime PL of TPA-Eu labels on cell-
surface proteins can be selectively detected even in the
presence of FBS. The covalent probe labeling enabled long
time-lapse imaging lasting at least several hours. Both of these
virtues are quite valuable especially for in vivo imaging
experiments, because the autofluorescence of animal bodies
severely hampers detection of faint PL signals, and in vivo
studies usually take at least several hours. For further
applications, intracellular protein labeling may be desired.
As we expected from the anionic structure, TPA-Eu did not
permeate into living cells. More hydrophobic or cationic
lanthanide complexes should be chosen for intracellular
protein labeling.

We also demonstrated a unique application—lifetime-
based multicolor imaging—by exploiting pulse-gating tech-
nology. This multicolor imaging system would yield almost
the same data as multicolor fluorescence imaging with
different filter sets. Because this technique is orthogonal to
the conventional wavelength-based multicolor imaging,
simultaneous use of both wavelength-based and lifetime-
based multicolor imaging techniques could increase the
number of color channels. For example, three emission filter
sets (blue, green, and red) and two lifetime settings (short and
long) yield six channels. Considering that differently colored
luminescent lanthanides such as terbium(III) or dysprosi-
um(III) are also suitable for TRL measurements, simulta-
neous imaging of a larger number of proteins can be achieved
in future.

Received: June 3, 2011
Published online: July 26, 2011

.Keywords: imaging agents · labeling probes · proteins ·
time-resolved luminescence

[1] a) J. C. G. B�nzli, C. Piguet, Chem. Soc. Rev. 2005, 34, 1048 – 1077;
b) J. Yuan, G. Wang, Trends Analyt. Chem. 2006, 25, 490 – 500.

[2] a) J. C. G. B�nzli, Chem. Rev. 2010, 110, 2729 – 2755; b) R. A.
Kumar, D. S. Clark, Curr. Opin. Chem. Biol. 2006, 10, 162 – 168;
c) J. Karvinen, V. Laitala, M. L. M�kinen, O. Mulari, J. Tammi-
nen, J. Hermonen, P. Hurskainen, I. Hammil�, Anal. Chem. 2004,
76, 1429 – 1436; d) T. Terai, K. Kikuchi, S. Iwasawa, T. Kawabe, Y.
Hirata, Y. Urano, T. Nagano, J. Am. Chem. Soc. 2006, 128, 6938 –
6946; e) S. Mizukami, K. Tonai, M. Kaneko, K. Kikuchi, J. Am.
Chem. Soc. 2008, 130, 14376 – 14377; f) D. Maurel, L. C. Agrar, C.
Brock, M. L. Rives, E. Bourrier, M. A. Ayoub, H. Bzin, N. Tinel,
T. Drroux, L. Pr�zeau, E. Trinquet, J. P. Pin, Nat. Methods 2008, 5,
561 – 567; g) L. Albizu, M. Cottet, M. Kralikova, S. Stoev, R.
Seyer, I. Brabet, T. Roux, H. Bazin, E. Bourrier, L. Lamarque, C.
Breton, M. L. Rives, A. Newman, J. Javitch, E. Trinquet, M.
Manning, J. P. Pin, B. Mouillac, T. Durroux, Nat. Chem. Biol. 2010,
6, 587 – 594.

[3] a) N. Gahlaut, L. W. Miller, Cytometry Part A 2010, 77 A, 1113 –
1125; b) K. Hanaoka, K. Kikuchi, S. Kobayashi, T. Nagano, J. Am.
Chem. Soc. 2007, 129, 13502 – 13509.

[4] a) H. E. Rajapakse, D. R. Reddy, S. Mohandessi, N. G. Butlin,
L. W. Miller, Angew. Chem. 2009, 121, 5090 – 5092; Angew. Chem.
Int. Ed. 2009, 48, 4990 – 4992; b) H. E. Rajapakse, N. Gahlaut, S.
Mohandessi, D. Yu, J. R. Turner, L. W. Miller, Proc. Natl. Acad.
Sci. USA 2010, 107, 13582 – 13587.

[5] a) L. W. Miller, Y. Cai, M. P. Sheetz, V. W. Cornish, Nat. Methods
2005, 2, 255 – 257; b) N. T. Calloway, M. Choob, A. Sanz, M. P.
Sheetz, L. W. Miller, V. W. Cornish, ChemBioChem 2007, 8, 767 –
774.

[6] a) S. Mizukami, S. Watanabe, Y. Hori, K. Kikuchi, J. Am. Chem.
Soc. 2009, 131, 5016 – 5017; b) S. Watanabe, S. Mizukami, Y. Hori,
K. Kikuchi, Bioconjugate Chem. 2010, 21, 2320 – 2326; c) K. K.
Sadhu, S. Mizukami, S. Watanabe, K. Kikuchi, Chem. Commun.
2010, 46, 7403 – 7405.

[7] a) V. M. Mukkala, M. Helenius, I. Hemmil�, J. Kankare, H.
Takalo, Helv. Chim. Acta 1993, 76, 1361 – 1378; b) T. Nishioka, J.
Yuan, Y. Yamamoto, K. Sumitomo, Z. Wang, K. Hashino, C.
Hosoya, K. Ikawa, G. Wang, K. Matsumoto, Inorg. Chem. 2006,
45, 4088 – 4096; c) B. Song, G. Wang, M. Tan, J. Yuan, J. Am.
Chem. Soc. 2006, 128, 13442 – 13450.

[8] a) E. B. Munster, T. W. J. Gadella, Adv. Biochem. Eng./Biotech-
nol. 2005, 95, 143 – 175; b) Y. C. Chen, R. M. Clegg, Photosynth.
Res. 2009, 102, 143 – 155; c) J. W. Borst, A. J. W. G. Visser, Meas.
Sci. Technol. 2010, 21, 102002 – 102022; d) D. W. Piston, G. J.
Kremers, Trends Biochem. Sci. 2007, 32, 407 – 414; e) J. Goedhart,
L. V. Weeren, M. A. Hink, N. O. E. Vischer, K. Jalink, T. W. J.
Gadella Jr. , Nat. Methods 2010, 7, 137 – 139; f) R. Pepperkok, A.
Squire, S. Geley, P. I. H. Bastiaens, Curr. Biol. 1999, 9, 269 – 274.

Angewandte
Chemie

8911Angew. Chem. 2011, 123, 8909 –8911 � 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.de

http://dx.doi.org/10.1039/b406082m
http://dx.doi.org/10.1016/j.trac.2005.11.013
http://dx.doi.org/10.1016/j.cbpa.2006.02.033
http://dx.doi.org/10.1021/ac030234b
http://dx.doi.org/10.1021/ac030234b
http://dx.doi.org/10.1021/ja060729t
http://dx.doi.org/10.1021/ja060729t
http://dx.doi.org/10.1021/ja800322b
http://dx.doi.org/10.1021/ja800322b
http://dx.doi.org/10.1038/nmeth.1213
http://dx.doi.org/10.1038/nmeth.1213
http://dx.doi.org/10.1038/nchembio.396
http://dx.doi.org/10.1038/nchembio.396
http://dx.doi.org/10.1002/cyto.a.20964
http://dx.doi.org/10.1002/cyto.a.20964
http://dx.doi.org/10.1002/cyto.a.20964
http://dx.doi.org/10.1021/ja073392j
http://dx.doi.org/10.1021/ja073392j
http://dx.doi.org/10.1002/ange.200900858
http://dx.doi.org/10.1002/anie.200900858
http://dx.doi.org/10.1002/anie.200900858
http://dx.doi.org/10.1073/pnas.1002025107
http://dx.doi.org/10.1073/pnas.1002025107
http://dx.doi.org/10.1038/nmeth749
http://dx.doi.org/10.1038/nmeth749
http://dx.doi.org/10.1002/cbic.200600414
http://dx.doi.org/10.1002/cbic.200600414
http://dx.doi.org/10.1021/ja8082285
http://dx.doi.org/10.1021/ja8082285
http://dx.doi.org/10.1021/bc100333k
http://dx.doi.org/10.1039/c0cc02432e
http://dx.doi.org/10.1039/c0cc02432e
http://dx.doi.org/10.1002/hlca.19930760323
http://dx.doi.org/10.1021/ic051276g
http://dx.doi.org/10.1021/ic051276g
http://dx.doi.org/10.1021/ja062990f
http://dx.doi.org/10.1021/ja062990f
http://dx.doi.org/10.1007/s11120-009-9458-7
http://dx.doi.org/10.1007/s11120-009-9458-7
http://dx.doi.org/10.1088/0957-0233/21/10/102002
http://dx.doi.org/10.1088/0957-0233/21/10/102002
http://dx.doi.org/10.1016/j.tibs.2007.08.003
http://dx.doi.org/10.1038/nmeth.1415
http://dx.doi.org/10.1016/S0960-9822(99)80117-1
http://www.angewandte.de

