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INTRODUCTION

Multicolor imaging of proteins to 
study their function in the context of 
the living cell has become a funda-
mental technique in cell biology during 
the last decade. Besides the well-
known genetically encoded fluorescent 
proteins, new techniques to transfer 
fluorescence properties on a protein of 
interest have been developed, such as 
the biarsenical-tetracysteine system, 
the nitrilotriacetate (NTA)-chromo-
phore oligohistidine approach, the use 
of labeling through posttranslational 
modifications, or the labeling of O6-
alkylguanine-DNA alkyltransferase 
(AGT) fusion proteins (1–4). These 
techniques are based on reporter 
peptides or enzymes that allow for the 
site-specific incorporation of small 
synthetic compounds such as fluoro-
phores into the fusion protein.

For labeling AGT fusion proteins, 
the specific attachment of the synthetic 
probe is based on the irreversible 
transfer of the benzyl group from 
O6-benzylguanine (O6-BG) to a 
cysteine residue of the human DNA 
repair protein AGT resulting in a 
stable thioether bond (5,6). O6-BG 

derivatives bearing a fluorescent dye 
at the para-position of the benzyl ring 
have been used for various imaging 
applications such as in vivo imaging 
of dynamic processes, fluorescence 
pulse chase experiments, as well as 
fluorescence resonance energy transfer 
(FRET) applications (4,5,7–9). A major 
advantage of this approach is the avail-
ability of a multitude of fluorescent 
O6-BG derivatives that is constantly 
increasing due to the ease of their 
chemical synthesis. Because of the 
possibility to choose the fluorescent 
dye that bests suits the experiment, 
AGT labeling has the potential to 
overcome some of the spectral limita-
tions and complex photophysics of the 
fluorescent proteins (10,11).

So far the possibility of the 
unwanted labeling of endogenous 
wild-type AGT (wtAGT) present as 
a DNA repair protein in mammalian 
cells has been the main drawback of 
the technique. However, we found 
that many mammalian cell lines such 
as PtK2 (used this study) as well as 
NRK cells (unpublished data) did not 
show detectable labeling of wtAGT 
above background (see Supplementary 
Figure S7 in the supplementary 

material available online at www.
BioTechniques.com). In addition, 
the recent development of an AGT 
mutant, MAGT, that is resistant towards 
the inhibitor CG [N9-cyclopentyl-
O6-(4-bromothenyl)guanine] allows 
researchers to efficiently block labeling 
of the endogenous, but not the mutant, 
AGT using CG (12). Besides the resis-
tance toward CG, other advantages 
of MAGT are that it is smaller in size 
than wtAGT (182 amino acids instead 
of 207 amino acids), its affinity toward 
alkylated DNA has been depleted, and 
all nonessential cysteine residues have 
been replaced. This mutant was used 
therefore throughout this study.

Major limitations for live cell 
imaging are rapid photobleaching and 
relatively short emission wavelengths 
of the available fluorophores. Longer 
wavelength dyes with emission 
maxima up to the near-infrared could 
become valuable tools as these dyes 
expand the range of options for multi-
color detection, especially because 
fluorescent proteins such as mPlum 
only go up to an emission maximum of 
649 nm until now (13). Furthermore, 
the red and far-red dyes can be excited 
with longer less cytotoxic wavelengths 
and emit at wavelengths longer than the 
usual sources of cell autofluorescence, 
resulting in a higher signal-to-noise 
ratio (14).

MATERIALS AND METHODS

MAGT-H2B Construct/Cell Culture

The photostability measurement 
of the various dyes was performed on 
living PtK2 cells expressing histone 2B 
(H2B) tagged at the N terminus with 
MAGT. After removing the AgeI site 
in MAGT by a silent point mutation, 
this AGT mutant was cloned into the 
pEGFP-C1 vector (BD Biosciences, 
Palo Alto, CA, USA) by AgeI/BsrGI, 
resulting in pMAGT-C1. H2B was 
transferred from pEGFP-H2B (15) 
into pMAGT-C1 using XhoI/BamHI, 
resulting in pMAGT-H2B. A monoclonal 
stable PtK2 cell line expressing MAGT-
H2B was produced and maintained 
as described (16). To generate pH2B-
mRFP, the vector backbone and the 
entire coding sequence for H2B were 
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obtained from pH2B-ECFP and ligated 
to monomeric red fluorescent protein 
(mRFP) (17,18). The fusion generated 
a proline between the two proteins. 
The photostability measurements of 
enhanced cyan fluorescent protein 
(ECFP), enhanced green fluorescent 
protein (EGFP), and mRFP were 
performed on PtK2 cells transiently 
expressing H2B-ECFP, H2B-EGFP, 
and H2B-mRFP, respectively. For live 
cell imaging, cells were cultured in Lab 
Tek™ II chambered coverglasses (No. 
1; Nalge Nunc International, Rochester, 

NY, USA) and maintained at 37°C in 
imaging medium [CO2-independent 
Dulbecco’s modified Eagle medium 
(DMEM; Invitrogen, Carlsbad, CA, 
USA) without phenol red, and supple-
mented with 20% fetal calf serum 
(FCS), 10 mM glutamine, penicillin/
streptomycin] as described (16).

BG Derivatives

BG diethylaminomethyl coumarin 
(BGDEAC), BG Oregon Green® 
488 (BGOG), BGCy3, and BGCy5 

were provided by K. Johnsson [École 
Polytechnique Fédérale de Lausanne 
(EPFL), Lausanne, Switzerland]. BG 
diacetyl fluorescein (BGAF), BG 
Rhodamine Green™ (BG505), CP 
tetramethylrhodamine (CP-TMR), 
BGDy547, and BGDy647S were 
provided by Covalys Biosciences 
(Witterswil, Switzerland). BGD2 was 
provided by Cisbio (Marcoule, France). 
BGDy547, a derivative of Cy™3, as 
well as BGDy647S and BGD2, two 
derivatives of Cy5, have been developed 
based on a series of fluorophores made 

Table 1. BG Fluorophores for In Vivo Labeling of AGT Fusion Proteins

Dye Abs. 
(nm)

Em. 
(nm)

Mol. Ext.
(mM-1 cm-1)

    QY*
Cell Permeab. /

Incubat.
(min)

Relative
Photostability

(%)

Relative
Brightness

BGDEAC 432 472
56*

methanol

(a) 0.5 (24)
(b) 4.88
(c) 6.13

Yes/30 min
139 +++

BGAF 499 525
74

buffer pH 9.0

0.92 (25) 
0.81(17)
0.82 (4)

Yes/15 min
52 +++

BGOG 495 525
72*

buffer pH 9.0

0.9 (26)
2.2 (4)
1.03 (4)

Yes/60 min
70 ++

BG505 504 532
70

buffer pH 7.4

0.8 (27)
0.46
0.28

Yes/30 min
84 ++

CP-TMR 554 580
89

buffer pH 7.4

0.28 (28) 
0.46 (4)
0.39 (4)

Yes/10 min
88 +++

BGCy3 553 572
150*
water

0.04 (22)
1.05 (4)
3.55 (4)

To be injected
47 ++

BGDy547 557 574
140.3

buffer pH 7.5

0.04
0.76
1.75

To be injected
50 ++

BGD2 653 672 N.A.
0.30
1
0.64

To be injected 100 +++

BGDy647S 660 673
165

buffer pH 7.4

0.29
1.14
0.77

To be injected 88 ++

BGCy5 649 670
250*
water

0.28 (22)
1.12
1.12

To be injected
57 +

Molar extinction coefficients for the free benzylguanine (BG) derivatives (or NHS esters *) were determined in the indicated solvents. Quantum yields have 
been determined (a) for the free fluorophore (see the supplementary material) if not found in the literature (references in parentheses), (b) as relative quantum 
yields for O6-BG-, and (c) O6-alkylguanine-DNA alkyltransferase (AGT)-bound fluorophores, relative to the underivatized fluorophore (4). For cell-permeable 
dyes, optimal incubation times are shown. Non-cell-permeable dyes were microinjected as described. The photostability for each fluorescent protein as well 
as the photostability of the far-red dye BGD2 were set as 100% as a reference for the relative photostability of all dyes in each spectral group [enhanced cyan 
fluorescent protein (ECFP), blue dye; enhanced green fluorescent protein (EGFP), green dyes; monomeric red fluorescent protein (mRFP), yellow dyes] or 
BGD2 (far-red dyes). The relative brightness of each dye is indicated qualitatively (+++, very bright; ++, bright; +, sufficiently bright for live cell imaging). Abs., 
absorption maximum; Em., emission maximum; Mol. Ext., molar extinction coefficient; QY, quantum yield; Incubat., incubation time of cells in medium contain-
ing the respective dye at a final concentration of 5 μM; BGDEAC, BG diethylaminomethyl coumarin; BGAF, BG diacetyl fluorescein; BGOG, BG Oregon Green 
488; BG505, BG Rhodamine Green; CP-TMR, CP tetramethylrhodamine; BGDy547, a derivative of Cy3; BGD2, a derivative of Cy5; BGDy647S, a derivative 
of Cy5; N.A., not applicable. 
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by Dyomics [Dy547, Dy647(S); Jena, 
Germany] and Cisbio, respectively.

Labeling of MAGT-H2B In Vivo/
Microinjection

For the labeling with cell-permeable 
BGDEAC, BG505, BGAF, BGOG, 
and CP-TMR, cells were incubated 
with minimum essential medium 
(MEM) containing the respective 
labeling dye at a final concentration 
of 5 μM for a time interval character-
istic for each dye (see Table 1). The 

cells were then washed three times 
with MEM before adding imaging 
medium. Non-cell-permeable dyes 
BGDy547, BGCy3, BGD2, BGCy5, 
and BG647S were diluted in water to 
a final concentration of 30 μM and 
microinjected into cells (InjectMan® 
NI 2 micromanipulator; Eppendorf 
AG, Hamburg, Germany). Cells were 
injected with 50 hPa injection pressure 
for 0.8 s by penetrating the cell surface 
with an injection capillary micropipet 
(Femtotips® II; Eppendorf). For all 
dyes, imaging and photobleaching was 

only started 30 min after washing or 
microinjection, respectively.

Imaging and Photobleaching 
on Confocal Laser-Scanning 
Microscopes

The photostability measure-
ments of BGDEAC and ECFP were 
performed on a Leica SP2 AOBS Sirius 
(Leica Microsystems, Mannheim, 
Germany). Cells were bleached using 
a HCX PL APO 40×/1.25–0.75 NA 
oil-immersion objective. Fluorescence 
emission was detected from 472 to 
600 nm. A 20 mW 405 nm diode laser 
was used at 100% transmission. For 
BGAF, BGOG, BG505, and EGFP, 
a 400 mW argon laser was set to 120 
mW, and the 488 nm line was used 
at 100% transmission. Fluorescence 
emission was detected from 500 to 
600 nm. CP-TMR-, BGDy547-, and 
BGCy3-labeled cells as well as H2B-
mRFP were bleached on the Zeiss 
LSM 510 META (Carl Zeiss AG, Jena, 
Germany) using a Plan-Apochromat 
40×/1.0 NA oil-immersion objective. 
Here, a solid-state 50 mW 532 nm 
laser was used at 100% transmission. 
Fluorescence emission was detected 
using a longpass filter HQ LP545. 
BGD2-, BGCy5-, and BG647S-
labeled cells were bleached on a Zeiss 
LSM 510 using an F-Fluar 40×/1.3 NA 
oil-immersion objective. Bleaching 
was performed by scanning the cells 
with the 633 nm line of a 5 mW 
HeNe-laser at 100% transmission. 
Fluorescence emission was detected 
using a longpass filter LP650. For 
each dye, at least eight different 
cells were tested for photostability, 
and for each fluorescent protein, at 
least five different cells were tested. 
Localization images were obtained 
on the Zeiss LSM 510 META using 
a Plan-Apochromat 40×/1.0 NA oil-
immersion objective. Images in one 
emission group were acquired under 
identical microscope settings, yielding 
a qualitative comparison of the initial 
brightness of the label.

Bleaching Kinetics

To compare the bleach kinetics of 
the fluorophores in each spectral group, 
the first 5 to 10 scans were evaluated by 

Figure 1. Labeling of O6-alkylguanine-DNA alkyltransferase (AGT) fusion proteins. (A) General 
mechanism for the labeling of AGT fusion proteins with synthetic fluorophores using benzylguanine 
(BG) derivatives. (B) Specific in vivo labeling of AGT-histone 2B (H2B) with different fluorophores. 
PtK2 cells stably expressing AGT-H2B were labeled with BG fluorophores (Table 1). For comparison, 
PtK2 cells transiently expressing H2B-ECFP, H2B-EGFP, and H2B-mRFP were imaged. Contrast of col-
or images was adjusted for display. Insets show raw image data for qualitative comparison of brightness. 
Scale bar, 10 μm. ECFP, enhanced cyan fluorescent protein; BGDEAC, BG diethylaminomethyl cou-
marin; EGFP, enhanced green fluorescent protein; BGAF, BG diacetyl fluorescein; BGOG, BG Oregon 
Green 488; BG505, BG Rhodamine Green; mRFP, monomeric red fluorescent protein; CP-TMR, CP 
tetramethylrhodamine; BGDy547, a derivative of Cy3; BGD2, a derivative of Cy5; BGDy647S, a deriva-
tive of Cy5.

A

B
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linear regression (blue, green, far-red 
dyes) or single-exponential (yellow 
dyes) fitting. The complete set of data 
points could not be evaluated, as the 
photobleaching was, in general, not a 
single-exponential process. This had 
been previously described in detail 
for fluorescein (19). The reciprocal 
value of the relative bleaching rate was 
determined from the fitting equation 
as it corresponds to the photostability 
of each dye. For the blue, green, and 

yellow fluorophores, the photostability 
of the fluorescent protein was set as 
reference value (100%). For the far-
red fluorophores, BGD2 was set as 
reference (100%) (Table 1).

RESULTS AND DISCUSSION

To explore dyes with high photo-
stability and a broad range of emission 
wavelengths, we tested fluorescent O6-

BG derivatives with emission maxima 
ranging from 472 to 673 nm for live cell 
labeling and quantitatively analyzed 
their photostability. The synthesis of 
BG fluorophores was performed as 
previously described (5,8). Many of 
these dyes are cell-permeable (Table 
1), therefore incubation of cells with 
medium containing the dye is suffi-
cient to label intracellular AGT fusion 
proteins. Non-cell-permeable dyes 
can easily be microinjected, resulting 
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Figure 2. Photobleaching of benzylguanine (BG) fluorophores bound to AGT- histone 2B (H2B) in live cells. PtK2 cells stably expressing AGT-H2B were 
labeled with different BG dyes as described. Enhanced cyan fluorescent protein (ECFP), enhanced green fluorescent protein (EGFP), and monomeric red fluo-
rescent protein (mRFP) were transiently expressed in PtK2 cells as fusion proteins of H2B. Insets show the normalized fluorescence intensities of the first 50 
scans on a logarithmic scale to compare initial rate of bleaching. AGT, O6-alkylguanine-DNA alkyltransferase; BGDEAC, BG diethylaminomethyl coumarin; 
BGAF, BG diacetyl fluorescein; BGOG, BG Oregon Green 488; BG505, BG Rhodamine Green; CP-TMR, CP tetramethylrhodamine; BGDy547, a derivative 
of Cy3; BGD2, a derivative of Cy5; BGDy647S, a derivative of Cy5.
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in specific labeling of the AGT fusion 
protein within seconds. In both cases, 
can easily be microinjected, resulting 
in specific labeling of the AGT fusion 
protein within seconds. In both cases, 
background due to excess dye is not 
detectable 30 min after washing the 
cells (see Supplementary Figure 
S7). Here, we did not quantify the 
percentage of labeling that depends on 
the expression levels of the AGT fusion 
protein and on the type of BG fluoro-
phore used. In pulse chase experiments 
using several BG fluorophores in 
sequential labeling steps, residual AGT 
activity should be tested after each step 
and, if necessary, saturated with known 
AGT inhibitors such as O6-BG or O6-
(4-bromothenyl)guanine (20).

To test specific in vivo labeling, we 
used a monoclonal stable PtK2 cell line 
expressing the nuclear protein MAGT-
H2B. After labeling and washing, 
the cells were covered with imaging 
medium and imaged on spectral 
confocal laser-scanning microscopes 
(CLSMs), choosing the appropriate 
excitation wavelength for each dye (see 
the Materials and Methods section). 
Specific labeling was achieved with 
all dyes described in Table 1, all of 
which exhibited very low background 
in the cytoplasm, with the exception of 
BG505 (Figure 1B). The green as well 
as the yellow dyes showed comparable 
brightness to each other, with BGAF and 
CP-TMR being slightly more intense. In 

contrast, among the far-red dyes, BGD2 
and BGDy647S are much more intense 
than BGCy5 (see insets in Figure 1).

To measure photostability in vivo, 
single cells were imaged with high 
laser intensities at the appropriate 
excitation wavelength to photobleach 
most of the fluorescence signal of 
the fluorophore-labeled AGT fusion 
protein in the nucleus in 250 scans/
cell. Oil immersion objectives (40×) 
were used with a completely open 
pinhole to detect the fluorescence 
intensity in a thick optical section 
containing the whole nucleus in x, y, 
and z directions for each single scan. 
To compare the photobleaching of the 
different BG derivatives over time, 
mean nuclear fluorescence intensities 
were quantified, the background was 
subtracted, and their initial intensity 
was normalized (Figure 2). Background 
was determined in a region outside the 
cell. The tested fluorophores fall into 
four major groups corresponding to 
their excitation and emission maxima 
(Table 1), and direct comparisons of 
photostability were made within each 
group, because the same optical settings 
could be used for similar dyes.

Blue-emitting AGT dyes can 
become useful for multicolor imaging 
applications, although imaging shorter-
wavelength dyes bears the risk of photo-
damaging the cell. Here, we compare 
the photostability of BGDEAC, a 
diethylamino coumarin derivative, with 

the widely used fluorescent protein 
ECFP. BGDEAC is very suitable for 
live cell imaging, as it is water soluble, 
cell-permeable, and its brightness is 
comparable to ECFP. Furthermore, 
our photobleaching experiments reveal 
that BGDEAC (139%) linked to the 
AGT fusion protein is about 39% more 
photostable than the fluorescent protein 
(100%).

In the green-emitting group, the 
photostability of BGAF, BGOG, and 
BG505 as well as EGFP were compared. 
Fluorescein possesses a high quantum 
yield, good water solubility, and its 
excitation spectrum with a maximum at 
494 nm makes it a widely used fluoro-
phore for CLSM as it overlaps with the 
488-line of the argon-ion laser. It suffers 
from a pH-sensitive fluorescence and a 
higher rate of photobleaching, however, 
making it very difficult to collect long 
time lapses with this dye. BGOG, a 
fluorinated analog of fluorescein, and 
BG505, the most photostable in this 
group, are less or not at all pH-sensitive 
in the physiological pH range and have 
very similar molar extinction coefficients 
to fluorescein (Table 1). As expected, 
in our photostability measurements, 
BGAF showed the fastest bleaching 
kinetics of all three labeling compounds, 
being only half (52%) as stable as EGFP 
(100%). BGOG was 70% and BG505 
84% as stable as EGFP, confirming that 
BG505 has indeed the highest photosta-
bility of the tested green fluorophores. A 
drawback of this dye is its cytoplasmic 
background due to incorporation into 
vesicles. Therefore we recommend 
BGOG as an AGT labeling dye for 
recording longer time lapse series in 
vivo.

In the yellow-emitting group, we 
compared CP-TMR, BGCy3, BGDy547 
to mRFP as a reference. Cy3 (as Cy5, 
see below) belongs to the group of 
sulfonated indocyanine dyes. These are 
water soluble, pH-insensitive, and show 
a relatively high photostability (21,22). 
TMR is intrinsically more photostable 
than fluorescein, and therefore TMR 
conjugates often appear brighter than the 
corresponding fluorescein conjugates. 
TMR is also much less pH-sensitive. 
BGDy547 and BGCy3 are water 
soluble but not cell-permeable and were 
therefore microinjected. The comparison 
of the three dyes, having an absorption 

Figure 3. Normalized excitation spectra of BGDEAC, BGOG, CP-TMR, and BGDy647S coupled 
to O6-alkylguanine-DNA alkyltransferase (AGT) at pH 7.5. For more details and absorption spectra, 
see the supplementary material. BGDEAC, benzylguanine diethylaminomethyl coumarin; BGOG, BG 
Oregon Green 488; CP-TMR, CP tetramethylrhodamine; BGDy647S, a derivative of Cy5.
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maximum at approximately 555 nm, 
using a 532 nm laser line, demon-
strated that CP-TMR possesses 88% 
of the photostability of mRFP (100%). 
BGCy3 (47%) and BGDy547 (50%) 
were less photostable, with comparable 
rates. This is not surprising, as these two 
dyes are structurally identical except for 
one carboxylic acid group in BGDy547 
that is not conjugated to the π-system 
of the fluorophore. For labeling AGT 
with a yellow-emitting dye, CP-TMR 
is definitely the optimal fluorophore, 
being cell-permeable, possessing 
high brightness, and a photostability 
comparable to mRFP. Recently, the new 
fluorescent protein mCherry was also 
published and compared with mRFP, 
revealing 10-fold higher photostability 
(23).

In the far-red-emitting group, we 
tested BGCy5, BGDy647S, and BGD2. 
All three dyes have typical indocyanine 
properties, are water soluble, but not 
cell-permeable, and were injected. 
Assessing photostability with a 633 
nm laser showed that BGDy647S 
(88%) and BGD2 (100%) have similar 
bleaching behaviors, the latter one 
being slightly more photostable. On 
the contrary, BGCy5 (57%) was less 
photostable than its two derivatives. 
Therefore, BGDy647S and BGD2 are 
both recommendable fluorophores for 
in vivo labeling of AGT fusion proteins 
in the far-red.

In conclusion, all BG fluorophores 
presented here are suitable for specific 
in vivo labeling by either direct 
incubation or microinjection. BG505 
and CP-TMR are very similar in their 
bleaching behavior to the widely 
used and photostable fluorescent 
protein variants, and BGDEAC even 
shows superior photostability. This 
and the broad spectral range of the 
BG derivatives reaching into the 
near-infrared demonstrate the power 
of AGT fusion protein labeling to 
highlight proteins of interest inside the 
cellular environment. Due to the large 
spectral shift of the available dyes, it 
is in principle possible to image four 
different BG fluorophores in one single 
cell (Figure 3). The main advantages 
of AGT labeling of fusion proteins are 
the high specificity of the labeling, the 
broad range of available BG deriva-
tives, and the flexibility in labeling the 

same AGT fusion protein with many 
different BG derivatives. The latter 
is especially important when stable 
cell lines or transgenic organisms 
expressing a tagged protein have to 
be made to insure functionality and 
correct expression level. Using AGT, 
such precious biological reagents can 
then be used for different experiments. 
In addition, in a single experiment, 
up to four different populations of 
newly translated fusion proteins can 
in principle be labeled in fluorescence 
pulse chase applications in live cells.

ACKNOWLEDGMENTS

All BG derivatives were a kind gift 
from Kai Johnsson (EPFL, Lausanne, 
Switzerland), Covalys Biosciences 
(various BG derivatives and re-
combinant HisTag-AGT; Witterswil, 
Switzerland), and Cisbio (BGD2; 
Marcoule, France). The MAGT gene 
as well as O6-BG derivatives are also 
commercially available (SNAP-tagTM 
technology; Covalys Biosciences, www.
covalys.com). We thank Andreas Füssl 
for his help to determine the quantum 
yields, Nathalie Daigle for providing 
the plasmid pH2B-mRFP, and Dr. Maik 
Kindermann for fruitful discussions. 
The financial support for A.K. was 
provided by a Federation of European 
Biochemical Societies (FEBS) long-
term fellowship.

COMPETING INTERESTS 
STATEMENT

J.E. is a member of the scientific ad-
visory board of Covalys Biosciences, 
which provided some of the dyes used 
in this study. The other authors declare 
no competing interests.

REFERENCES

 1. Adams, S.R., R.E. Campbell, L.A. Gross, 
B.R. Martin, G.K. Walkup, Y. Yao, J. 
Llopis, and R.Y. Tsien. 2002. New biarseni-
cal ligands and tetracysteine motifs for pro-
tein labeling in vitro and in vivo: synthesis 
and biological applications. J. Am. Chem. 
Soc. 124:6063-6076.

 2. George, N., H. Pick, H. Vogel, N. Johnsson, 
and K. Johnsson. 2004. Specific labeling of 
cell surface proteins with chemically diverse 
compounds. J. Am. Chem. Soc. 126:8896-
8897.

 3. Guignet, E.G., R. Hovius, and H. Vogel. 
2004. Reversible site-selective labeling 
of membrane proteins in live cells. Nat. 
Biotechnol. 22:440-444.

 4. Keppler, A., H. Pick, C. Arrivoli, H. Vogel, 
and K. Johnsson. 2004. Labeling of fusion 
proteins with synthetic fluorophores in live 
cells. Proc. Natl. Acad. Sci. USA 101:9955-
9959.

 5. Keppler, A., S. Gendreizig, T. Gronemeyer, 
H. Pick, H. Vogel, and K. Johnsson. 2003. 
A general method for the covalent labeling of 
fusion proteins with small molecules in vivo. 
Nat. Biotechnol. 21:86-89.

 6. Pegg, A.E. 2000. Repair of O(6)-alkylguanine 
by alkyltransferases. Mutat. Res. 462:83-100.

 7. Gendreizig, S., M. Kindermann, and K. 
Johnsson. 2003. Induced protein dimeriza-
tion in vivo through covalent labeling. J. Am. 
Chem. Soc. 125:14970-14971.

 8. Keppler, A., M. Kindermann, S. 
Gendreizig, H. Pick, H. Vogel, and K. 
Johnsson. 2004. Labeling of fusion proteins 
of O6-alkylguanine-DNA alkyltransferase 
with small molecules in vivo and in vitro. 
Methods 32:437-444.

 9. Kindermann, M., N. George, N. Johnsson, 
and K. Johnsson. 2003. Covalent and selec-
tive immobilization of fusion proteins. J. Am. 
Chem. Soc. 125:7810-7811.

 10. Fradkov, A.F., V.V. Verkhusha, D.B. 
Staroverov, M.E. Bulina, Y.G. Yanushevich, 
V.I. Martynov, S. Lukyanov, and K.A. 
Lukyanov. 2002. Far-red fluorescent tag for 
protein labelling. Biochem. J. 368:17-21.

 11. Swaminathan, R., C.P. Hoang, and A.S. 
Verkman. 1997. Photobleaching recovery 
and anisotropy decay of green fluorescent 
protein GFP-S65T in solution and cells: cyto-
plasmic viscosity probed by green fluorescent 
protein translational and rotational diffusion. 
Biophys. J. 72:1900-1907.

 12. Juillerat, A., C. Heinis, I. Sielaff, J. 
Barnikow, H. Jaccard, B. Kunz, A. 
Terskikh, and K. Johnsson. 2005. 
Engineering substrate specificity of O6-al-
kylguanine-DNA alkyltransferase for specific 
protein labeling in living cells. ChemBioChem 
6:1263-1269.

 13. Wang, L., W.C. Jackson, P.A. Steinbach, 
and R.Y. Tsien. 2004. Evolution of new 
nonantibody proteins via iterative somatic 
hypermutation. Proc. Natl. Acad. Sci. USA 
101:16745-16749.

 14. Cullander, C. 1994. Imaging in the far-red 
with electronic light microscopy: require-
ments and limitations. J. Microsc. 176:281-
286.

 15. Kanda, T., K.F. Sullivan, and G.M. Wahl. 
1998. Histone-GFP fusion protein enables 
sensitive analysis of chromosome dynamics 
in living mammalian cells. Curr. Biol. 8:377-
385.

 16. Daigle, N., J. Beaudouin, L. Hartnell, 
G. Imreh, E. Hallberg, J. Lippincott-
Schwartz, and J. Ellenberg. 2001. Nuclear 
pore complexes form immobile networks and 
have a very low turnover in live mammalian 
cells. J. Cell Biol. 154:71-84.

 17. Campbell, R.E., O. Tour, A.E. Palmer, P.A. 
Steinbach, G.S. Baird, D.A. Zacharias, and 
R.Y. Tsien. 2002. A monomeric red fluo-
rescent protein. Proc. Natl. Acad. Sci. USA 
99:7877-7882.



Vol. 41 ı No. 2 ı 2006 www.biotechniques.com ı BioTechniques ı 175

Short Technical Reports

 18. Ellenberg, J., J. Lippincott-Schwartz, and 
J.F. Presley. 1999. Dual-colour imaging with 
GFP variants. Trends Cell Biol. 9:52-56.

 19. Song, L., E.J. Hennink, I.T. Young, and 
H.J. Tanke. 1995. Photobleaching kinetics of 
fluorescein in quantitative fluorescence mi-
croscopy. Biophys. J. 68:2588-2600.

 20. McElhinney, R.S., D.J. Donnelly, J.E. 
McCormick, J. Kelly, A.J. Watson, J.A. 
Rafferty, R.H. Elder, M.R. Middleton, 
et al. 1998. Inactivation of O6-alkylgua-
nine-DNA alkyltransferase. 1. Novel O6-
(hetarylmethyl)guanines having basic rings in 
the side chain. J. Med. Chem. 41:5265-5271.

 21. Gruber, H.J., C.D. Hahn, G. Kada, C.K. 
Riener, G.S. Harms, W. Ahrer, T.G. Dax, 
and H.G. Knaus. 2000. Anomalous fluores-
cence enhancement of Cy3 and cy3.5 versus 
anomalous fluorescence loss of Cy5 and Cy7 
upon covalent linking to IgG and noncovalent 
binding to avidin. Bioconjug. Chem. 11:696-
704.

 22. Mujumdar, R.B., L.A. Ernst, S.R. 
Mujumdar, C.J. Lewis, and A.S. Waggoner. 
1993. Cyanine dye labeling reagents: sulfoin-
docyanine succinimidyl esters. Bioconjug. 
Chem. 4:105-111.

 23. Shaner, N.C., R.E. Campbell, P.A. 
Steinbach, B.N. Giepmans, A.E. Palmer, 
and R.Y. Tsien. 2004. Improved monomeric 
red, orange and yellow fluorescent proteins 
derived from Discosoma sp. red fluorescent 
protein. Nat. Biotechnol. 22:1567-1572.

 24. Reynolds, G.A. and K.H. Drexhage. 1975. 
New coumarin dyes with rigidized struc-
ture for flashlamp-pumped dye lasers. Opt. 
Commun. 13:222.

 25. Du, H., R.-C.A. Fuh, J. Li, L.A. Corkan, and 
J.S. Lindsey. 1998. PhotochemCADdagdag: 
a computer-aided design and research tool 
in photochemistry. Photochem. Photobiol. 
68:141-142.

 26. Rusinova, E., V. Tretyachenko-Ladokhina, 
O.E. Vele, D.F. Senear, and J.B.A. Ross. 
2002. Alexa and Oregon Green dyes as fluo-
rescence anisotropy probes for measuring 
protein-protein and protein-nucleic acids 
binding interactions. Anal. Biochem. 308:18-
25.

 27. Sakakibara, J. and R.J. Adrian. 1999. 
Whole field measurement of temperature in 
water using two-color laser induced fluores-
cence. Exp. Fluids 26:7-15.

 28. Haugland, R.P. 1983. Excited States of 
Biopolymeres. R.F. Steiner (Ed.), p. 29-58. 
Springer, New York.

Received 21 November 2005; accepted 
4 May 2006.

Address correspondence to Jan Ellenberg, 
EMBL, Meyerhofstrasse 1, D-69117 Heidelberg, 
Germany. e-mail: jan.ellenberg@embl.de

To purchase reprints of this article, contact:
Reprints@BioTechniques.com


